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Abstract

Diabetes mellitus is a chronic disorder occurring when elevated levels of blood glucose, known as
hyperglycemia, result from the body’s impaired ability to produce or regulate insulin. If left
untreated, chronic hyperglycemia can cause cardiovascular disease, neuropathy, nephropathy and
eye disease, leading to retinopathy and blindness. In 2017 the number of people with diabetes
reached 425 million worldwide. This disease arises from deficiencies in the secretory pathways of
the pancreatic islets, a micro-organ constituting 1-2% of the pancreas mass. Recent studies have
shown that the cells comprising the islets possess an intricate communication system, in which
their secreted hormones exert paracrine interactions on neighbor cells. However, little is
understood about the consequences of such communications. Up-to-date most research in the field
has focused on understanding the processes related with insulin and glucagon secretion, the main
hormones secreted by the two major cell types present in the islets. Thus, monitoring a secretory
fingerprint (SF) contemplating more than two hormones, presents a research opportunity to
increase our current understanding of diabetes.

Due to their simplicity, ease of use, non-invasive and label-free nature, biosensors provide
an excellent basis for the development of analytical tools capable of detecting the SF of islets.
Therefore, the main objective of the present thesis was to develop a biosensing strategy for the
multiplex detection of a SF composed of the hormones secreted by the three major cell types
contained in the pancreatic islets. At first, we explored the use of a capacitance-based biosensor
for the detection of insulin. This biosensing technique was selected, since it could offer high
sensitivity, potential for multiplexing and capabilities for integration with microelectronic
technologies. Since the performance of this biosensor critically depends on the surface chemistry

design of the bioreceptor immobilization, a systematic study was performed to evaluate the effect



of common architectures reported in literature. These chemistries included the covalent
immobilization of biomolecules on the electrodes, in the gaps between electrodes and a conformal
coating covering both. While the development of this capacitive biosensor provided us with very
valuable knowledge on the effect of various parameters for the detection of insulin, its
implementation for islet continuous SF analysis proved difficult due to its long analysis time. For
this reason, we explored surface plasmon resonance imaging (SPRi), an analytical technique with
intrinsic real-time analysis and multiplex quantification capabilities, as an alternative to fully reach
the thesis objective.

By combining a competitive immunoassay with SPRi and the optimization of the sensor’s
surface chemistry it was possible to detect, for the first time, insulin, glucagon and somatostatin
simultaneously. This biosensing strategy presented a limit of detection (LOD) comparable to
previous reports detecting insulin and glucagon secretions individually with a short analysis time.
However, detecting the smallest hormone, somatostatin, remained a challenge due to the obtained
high LOD compared to insulin and glucagon and a lack of reports providing a desirable reference
for its performance. Thus, to address this pitfall and ensure the detection of all targeted hormones
in a biologically relevant concentration range, we performed a study comparing three different
signal amplification strategies based on gold nanoparticles (GNPs). These strategies included
GNPs immobilized on the sensor surface, GNPs conjugated with primary antibodies and GNPs
conjugated with a secondary antibody for post competitive assay amplification. Here, multiplexed
detection of the three hormones was achieved with an improved LOD of 9 fold for insulin, 10 fold
for glucagon and 200 fold for somatostatin when compared to the SPRi biosensor without GNPs
signal amplification, successfully addressing the aforementioned challenge. In summary, the
results from this thesis work lay the groundwork to begin the investigation of a human islet SF

using our newly developed biosensing strategy.
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Résumé

Le diabéte sucré est une maladie chronique qui arrive quand les taux de sucre dans le sang
sont ¢levés, connu sous le nom d’hyperglycémie, résultant d’une capacité réduite du corps a
produire ou a réguler I’insuline. Sans traitement, 1’hyperglycémie chronique peut causer des
maladies cardiovasculaires, une neuropathie, une néphropathie, et des maladie oculaires, qui
peuvent mener a la rétinopathie et la cécité. En 2017, le nombre de personnes affectées par le
diabéte était de 425 millions a I’échelle mondiale. Cette maladie résulte des carences des voies de
sécrétion des 1lots du pancréas, ces micro-organes qui représentent 1 - 2 % de la masse du pancréas.
Des études récentes montrent que les cellules constituant ces ilots ont un systetme de
communication complexe, dans lequel les hormones qu’elles sécrétent exercent des interactions
paracrines sur leurs cellules voisines. Cependant, les conséquences de ces interactions sont encore
mal comprises. Jusqu’a présent, beaucoup des recherches dans ce domaine sont concentrées sur la
compréhension des procédés de sécrétion d’insuline et de glucagon, qui sont les hormones
principales secrétées par les deux principaux types de cellules dans les ilots. Ainsi, le suivi d’une
empreinte sécrétoire comprenant plus de deux hormones constitue une opportunité de recherche
pour améliorer notre compréhension du diabete.

Par leur simplicité, leur facilit¢ d’utilisation, leur nature non-invasive et 1’absence de
marquage, les biocapteurs constituent une excellente base pour le développement d’outils
analytiques pouvant détecter I’empreinte sécrétoire des ilots. L’objectif principal de cette thése
¢tait donc de développer une stratégie de détection biologique pour la détection multiplexe de
I’empreinte sécrétoire composée des hormones secrétées par les trois principaux types cellulaires
présents dans les 1lots pancréatiques. Dans un premier temps, nous avons exploré 1’utilisation d’un

biocapteur capacitif pour la détection d’insuline. Cette technique a été choisie pour sa sensibilité
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¢levée, son potentiel pour le multiplexage et ses capacités d’intégration avec les technologies
microélectroniques. La performance de ce biocapteur dépendant essentiellement de la chimie de
surface immobilisant le biorécepteur, une étude comparative a permis d’évaluer les effets des
architectures communément décrites dans la littérature. Ces chimies consistaient en
I’immobilisation covalente des biomolécules sur les électrodes, entre les électrodes et sur le
revétement conforme qui couvre les deux. Tandis que le développement de ce biocapteur capacitif
nous a fourni une meilleure compréhension du mécanisme de détection de 1’insuline et de certains
de ses parametres, la longueur du temps d’analyse rendait son implémentation pour I’analyse de
I’empreintes sécrétoire des 1lots difficile. Comme alternative pour réaliser pleinement I’objectif de
la thése, nous avons donc exploré I’imagerie par résonance de plasmons de surface (SPRi), une
technique d’analyse présentant des capacités intrinséques d’analyse en temps réel et de
quantification multiplex.

En combinant un immunodosage compétitif avec la SPRi et en optimisant la chimie de
surface du biocapteur, il a été possible de détecter simultanément pour la premiere fois 1’insuline,
le glucagon et la somatostatine. Cette stratégie de biodétection présentait une limite de détection
pour le glucagon et I’insuline comparable aux méthodes reportées antérieurement pour un temps
d’analyse court. Néanmoins, la détection de la plus petite hormone, la somatostatine, demeurait un
défi en raison des hautes limites de détection obtenues comparées aux autres hormones et en raison
de I’absence de rapports offrant une référence convenable pour ses performances.

Afin d’¢éviter cet écueil et de garantir une détection de toutes les hormones ciblées dans une
gamme de concentration pertinente sur le plan biologique, nous avons men¢ une étude comparative
de trois différentes stratégies d’amplification de signal basées sur des nanoparticules d’or (GNPs).
Ces stratégies comprenaient des GNPs immobilisés sur la surface du biocapteur, des GNPs

conjugués avec un anticorps primaire et des GNPs conjugués avec un anticorps secondaire pour la
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post-amplification d’un immunodosage compétitif. La détection multiplexée des trois hormones a
alors été obtenue avec une LOD améliorée de 9 fois pour 'insuline, de 10 fois pour le glucagon et
de 200 fois pour la somatostatine comparativement a la détection non-amplifiée, permettant de
relever le défi susmentionné. En résumé, les résultats de cette thése établissent les fondations d’une
¢tude sur I’empreinte sécrétoire d’1lots humains a 1’aide de notre nouvelle stratégie de détection

biologique.
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Chapter 1. Introduction

Diabetes mellitus is a chronic disorder that occurs when an elevated level of glucose is present in
the blood due to the inability of the body to produce or efficiently regulate the hormone insulin.
Insulin is a vital hormone produced in the pancreas that helps to transport glucose from the
bloodstream into almost all cells in the body where it is required as energy. The lack of insulin or
the inability of the cells to properly sense insulin leads to high levels of blood glucose, a condition
known as hyperglycemia, which is the distinctive symptom of diabetes. If hyperglycemia becomes
chronic, it can cause irreversible damage to various organs leading to the development of
disabilities and life-threatening complications, such as cardiovascular disease, neuropathy,
nephropathy and eye disease, leading to retinopathy and blindness [1]. In 2017, the number of
people with diabetes reached 425 million worldwide and it is expected that this figure will increase
48% by 2045 [1]. Moreover, in 2017 this disease caused a 400 billion dollars disbursement just in
the North America and Caribbean region [1].

Diabetes arises from secretory defects in the pancreatic islets or islets of Langerhans, which
are clusters of endocrine of cells with average diameter of 150 um, that constitute between 1 and
2% of the pancreas mass [2]. The islets of Langerhans are highly vascularized micro-organs
composed of five hormone-secreting cells (a, B, 6, PP, and €) that cooperate to maintain glucose
homeostasis in response to metabolic changes [2, 3]. In general, there are two main types of
diabetes: type 1 (T1D) and type 2 diabetes (T2D). T1D is caused by an autoimmune reaction where
the insulin secreting B-cells are destroyed by the immune system, leaving the body with no means
of producing this hormone. In T2D, there is insufficient secretion of insulin and/or an inability of

the body’s cells to adequately sense insulin. T2D accounts for 90% of all cases of diabetes, and



therefore, has been a major subject in diabetes research, particularly for the development of oral
hypoglycemic agents [4].

Recent studies indicate that the hormones secreted from the cells composing the islets have
an intricate communication system, exerting paracrine interactions on their neighbor cells [3, 5, 6].
Such interactions may play a dominant role in the achievement of glucose homeostasis, and their
further understanding may reveal novel therapeutic avenues for T2D [5, 6]. Although many
research groups are interested in investigating the mechanisms of insulin and glucagon secretion
from the o and B cells respectively [7-10], very few are particularly focused on studying the
paracrine interactions of the other islets cells [5], and none on monitoring a secretory fingerprint
(SF) that contemplate secretion from more than two islets’ cell types. Moreover, the mechanisms
of insulin secretion and islet function within most of these works have been elucidated using animal
models. However, in recent years it was demonstrated that the islet anatomy and physiology is
species-dependent, and hence, it is ill-advised to generalize findings from any individual species
[5, 11]. As result, the anatomy, physiology and all basic cellular mechanisms of human islets are
being revised [11-16].

Current models for diabetes drug discovery and research include chemically induced in vivo
models (streptozotocin and alloxan) and genetic model of diabetes (fa/fa and Goto-Kakizaki rats,
db/db and ob/ob mice) [17, 18]. There are also in vitro models based on insulin-secreting cell lines
(B-TC, MIN6 and INS-1 cells) or in the major tissues involved in the pathophysiology of diabetes
[17, 19, 20]. However, despite the demonstrated value of these models, there is a lack of
predictability when results are extrapolated to humans, most likely due to the vast anatomical and
physiological differences among models [5, 11]. Evidence of this inconsistency can be found in a

recent work where re-aggregated human pancreatic islets were assessed and compared to native



human islets and rat islets for secondary drug screening [21]. The response of the different islets
were significantly different when tested against a variety of hypoglycemic agents [21].

Therefore, this thesis project proposes to study a relevant SF of human pancreatic islets to
emphasize the importance of studying the islets as an interconnected whole and not just as a
collection of individual functions. By monitoring changes in such SF, it would be possible to
develop a more comprehensive in vitro model of diabetes and advance our understanding of the

paracrine communications within the isles, opening a novel therapeutic avenue for T2D.



Chapter 2. Rationale and Motivation

2.1. Traditional biochemical assays and islets secretion

Currently, most of the pancreatic islet research depends on traditional bioassays for hormone
quantification such as patch clamp [13, 14, 22-24], capillary electrophoresis immunoassays (CEI)
[25-27], and ELISA [28, 29]. However, the patch clamp technique requires highly skilled operators
to trap and manipulate individual cells, is low throughput, it only provides an indirect measurement
of secretion, and it lacks specificity for individual secretion products. As with patch clamp, CEI
requires skilled operators to work effectively, precise temperature control, overcoming channel
clogging, and the integration of lasers with different wavelengths. Finally, although operationally
simpler, ELISA is difficult to use for simultaneous quantification of multiple analytes, is time-
consuming and expensive. Furthermore, all mentioned techniques face many challenges when
attempting their expansion for the simultaneous analysis of multiple targets.

To monitor an islet’s SF, candidate multiplex analytical techniques must be fast, specific
and possess high spatio-temporal resolution in order to detect changes in the secretion patterns of
the islets. Analytical techniques fulfilling such requirements have been rapidly emerging in the last
decades thanks to progress of micro- and nanotechnologies for the development of electrochemical-
, electrical-, and optical-based biosensors [30]. Among these technologies, label-free electrical
sensors based on interdigitate electrodes (IDEs) and optical sensors using surface plasmon

resonance (SPR) have shown potential for multiplexed detection of cell secretion products [30-32].

2.2. Label-free electrical biosensors based on IDEs

Essentially, label-free electrical biosensors report a bio-recognition event on the surface of
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electrodes by means of a change in either current or voltage [33]. A particular case of such sensors
are capacitance biosensors based on IDEs [34, 35]. This type of thin film electrodes can be
fabricated with common microfabrication techniques, and their performance can be adjusted by
modifying their dimensions. [36, 37]. Additionally, they provide a large sensing surface, present
instrumental simplicity compared to other electrochemical techniques, and by integration with a
microfluidic handling system they could easily achieve multiplexed detection of analytes [33].
Studies of islet secretion products using electrical biosensors have mostly focused on the detection
of insulin from blood serum [38-40]. These technologies could be adapted to detect glucagon and

somatostatin from islet samples, expanding the amount of detected secretion products.

2.3. SPR biosensors

By allowing fast detection of binding interactions due to changes in the surface plasmons of a thin
gold film, SPR biosensing has become the gold standard to study biomolecular interactions [41].
The advantage of this technique is its inherent dynamic, label-free and real-time analysis [42].
Additionally, when combined with imaging capabilities (SPR1i), high-throughput and multiplexed
analysis is possible by making arrays of different molecules on the sensing surface [43]. In the last
decade, SPR biosensors have mostly been used to investigate fundamental physiological aspects of
various islet hormones, namely insulin [44-46], somatostatin [47], pancreatic polypeptide [48, 49]
and ghrelin [50]. However, none of these reports exploited the intrinsic multiplex capabilities of

SPRi which could allow quantification of more than two of the islets’ major secreted hormones.



Chapter 3. Hypothesis and Thesis Objectives

It is hypothesized that a multiplex biosensing strategy can be developed to dynamically quantify a
secretory fingerprint of human pancreatic islets encompassing three of their major secreted
hormones.

To validate the aforementioned hypothesis, three main objectives were set:

1. Develop a biosensing strategy capable of detecting in real-time time and under continuous
flow the islet’s low molecular weight hormones.

This objective was achieved by developing an immunoassay using two biosensing
transduction mechanism, electrical and optical. Experimental conditions were investigated
to ensure the ability of the sensor to perform dynamic and specific detection of insulin.

2. Expand the biosensing strategy developed in objective one to achieve simultaneous

detection of three islets’ hormones as its secretion fingerprint with high sensitivity and
specificity.
This aim was achieved by implementing a multiplex SPRi-based immunosensing through
the selection of an optimal surface chemistry that allowed for the target detection with high
specificity and senmsitivity required to operate in a complex matrix such as an islets
secretome.

3. Achieve a limit of detection and dynamic range that allowed the detection of all hormones
composing the secretion fingerprint when secreted from few islets in multiplexed mode.
This goal was achieved by investigating a gold nanoparticle enhancement strategy for the
multiplex SPRi-based biosensor developed in objective two to improve the assay
performance for the detection of the three selected hormones.

In this dissertation, each objective is delivered as an article, published or under consideration.
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Chapter 4. Background Knowledge

4.1. Biosensors

In a nutshell, a biosensor is an analytical device able to measure a physical quantity and convert it
into a signal easily read by the observer. A biosensor consists of two major components, a
transducer and a bioreceptor. A bioreceptor is a biological material that includes proteins (enzymes
and antibodies), nucleic acids (DNA, RND and aptamers), cell receptors, entire microorganisms
and viruses [51]. Bioreceptors are typically retained in direct contact with a transduction element
and selectively recognize a single and specific analyte. Due to this highly specific nature,
biosensors provide an excellent basis for the development of analytical tools, with potential
application in medicine, food testing and environmental monitoring [52]. On the other hand,
transducers generate an output signal proportional to the specific biorecognition event. Common
transducer types include: electrochemical, mechanical and optical [51].

Electrochemical biosensors typically measure small changes in voltage, current, or
resistance/impedance in a three-electrode system composed of a working, reference and counter
electrode. The bioreceptors are immobilized on the working electrode surface and binding events
are measured by means of charge transfer or accumulation. Traditional electrochemical techniques
used for biosensing include cyclic voltammetry, chronoamperometry, chronopotentiometry and
impedance spectroscopy [53]. Historically, this kind of biosensors were the first to be developed
and they are a popular choice for the development of miniaturized diagnostic devices due to their
high sensitivity, compatibility with current microfabrication methods and easiness to integrate with
modern electronics [53].

Mechanical biosensors measure force, displacement or mass change. Generally, a small
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cantilever is used as a transducer to detect minute mass changes due to the binding of target
molecules to bioreceptors. In these biosensors, the minimum detectable mass change is
proportional to the total mass of the biosensor itself [54]. Thanks to recent advances in
nanofabrication technologies, mechanical biosensors have achieved detection limits between 10
to 10! grams depending on the operating conditions [54]. Moreover, their ability to be displaced
or deformed, presents opportunities to measure forces produced by biological and biochemical
systems with a few pN resolution [54].

Optical biosensors measure changes in signals coming from a light source, typically LED
or a laser diode. These biosensors are designed to translate changes in the electromagnetic
properties of light propagating through a medium that contains biological material present on the
surface of the transducer. They include: ellipsometry, spectroscopy (luminescence and Raman),
interferometry and surface plasmon resonance [41]. Optical biosensors are the second major
evolutionary line of biosensors and they are commonly found in research and development
laboratories [52].

Based on its intended application, a biosensor may require optimization of a variety of
parameters to achieve optimal performance. For instance, biosensors tailored for point-of-care
applications will require high levels of automation, low cost, ease of use, and miniaturization [55].
Meanwhile, biosensors aimed for fundamental laboratory research will require robustness for long
term use and high levels of customization to account for a wide variety of biological systems under
investigation [56]. However, sensitivity, specificity, limit of detection and detection time are the

most important parameters to characterize for any biosensor.



4.2. Electrochemical Impedance Spectroscopy Principles

Electrochemical Impedance Spectroscopy (EIS) is a technique used for more than a century to
perform corrosion analysis, characterize batteries and fuel cells as well as to study the adsorption
of molecules at an electrode/electrolyte interface among other applications [57]. This technique
was first introduced by Oliver Heaviside in the 1880s and later developed in relation to diffusional
electrochemical systems by Warburg in 1899 [58].

In essence, EIS is an alternating current (AC) technique that describes the response of an
electrochemical system to a small perturbation using a sinusoidal voltage signal as a function of
frequency [59]. Here, the magnitude of impedance (|Z]) is defined as the ratio of the applied voltage
(V (¢)) and the resulting current (I (¢)) of the system. Physically, the impedance (Z) term represents
all the phenomena within the electrochemical cell that oppose the flow of electrons and ions, such
as electrode kinetics, redox reactions, diffusion phenomena and molecular interactions at the
electrode surface [59]. These phenomena can be considered analogous to electrical components
(resistors, capacitors, inductors) that hinder the flow of electrons in an AC circuit [59].

EIS is subdivided into Faradic EIS and non-Faradic EIS depending on whether a redox
reaction is present or not. Faradic EIS involves an electrochemical reaction as a sensing step. This
reaction can come either from an external chemical compound (redox probe) added to the system
or from the sample itself. In the absence of a redox probe (non-Faradic EIS), the interfacial
capacitance at the electrode/electrolyte can be used as a sensitive way of measuring biomolecular
events without the transfer of electric charge, making such systems commonly known as capacitive
sensors [34]. This makes effectively non-Faradaic EIS a label-free detection technique that

eliminates costly and cumbersome sample preparation steps compared to its Faradic counterpart

[35].



Impedance is expressed as a complex number, where resistance is the real component and
capacitance is the imaginary one. The most popular formats for evaluating electrochemical
impedance data are the Nyquist (Fig. 4.1A) and Bode plots (Fig. 4.1B). In the Nyquist format, the
imaginary impedance component (Z”) is plotted against the real impedance component (Z’) as a
function of frequency. In the Bode format, both the impedance magnitude (|Z|) and the phase shift

(©) are plotted against the logarithm of the excitation frequency [59].
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Figure 4.1. Simulated example of non-Faradic and faradic impedance plots. A) Nyquist format, Bode format including
B) magnitude and C) phase. D) Common circuit models of a faradic system and E) common circuit model of a non-
faradic system. The analogous electrical components used for these models are the solution resistance (Rsol), the
double layer capacitance (Csurf), the Warburg impedance (W), the charge transfer resistance (Rct) and a resistor
representing leakage current from a parallel surface capacitor (Rleak). The equivalent circuit models in D and E were
used to generate the plots in A, B and C. All the values for the simulation of the presented circuit models were taken

from reference [35].
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The measured impedance data can be used to extract equivalent values of resistances and
capacitances if a circuit model representing physical electrochemical processes is assumed.
However, there is not a unique model or even necessarily a one-to-one correspondence between
circuit elements and the underlying physical processes [35]. Characteristically, the raw impedance
data is fitted to a proposed circuit model and changes in a specific circuit element are reported as
the sensor output. Alternatively, the impedance at a particular frequency where the targeted physical
phenomena is observed can be used [35]. Common equivalent circuit models found in the literature
for faradic and non-faradic electrochemical system are displayed in Figure 4.1D and Figure 4.1E
respectively. Characteristic circuit elements include: the solution resistance (Rso1), arising from the
conductivity of ions in the solution; the Warburg impedance (W), representing diffusion of the
electroactive species to the electrode; the surface capacitance (Csurr), representing the capacitance
between the metal electrode and ions in solution; the charge transfer resistance (Rc(), associated
with an oxidation/reduction event or an energy barrier experienced by redox species reaching the
electrode. Additionally, in parallel with the surface capacitance a resistive path (Rieak) is often

modeled for non-Faradaic systems [35].

4.3. Surface Plasmon Resonance Principles

The phenomenon of uneven distribution of light on a metal-dielectric interface was first described
by R. W. Wood in the beginning of the twentieth century [60]. This phenomenon is caused by free
electrons on the surface of transition metals that propagate along their surface, performing coherent
oscillations known as surface plasmon resonance (SPR). These charge-density oscillations are
associated with an electromagnetic wave, with maximum intensity at the interface decaying

evanescently into the medium [61]. Typically the depth of the evanescent wave is within =200 nm
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of the metal surface [61]. Most commercial SPR systems nowadays use the so-called Kretschmann
configuration which consists of a thin metal film deposited on a glass prism that facilitates total

internal reflection of the incident light beam (Fig. 4.2A).
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Figure 4.2. A) Typical Kretschmann configuration for an SPR system. When incident light with a defined angle (8)
excite the surface plasmons of the gold film an evanescent wave is produced within 200 nm of the metal surface. B)
Representative SPR angle shift due to changes in the refractive index on the vicinity of the metal film. C) Typical
detection output of an SPR instrument where changes in the angle of the reflected light are tracked over time.

Based on the property measured, an SPR sensogram can be obtained by wavelength,
reflectivity or angle shift. In the wavelength shift mode, the SPR is achieved using multiple
wavelengths, such as polychromatic light at a constant incident angle. In the reflectivity (% R, y-
axis Fig. 4.2B) and angular shift (© at the dip of the curve in Fig. 4.2B) modes the SPR is observed
by scanning the incident angle at a constant wavelength [62].

On the conditions of a light source with a constant wavelength, the defined SPR angle (©)
at which resonance occurs is dependent on the refractive index (RI) of the material near the metal
surface. Therefore, changes occurring in the RI in the vicinity of the metal surface with the medium

cause a change in the plasmon resonance angle which can be monitor by the optical detector (Fig.
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4.2B). This angle shift can then be tracked over time indicating detection of particular events
happening at the film surface (Fig. 4.2C). In SPR experiments the angle shift can be directly
expressed in degrees or in resonance units (RU) where 1 RU is equivalent to an angle shift of 10
degrees [63]. Typical metal films used for SPR are silver, gold, copper, aluminum, sodium and
indium with an approximate thickness of 50 nm. However, gold films are the most widely used in
the field, since SPR can be generated using visible wavelengths of light, it is an inert metal, and
various molecules can be easily immobilized on its surface through gold-thiol interactions [61].
An additional advantage of SPR detection systems is that they can provide simultaneous
visualization of multiple areas of the metal film when combined with the imaging capabilities of a
CCD camera. This multiplexed detection format which was first introduced by Rothenhduslar and
Knoll in 1988 [64], is known as SPR microscopy or SPR imaging (SPRi). Due to the use of a CCD
camera for signal detection, sensograms and images of an arrayed metal surface can be recorded in
real-time allowing high-throughput analysis of biomolecular or chemical interactions [43]. In this
detection technique, differences in the chemical composition or the thickness of the layer close to
the metallic film produce changes in the local dielectric constant values, which ultimately generate
image contrast. Binding events can be visualized by collecting difference images after a binding
event has occurred and subtracting a reference image. This approach allows simultaneous and

independent measurements on different areas of the sensor’s surface [43].

4.3.1. SPR signal amplification

Despite its advantage for label-free and real-time analysis, SPR detection systems present a major
limitation for the detection of highly dilute analytes (<1 pM) or analytes with low molecular weight
(<8 kDa) such as cancer biomarkers, hormones and antibiotics [65]. Consequently, to overcome

this limitation, sensitivity enhancement methods have been researched to increase the detection
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capabilities of SPR systems. Most of these enhancement methods are mainly based in the use of
nanomaterials, either as a substrate or as an amplification label, including metallic nanoparticles,
magnetic nanoparticles, liposome-based nanoparticles and carbon-based nanomaterials, as well as
two-dimensional nanostructures on surface of SPR metallic films [65].

An advantage of metal nanoparticles over other nanostructures is that they exhibit localized
surface plasmon resonance (LSPR), which can be observed as a strong UV-Vis absorption band
that is not present in absorption spectrum of bulk metals. Gold nanoparticles (GNPs) are among
the most popular nanomaterial for SPR signal enhancement [65]. The phenomena of SPR signal
enhancement based on GNPs was first applied to biosensors by L. Andrew Lyon et al. [66] in 1998,
when it was shown that the use of GNPs resulted in over 25 times higher sensitivity than a
conventional SPR device when detecting protein-protein interactions. This strategy relies mostly
on the coupling of the LSPR of the GNPs with the propagating surface plasmon resonance of the
system’s metallic film which results in large increase in the plasmon resonance angle [65]. The
degree of change in the plasmon resonance angle depends on the GNP size, morphology,
interparticle distance and wavelength use during measurements [65, 67]. However, in order to
achieve coupling of the plasmon resonance modes, the GNPs must be in close proximity to the SPR
metallic surface (<50 nm) [61]. This is particularly important when using GNPs as tags on analytes
or recognition elements, since the distance of the GNP-bioreceptor conjugates after surface binding
could be not sufficient for LSPR activation. Additionally to LSPR coupling, GNPs can produce a
large SPR signal amplification when they are used as tags. This is due to the artificially increased
mass they provided to the analyte, resulting in a high refractive index change on the SPR surface
when a binding event occur [68]. However, the LSPR coupling factor is expected to play the

dominant role for signal enhancement [67].
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An advantage of nanostructures integrated into the SPR metallic films over their use as tags
is that the sensitivity enhancement is achieved while preserving the label-free characteristic of SPR
systems. Examples include the direct immobilization of GNPs on the SPR sensing film using self-
assembled monolayers of alkane dithiols [69], the microfabrication of nanorods [70], and nanohole
arrays in the metallic films [71], to name a few. Recently, graphene-modified SPR sensing films
have been reported to improve the SPR detection sensitivity [72]. This is mainly due to the charge
transfer from graphene to the surface of the metal film leading to a strong excited electric field

enhancement at the sensing area [72].

4.4. Self-assembly Monolayers Chemistry

Pristine surfaces of metals and metal oxides are highly reactive. For this reason, they are inclined
to the chemisorption of atoms and molecules that lowers the free energy between their surface and
the environment [73]. This adsorption predisposition can be exploited to alter the metal and metal
oxides interfacial properties depending on their intended application. For instance, adsorbed
organic materials can act as an electrically insulating film in conducting materials or they can act
as a physical barrier against aggregation of biomolecules. However, random adsorption of foreign
materials could lack chemical functionality and reproducibility [74].

A solution to this problem is the used of the fundamental chemical principle of self-
assembly molecular organization [75]. Self-assembled monolayers (SAMs) are produced by the
adsorption of molecules from solutions or vapors onto the surface of solids in regular arrays on the
surface. This process occurs spontaneously, forming highly ordered structures by non-covalent
interactions (electrostatic, m-effects, van der Waals forces, and hydrophobic effects) [74].

Therefore, SAMs can provide a simple and reproducible system to tailor the interfacial properties
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of metals and metal oxides.

The molecules used for the formation of SAMs naturally possess a chemical functional
“head group” with high affinity for the surface. The most extensively studied class of SAMs is
produced from the adsorption of thiolated linear compounds (alkanethiols) on noble metals such as
gold, silver, copper, palladium and platinum generally possessing a functional chemical group that
presents a wide variety of organic functionalities (Fig. 4.3A). In these SAMs, sulfur donor atoms
strongly coordinate with the metal surface and Van der Waals forces between methylene groups to
orient and stabilize the monolayer [76]. Moreover, it has been shown that solutions of mixed
alkanethiols allows the formation of highly packed nanometric surfaces SAMs with a wide variety
of compositions [74]. Noteworthy when preparing mixed monolayers, the mole fraction in the final
SAM adsorbed on the surface will not the same as that in the immersion solution. The choice of
solvent, the polar nature of the functional group and the difference in chain lengths of the n-
alkanethiols mixtures would alter the relative ration of the adsorbed molecular components where
the SAM composition is usually enriched with the longer alkanethiol. This effect is more evident

when the difference in the number of chain units is greater than three [77, 78].
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Figure 4.3. Basic structure of A) a single alkanethiol self-assembly monolayer and B) a mixed self-assembly
monolayer with examples of chemical functional groups.
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Several studies performed with a wide variety of thiol mixtures and under different
conditions, have shown some controversy regarding the possibility to produce separated domains
depending on the used solvent, the nature of the thiolated compounds or the temperature used
during SAM formation [79]. However, it has been showed that some degree of phase segregation
can occur when the mixed SAM components have very different chain lengths and/or a large
difference in the degree of polarity regarding their functional groups [80]. Additionally, it is worth
mentioning that mixed monolayers typically present a higher level of defects compared to the
corresponding single-component SAMs [79].

In general, the use of mixed alkanethiol SAMs offers many advantages for the development
of analytical applications [81]. For instance, it has been shown that the co-adsorption of two thiols
can prevent denaturation and improve the bioactivity of proteins such as bioreceptors deposited on
surfaces, and they can shield the adsorptions of undesired organic matter [76]. These characteristics
have a great impact in the development of biosensing techniques where the quality of the bio-
interface governs the sensitivity and specificity of the biosensor [82]. These mixed SAMs are
generally composed of an alkanethiol with a functional group such as a carboxylic acid or an amine
at a low mole fraction, and second “spacer” thiolated compound at a high mole fraction (Fig. 4.3B).
The first thiol is used for the covalent immobilization of a bioreceptor while the second spacer
group reduces the surface concentration of functional groups, and thus minimizes steric hindrance
and partial denaturation of the immobilized the bioreceptor [82]. Additionally, the spacer thiol can
be used to tune the physicochemical properties of the sensor surface preventing non-specific

interaction that can produce interfering signals [82].
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Chapter 5. Human Pancreatic Islet Research: State-of-the-Art

The following chapter provides a review paper published in the journal Lab on a Chip by the
candidate with a comprehensive literature review required for the completion of this thesis project.
This review covers the state-of-the-art regarding applications of microfluidics, secretomics and
biosensors in emerging areas of human islet research; namely, islet transplantation, regeneration
and drug screening. Moreover, the review offers insights on opportunities and challenges for tissue
culture on-chip encountered when working with 3D organoids such as the pancreatic islets. In
addition, the review identifies gaps in the current technology for multiplexed screening of islet

secretion products highlighting promising biosensing tools to achieve this purpose.
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5.1. Abstract

A secretome signature is a heterogeneous profile of secretions present in a single cell type. From
the secretome signature a smaller panel of proteins, namely a secretion fingerprint, can be chosen
to feasibly monitor specific cellular activity. Based on a thorough appraisal of the literature, this
review explores the possibility of defining and using a secretion fingerprint to gauge the
functionality of pancreatic islets of Langerhans. It covers the state of the art regarding microfluidic
perfusion systems used in pancreatic islet research. Candidate analytical tools to be integrated
within microfluidic perfusion systems for dynamic secretory fingerprint monitoring were
identified. These analytical tools include patch clamp, amperometry/voltammetry, impedance
spectroscopy, field effect transistors and surface plasmon resonance. Coupled with these tools,
microfluidic devices can ultimately find applications in determining islet quality for
transplantation, islet regeneration and drug screening of therapeutic agents for the treatment of

Diabetes.
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5.2. Introduction

Agrawal et al. [83] defined the cell secretome as: “the collection of proteins secreted by a cell’s
tissue, organ or organism at any given time and condition, regardless of secretion mechanism, being
constitutive or regulated secretion”. A secretome can control and regulate a multitude of biological
and physiological processes [84]. In addition, it reflects the functionality of a cell in a given
environment [85]. For instance, chronic alteration or aberrant secretion within a cell secretome
could be indicative of a pathological condition. Thus, secretome analysis or secretomics is
becoming a clinically relevant research field for biomarkers and therapeutic targets discovery [85].

Although the general definition of secretion includes metabolites and ions, in literature, the
definition of the secretome only refers to proteins. As such, this review is focused on global
secretion of proteins unless otherwise specified. lons and small molecules will only be mentioned
when they are used as an indirect way to measure protein secretion or when a platform that
measures them can be adapted for protein secretion detection.

A cell’s secretome can be comprised of a considerable amount of proteins (up to 1000)
making its continuous monitoring difficult. Moreover, it has been shown that a genetically identical
cell population can present functional heterogeneity [86], which can create a potential barrier to
accurately screen the response to a stimulus or to pharmacological therapies [87, 88]. To overcome
this problem, it is possible to study the secretome of individual cells within a population, and
establish a particular secretome signature for each cellular phenotype.

A cell secretome signature is composed of a smaller number of proteins (around 100)
compared to the whole cell secretome. However, it will be more convenient to monitor an even
smaller set of proteins within the secretome signature, encompassing a particular secretory

fingerprint (SF). This SF can be selected on a case-by-case basis and dynamically monitored to
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find relationships between secreted proteins and their secretagogues.

While complete secretomic analysis of pancreatic islets has not yet been performed, current
knowledge still allows definition of a SF composed of relevant hormones and other biomarkers. To
date, the majority of islet studies have focused at most on the simultaneous measurement of two
secreted hormones. Herein, we propose that a SF composed of a larger number of secretion
products can yield a deeper understanding of islet physiology and its secretory response. The
present review is not attempting to cover pancreatic islets secretomics. It rather suggest that the
determination of an islet secretome will expand our current knowledge of islet secreted biomarkers.
This in time will allow definition and measurement of a more pertinent SF depending on the
application (e.g. drug screening, transplantation or islet regeneration).

First, this review presents important concepts of pancreatic islet physiology and species-
dependent characteristics. It then covers current methods and challenges for determining a cell
secretome. Then it exposes the state of the art regarding microfluidic perfusion systems (MPS) for
pancreatic islets. Subsequently, it overviews analytical tools with a proven potential to dynamically
monitor islet secretion processes when integrated in MPS. These platforms could be very useful
for investigating islets as whole micro-organs and identifying the roles of individual secretion
factors. Additionally, they can comprehensively assess the behavior of islets in complex metabolic
networks, recapitulate the dynamics of hormone secretion and help discover new therapeutics to

treat diabetes mellitus.

5.3. Pancreatic islet physiology and species dependent characteristics

The islets of Langerhans, which constitute 1 to 2% of the pancreas mass, are vascularized micro-

organs with an average diameter of 150 pm. The pancreatic islets are composed of five different
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endocrine cells (a, B, 6, PP, and € cells) each secreting characteristic hormones in response to
metabolic changes [3]. They are also composed of vascular cells, resident immune cells, neurons
and glial cells. Additionally, human islets are surrounded by a complex double basement membrane
[89]. Each islet is a functional unit with the physiological role of maintaining glucose homeostasis,
mainly through B-cell insulin and a-cell glucagon secretion.

Insulin secretion is a complex and dynamic process, and detailed knowledge of it is critical
for understanding diabetes mellitus. Insulin release by B-cells is an electrically excitable process in
which changes in membrane potential is coupled to variations in blood glucose concentrations. In
the absence of glucose (glucose concentration < ImM), the membrane resting potential of human
B-cells is approximately -70 mV [10]. Once glucose concentration increases, glucose transporters
(GLUT) are activated and glucose metabolism occurs inside B-cells through glycolysis, the Krebs
cycle and the electron transport chain, generating adenosine triphosphate (ATP) (Figure 5.1-A).
The generated ATP closes the ATP-sensitive potassium channels (KATP), reducing the resting
membrane potential until a threshold of -60 mV is exceeded, initiating membrane depolarization.
Once membrane depolarization occurs, the voltage-gated Ca®" channels open (reaching a peak
influx at around -30 mV) and Ca®" concentration increases. This in turn, triggers insulin vesicle
fusion with the cell membrane by inhibiting the activity of the Ca®" sensitive protein

synaptotagmin, and subsequently insulin exocytosis occurs.
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Figure 5.1. A) Glucose-stimulated insulin secretion pathway in pancreatic -cells and B) biphasic insulin release
profile.

Induced insulin exocytosis follows a biphasic time course (Figure 5.1-B) [90, 91]. The first
phase corresponds to a fast transient increase rate of insulin secretion, usually within 5 minutes of
glucose stimulation. Afterward, a decrease in insulin secretion takes place, followed by a gradual
incremental second phase that lasts as long as the glucose stimulus is applied. As with most
secretory cells, the biphasic secretion of insulin is pulsatile by nature. Moreover, insulin secretion
has been demonstrated to oscillate in a synchronous manner with cytoplasmic Ca** concentration
[92], indicating that Ca" oscillations are direct regulators of insulin pulsatility.

Co-secreted peptides and ions during insulin exocytosis, such as C-peptide, Zn>" ions and
amylin, can be used to indirectly quantify insulin secretion or measure secretion kinetics. In
addition, it has been shown that these co-secreted factors have clinical relevance in diabetes
mellitus diagnosis and treatment [93-96]. For the interested reader, in-depth detail of insulin
secretion in human islets has been reviewed elsewhere [10].

As in any biological research, the mechanisms of insulin secretion and islet function have
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been mostly elucidated using animal models. However, recent studies have demonstrated that islet
anatomy and physiology is species-dependent, and therefore one has to be careful when
generalizing findings from any individual species [5, 11]. As a consequence, many concepts related
to anatomy, physiology and basic cellular mechanisms of human islets are currently being refined
[11-16].

As an example, Cabrera ef al. [11], studied the differences in islets cyto-architecture and
functionality amongst four different species (Figure 5.2-i). Their findings showed that in the case
of mouse, large spatial segregation of cell types exists, suggesting an anatomical subdivision within
islets. However, when the authors compared the degree of segregation of cell types between mice
and human islets, they found that in mice, 71% of the insulin-containing cells showed exclusively
homotypic (same type) associations, whereas, in human, this was only 29%. As a consequence, 3-
cells are intermingled randomly with a- and &-cells throughout the entire islet in close association
with the islet microcirculation system (Figure 5.2-ii). Additionally, Cabrera et al. [11]
demonstrated that islets from different regions of the human pancreas possess different cell
compositions, and that on average, the cell composition of human islets contained proportionally

fewer B-cells and more a-cells than that of mouse islets (Figure 5.2-i).
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Figure 5.2. Illustration of differences in islet cytoarchitecture among species. (i) Confocal images of islets of
Langerhans of human (A), monkey (B), mouse (C) and pig (D). (E) Human islet cell composition depending on the
region of the pancreas from which they were obtained. (F) Comparison of cell composition between human and mouse
islets (Reproduced from Ref. [11] with permission from National Academy of Sciences, U.S.A, Copyright 2006). (ii)
Human islet cell distribution. (G) Schematic representation and (H) confocal image of human islet cell distribution
around a capillary vessel. For all images, red: insulin-immunoreactive cells; green: glucagon-immunoreactive cells;
blue: somatostatin-immunoreactive cells (Reproduced from Ref. [5] with permission from Elsevier).

Blood vesse

The anatomy of human islets has significant consequences for cell-to-cell communication
within the islets. Recent evidence suggests that the unique cytoarchitecture of human islets give
rise to relevant paracrine and autocrine interactions that play a dominant role in their overall
endocrine response [3, 5, 6, 16, 97-100]. For instance, it has been shown that somatostatin and
ghrelin inhibit glucose-dependent insulin secretion [6, 16, 100], that pancreatic polypeptide (PP)
[3] and co-secreted ions and amino acids [97, 98] exert a stimulatory and inhibitory effect

respectively on glucagon secretion, and that neurotransmitters released from islet cells may shape
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the pulsatile behavior in auto/paracrine feedback loops [99]. These aforementioned
paracrine/autocrine interactions along with many others have been recently reviewed in detail [5,
99]. However, more research is needed in order to fully understand these paracrine interactions,
particularly in the context of diabetes.

Finally, another critical aspect of islet physiology is functional heterogeneity, since human
islets differ in size and composition. However, little is known about how such differences impact
islet function [101-103]. Studying the secretome signature of single islets as it is done for other
biological systems such as tumors, may allow investigation of this functional heterogeneity. For
example, one can determine the secretome signature profile for islets in response to glucose
stimulation, which can then be used as a baseline to select “functional” islets before transplantation,
or to understand how secreted proteins exert paracrine/autocrine influence in islets.

As demonstrated in this section, our current knowledge of human islet physiology allows
definition of a functional SF to monitor hormone secretion. However, once important protein
biomarkers are found within the secretome signature profile, it will be possible to conceive systems

to monitor the dynamics of a wider and more relevant SF to study particular aspects of islet

physiology.

5.4. Current methods to determine a cell secretome

The Bergsten group described the first proteomic reference map of human pancreatic islets [104].
This report represented the first preliminary functional profile of the human islet proteome, in
which many of the identified proteins have been implicated in the pathophysiology of diabetes.
Since then, the aim of most islet protein profiling studies has been to elucidate the different

mechanism involved in diabetes-associated B-cell deterioration [105]. However, because of the
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complexity of cell proteomes, in some cases it is more practical to focus on a sub-proteome which
only encompasses secreted proteins. Hence, many opportunities exist in the field of pancreatic
islet research to focus specifically on the islet secretome and to determine a functional secretome
signature. More information regarding islet protein profiling can be found in recent reports [105,
106].

To date, determination of the secretome has focused mostly on cells such as lung [107],
colon [108] and glial [109, 110] cancer cells. Determining such cancer cell secretomes has unveiled
mechanisms related to angiogenesis, invasion and metastasis, helping to develop new strategies to
control cancer [107]. Additionally, there are some reports where the secretome of skeletal muscle
cells [111] and human adipocytes during adipogenesis [112] has been determined.

Current methods to determine an unknown cell secretome involve placing cells in culture
media for a period of time under controlled conditions, after which the media is analyzed for
identification and quantification of secreted proteins. However, proteins secreted by dead cells in
the media and serum proteins can mask the proteins of interest, making their isolation a challenge
[113]. Hence, it is a common practice to use serum-free media and cytosolic extract as a control for
dead cell proteins [113]. Nevertheless, little is known about how this affects cell secretion. Some
evidence suggests that serum deprivation can cause apoptosis [114, 115], and can trigger different
responses across various cell types [116]. Additionally, secreted proteins can be present at very low
concentrations in the culture media, and on top of that, media is usually diluted before analysis,
increasing the chances for analytical instruments to miss relevant biomarkers.

Traditional methodologies to decipher a cell secretome can be divided in two broad
categories, the ones that analyze RNA/DNA to provide mostly qualitative information on gene-

products (including computational methods), and the ones that analyze proteins directly, mostly
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based on proteomic methods [84] (Figure 5.3). These methods may be restricted depending on
whether the secretory protein sequence is known or not. Detailed information about the principle
advantages and drawbacks of each has been reviewed elsewhere [84]. Usually a combination of
RNA/DNA and protein quantification methods is used to acquire a bigger picture of the secretome

by correlating gene expression and protein secretion. However this can be time-consuming.
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Figure 5.3. Classification of common techniques to decipher an unknown secretome. RNA/DNA methods comprise:
serial analysis of gene expression (SAGE), DNA microarrays, RNA sequencing and computational methods such as
SecretomeP for non-classical secretion and SignalingIP for classical secretion. Proteomic analysis techniques are
mostly based on mass spectrometry, particularly liquid chromatography tandem mass spectrometry (LC-MS/MS).
These methods can be subdivided into gel-based techniques, such as two-dimensional gel electrophoresis (2-DE) and
differential gel electrophoresis (DIGE), and gel-free techniques, such as isotope-coded affinity tag (ICAT), isobaric tag
for relative and absolute quantification (iTRAQ), stable isotope labeling by amino acids in cell culture (SILAC) and
surface-enhanced laser desorption ionization-time of flight mass spectrometry (SELDI-TOF MS).

SecretomeP SignalinglIP

Once a cell secretome signature has been identified, other techniques such as immunoassays
(e.g. ELISA, western blot and antibody microarrays) can be used to monitor small changes in the
secretome, or as a complementary method with mass spectrometry for secretome identification
[84]. Additionally, among these immunoassay techniques, antibody microarrays can be used in a

high-throughput and multiplexed manner [117].

5.5. Multiplex screening

Multiplexing is desirable in most biological analyses since it reduces analysis time, sample

volumes, and hence the cost of analysis [35]. However, multiplexed protein detection is
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complicated due to cross-reactivities. This usually limits the degree of multiplexing, particularly in
complex solutions, such as those containing cell secretion products. Nonetheless, a panel of several
biomarker measurements can yield far more information than a single biomarker. Thus, efforts to
develop multiplexed protein detection technologies represent great opportunities in many research
fields.

A traditional technique used for multiplexed analysis of secreted proteins is antibody
microarrays. Antibody arrays are a part of miniaturized devices in which antibodies can be
immobilized on a planar surface or on microbeads, usually by micro-printing, to capture and
quantify specific proteins [117]. The protein binding event is then detected in a label-based or
sandwich configuration with a fluorophore, quantum dot or an enzyme [117]. Antibody arrays have
been used so far to study proteins secreted by human adipocytes [112], mesenchymal stem cells
[118] and cardiomyocyte cells [119].

However, these methods require a large number of cells for the analysis and obtained results
will reflect the averaged features of cell populations. This may present disadvantages in many
cases, since cell populations are heterogeneous in nature, and hence, population data can mask
functional heterogeneity and associated molecular mechanisms [120]. The desirable solution would
therefore be to study secretion from a single cell or a very small population of cells in order to
identify phenotypes of interest and determine their respective secretome signature.

Microfluidic platforms can enhance spatio-temporal control of the cell microenvironment
compared to traditional biological assays, allowing single cell analysis [121]. For instance, the
sample volume can be reduced, avoiding dilution of secreted proteins and hence maximizing the
information collected. Such platforms make it possible to use traps to immobilize single cells for

multiplexed genetic/protein quantification [120, 122]. An example of this is a microfluidic chip for
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isotope labeling coupled with electrospray ionization mass spectrometry (ESI-MS) [123], that was
used for qualitative and quantitative analysis of drug-induced apoptosis of MCF-7 cells. The chip
was designed to perform cell loading, microfluidic cell culture, drug solution injection, microfluidic
cell staining, imaging analysis and ESI-MS detection (Figure 5.4-i). The authors demonstrated that
when combining microfluidics and mass spectrometry, a multiplexed analysis of proteins could be

carried out, despite the complexity of the MCF-7 secretome.
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Figure 5.4. Examples of microfluidic devices for cell secretion analysis. (i) Barcode chip. A) Image of the device’s
assay channels shown in red and control channels in blue. B) Micrograph showing isolated cells and a fluorescent bar
code assay. Yellow digits indicate number of cells per micro-chamber. C) Schematic representation of the multiplexed
primary antibody barcode array used for capture of secreted proteins. SA stands for Streptavidin. (Reproduced from
Ref. [124] with permission from Nature Publishing Group). (ii) Microfluidic chip for isotope labeling coupled with ESI-
MS. D) Schematic representation of the ESI-MS chip consisting of a microfluidic network for culture medium delivery
and drug injections, cell culture chambers, and on-chip micro-solid-phase extraction (micro-SPE) columns for sample
desalting and purifying. E) Microfluidic network to generate concentration gradients during cell culture and drug
screening. F) Side view of MCF-7 cells culture chamber. G) Close-up of an integrated micro-SPE column. (H) Micro-
SPE column joined by capillaries. (Reproduced from Ref. [123] with permission from American Chemical Society
Copyright 2012).

Another example is the evaluation of functional heterogeneity of immune T cells and human
macrophages on a single-cell barcode chip [124]. The chip is composed of 1,040 microchambers
with a 3 nL volume, each containing a single cell. Protein concentration is determined with

sandwich immunoassays from spatially encoded antibodies. This forms a barcode that represents a
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complete panel of protein assays (Figure 5.4-ii), allowing for highly multiplexed detection of
proteins and statistical analysis of single cell protein secretion. Further information on single cell
analysis and related microfluidic devices is available in two recent reviews by Galler et al. and Liu

et al. [125, 126].

5.6. Current microfluidic perfusion systems for pancreatic islet research

A particular type of microfluidic device designed to control the media flow over single cells or cell
culture chambers are microfluidic perfusion systems (MPS). In the case of pancreatic islets, MPS
can simulate the islet in vivo environment. For instance, the pressures and flow volume of the islet
vascular system can be reproduced [127], making these platforms ideal for islet in vitro analysis.

In the past decade, many research groups have specialized in MPS development for islet research
[127]. These devices generally possess two major components. The first component is a trapping
mechanism capable of immobilizing single or multiple islets (Figure 5.5) while maintaining
constant perfusion. Lack of perfusion on previous islet devices presented serious limitations for
secretion studies [128]. For instance, dynamic measurement of islet secretion cannot be obtained
since the concentration of secreted products constantly increases within a static chamber. Many
experiments require a perfusion system that can rapidly vary the concentration of secretagogues
delivered to the islets. Finally, without perfusion, islets cannot obtain fresh nutrients, which limits

islet long term survival [128].
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Figure 5.5. Examples of various MPS developed for pancreatic islet research. A) Schematics of a microfluidic chip
for monitoring insulin secretion from 15 independent islets (Reproduced from Ref. [129] with permission from
American Chemical Society Copyright 2009). The device is comprised of a microfluidic channel network, which is
indicated by solid black lines. Circles represent the fluidic reservoirs. A side-view representation of an islet perfusion
chamber and an on-chip flow-split is also presented. B) A microfluidic perfusion device for multiparametric islet
function assessment through imaging and ELISA (Reproduced from Ref. [130] with permission from Springer). C) A
microfluidic device with a single-islet piston-like trap to asses glucose-induced intracellular oscillations of calcium in
pancreatic islets (Reproduced from Ref. [131] with permission from National Academy of Sciences, U.S.A, Copyright
2004). D) A Microfluidic array for real-time live-cell imaging of microencapsulated pancreatic islets to assess the effect
of hypoxia (Reproduced from Ref. [132] with permission from American Chemical Society Copyright 2013).

Additionally, particular features should be considered in perfusion system design to account
for the unique 3D cytoarchitecture of islets and their vulnerability to mechanical stress. The first
major component of the MPS is the trapping mechanism for islet immobilization. To date, some
trapping mechanisms found on MPS are dam wall-like or nozzle-like traps [132, 133] or circular
wells located at the bottom of perfusion chambers [ 130, 134]. Moreover, it is necessary to integrate
stable and flexible fluid control for investigating hormone secretion kinetics and biochemical
events. This can be achieved either by external or integrated micropumps or by combining capillary

forces and electrokinetic mechanisms inside MPS [127]. Although still in development, in the last
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decade these features have been successfully introduced to MPS design for applications in islet
research (Table 5.1).

The second major component of islet MPS is an analytical tool or method to monitor
glucose-dependent response of the islets. The principal techniques that have been successfully
incorporated in MPS up-to-date are capillary electrophoresis immunoassay (CEI) and intracellular
Ca™? oscillation monitoring.

CEI provides a technique for the direct detection of secretion from islets with a detection
limit of 3 nM for insulin [25] (Figure 5.5-A). During experiments, islets are placed in a chamber
and effluent is mixed with anti-insulin antibody and fluorescein isothiocyanate-labeled insulin
(FITC-insulin). Insulin from the islets competes with FITC-insulin for binding sites on the
antibody. The mixture is passed into an electrophoresis channel where bound and unbound FITC-
insulin is separated. Insulin secretion is then quantified fluorescently through establishing the ratio
between bound and free insulin. Similarly, this technique has been applied for detecting glucagon,
with a detection limit of 1 nM [26]. Noteworthy, investigating glucagon secretion presents an
additional challenge, since a-cells comprise a smaller proportion of the islet than -cells, resulting
in a relatively low amount of glucagon secreted per islet and making it difficult to detect variations
in glucagon secretion [26]. This demonstrates that the non-insulin islet hormones, which are
secreted in small quantities, can be detected when combining analytical tools with the fluid
handling capabilities of microfluidics.

Although many microfluidic devices have employed CEI to perform high-throughput
immunoassays on-chip [135, 136], their design was not well-suited for continuous monitoring of
living cells [137]. This was mostly because the reported methods required off-line preparation of

samples which are not amenable for repetitive sampling and continuous reactions [137]. In this
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regard, the Kennedy group pioneered the development of a microfluidic CEI to monitor online the
fast kinetics of hormone secretion from a single islet with high temporal resolution [25, 129, 137].
One of the advantages of CEI is that it can be fully integrated on-chip. This technique has proven
to be fast and accurate and has been able to detect secretion changes within a few seconds [25].
Recently, the use of this technique has been extended to monitor insulin and islet amyloid
polypeptide (IAPP) secretion profiles simultaneously [27].

However, the setup can be complex since it involves integrating precise external pumps for
fluid flow control, power supplies and electrodes for electro-osmotic flow control. Moreover, since
most of the secretion products from islets have similar molecular weights, multiplexing using this
technique presents a great challenge. Channel clogging, precise temperature control, and
requirement of lasers with different wavelengths remain the main issues of working with such a
set-up [27]. Nevertheless, this technique has been useful for long term monitoring of insulin
secretion [25, 128], and for understanding heterogeneity in insulin secretion [129, 137, 138].

Calcium-sensitive dyes [139] (e.g. Fluo-3, Indo 1, Quin 2, Calcium Green, Fura Red, etc.)
have been used to visualize the calcium oscillations that precede insulin exocytosis and thereby to
study secretion mechanisms and to indirectly measure islet secretion. Observing these oscillations
is often challenging on many of the macro systems commonly employed in biological studies,
because of the difficulty in differentiating physiological events that trigger Ca®" oscillation. In
contrast, imaging with microfluidic devices can allow exclusive observation of the Ca®* oscillations
associated with exocytosis.

Despite the advantages of this method, it presents some limitations regarding quantification
and selectivity. For instance, calcium oscillations from different types of cells in the islet may be

difficult to distinguish. Moreover, quantification of secretion products is required off-chip using
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traditional immunoassays such as ELISA.

Nevertheless, this technique has furthered our knowledge regarding important aspects of
islet secretion such as the limited coordination of Ca** oscillations in islets when stimulated with
glucose [131] (Figure 5.5-C). The mentioned study found that B-cells are electrically coupled
through gap junctions, being able to synchronize calcium oscillations but only within glucose-
stimulated regions[131]. In addition, this technique has shed light on the cellular dynamics of islets
when stimulated with different glucose wave forms, analogous the glucose variations that occur in
vivo [140]. For instance, Dhumpa et al. [141] developed a MPS to test the hypothesis that negative
feedback from the liver synchronizes islet secretion by controlling the blood glucose level. To
introduce negative feedback to the on-chip islets, the glucose stimulation level was updated based
on the insulin secretion by employing a model. In response to negative feedback, synchronized
secretion was observed within groups of islets using calcium imaging and insulin ELISA.

The Ca*? oscillation technique have also been applied to a microfluidic device able to trap
single cells, spatially deliver analytes of interest and assess their effects with subcellular resolution
[142]. The device employed pancreatic islet B-cells (MIN6) transfected to express insulin-GFP. The
cell response evoked by different analytes was visualized using optical microscopy to monitor Ca™
oscillations and insulin-GFP secretion. In particular, the group found that sub-cellular exposure of
glucose-induced a modification in the spatial distribution of insulin granules (cell polarity) within
the B-cell toward the site where glucose was delivered. This tool can help to increase the
understanding the dynamics of insulin granules exocytosis due to its precise control of the
surrounding chemical environment; however it was only demonstrated with single p-cells.

There are examples of microfluidic platforms specifically designed for pre-assessment of

islets destined for transplantation to treat type I diabetes. For instance, Mohammed et al. [134]
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developed a microfluidic islet perfusion device for the assessment of dynamic insulin secretion of
multiple pancreatic islets with simultaneous fluorescence imaging of Ca?" oscillations and
mitochondrial potential changes. This device was further optimized in order to achieve efficient
mixing and uniform distribution of solutions in the perfusion chamber [130] (Figure 5.5-B). In
another example, Silva et al. [133] developed a microfluidic device that traps islets in cup-shaped
nozzles, which are connected by channels to allow fluid to bypass the islets. This reduces shear
stress on the islet, as demonstrated by healthy islet Ca** signaling. In addition, the nozzle stimulated
intracellular flow through the islets, enhancing B-cell and endothelial cell preservation. This helps
address the issue of endothelial cell necrosis in isolated islets, with the goal of stimulating re-
vascularization of islets when transplanted.

Another microfluidic device, developed by Nourmohammadzadeh et al. [132] (Figure 5.5-
D), determines the effects of hypoxia on alginate-encapsulated islets for transplantation. The device
simultaneously assesses islet functionality and viability by imaging mitochondrial membrane
potential, NADPH and intracellular calcium oscillations. They demonstrated that islet functionality
decreases with the increasing hypoxic conditions.

Although some of the aforementioned MPS devices can perform multi-parametric
characterization of islets [27, 130], most of them monitor a single parameter to study islet hormone
secretion and functionality. Many focus solely on a single islet hormone, mainly insulin or
glucagon, which may provide an incomplete profile of islet physiological functionality. Hence
many research opportunities exist to expand the amount of hormones detected to measure a larger
SF. Here is where one of the major challenges for future islet MPS reside. Additionally, the majority
of the MPS have used mouse islets as a proof of concept. Consequently, findings on these devices

may require translation to human islets. Table 5.1 summarizes some of the MPS devices for islets
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developed to date.

Table 5.1. Summary of selected microfluidic perfusion systems publication used in pancreatic islet research.

Detection method

Capillary electrophoresis immunoassay
Intracellular calcium oscillation

Capillary electrophoresis immunoassay

Intracellular calcium oscillation

Capillary electrophoresis immunoassay

Fluorescence, Competitive Immunoassay and
MALDI-MS
Fluorescence Imaging

Capillary electrophoresis immunoassay in
parallel

Intracellular calcium oscillation and ELISA

Fluorescent (Zinc trapped on droplets)
Intracellular calcium oscillation

Capillary electrophoresis immunoassay in
parallel

Intracellular calcium oscillation and ELISA

Intracellular calcium oscillation

Intracellular calcium oscillation

Intracellular calcium oscillation and ELISA

Mass spectrometry and ELISA

Intracellular calcium oscillation /Two-photon

excitation

Intracellular calcium oscillation and ELISA

Intracellular calcium oscillation and ELISA

# Islets
1
1

15

25/100

1-15

25-30

100-200

24

4.6

10-20

4-55

Specie
Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse/Human

Mouse
Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse
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Type of Trap

Dam wall-like
Movable wall

Dam wall-like

Dam wall-like

Dam wall-like

Hand trapping with
micromanipulator
Dam wall-like

Dam wall-like

Chamber with wells

Dam wall-like
Dam wall-like

Dam wall-like

Chamber with wells

Dam wall-like

Different size of dam
wall-like

Dam wall-like

Polycarbonate or
Nylon membranes

Dam wall-like

Chamber with wells

Chamber with wells

Aspect Study

Insulin Secretion

Coordination of
Ca*'Oscillation in
islets

Insulin Secretion

Role of  Gap
junction on
regulating Insulin
secretion
Continues monitor
of Insulin Secretion
on-chip

Insulin secretion of
a single islet
Effects of glucose
gradients on insulin
secretion

Secretion patterns
of insulin and free
fatty acid
lipotoxicity

Islet functionality
(mitochondrial
potential, insulin
secretion)

Insulin Secretion
Variation of insulin

secretion from
different mice
“Islet imprinting”
Long term
operation and
performance of
electrophoresis
device

Islet functionality
under glucose
gradients

Insulin  secretion

cause by different
glucose waveforms
Separation of islet
by size and
viability after
separation

Single islet insulin
secretion with
passively operated
device

Collection and
concentration  of
islet secretion

Effect of
microfluidic

culture on islet-
associated

endothelial cells

Effect of hypoxia
on insulin secretion
Insulin  secretion
kinetics on islet

Year

2003
2004

2005
2006

2007

2008

2009

2009

2009

2009
2009

2009

2010

2010

2010

2011

2011

2011

2012

2012

Ref
[25]
[131]*

[128]
[143]

[137]

[144]
[140]

[129]*

[134]

[96]
[145]

[146]

[130]*

[147]

[148]

[149]

[150]

[151]

[152]
[29]



Intracellular calcium oscillation /Two-photon
excitation

Capillary electrophoresis immunoassay

Intracellular calcium oscillation

Fluorescent Competitive immunoassay

Intracellular calcium oscillation

Intracellular calcium oscillation

Intracellular calcium oscillation

Intracellular calcium oscillation

Capillary electrophoresis immunoassay

*Device shown in Figure 5.5
**Estimated from images

100

100

5-10

5-10

16"

1-10

Mouse

Mouse

Mouse

Mouse

Rat/Human

Mouse

Mouse

Single f cell

Mouse

Dam wall-like

Dam wall-like

Chamber with wells

Nozzle-like
Nozzle-like
(Encapsulate islets)

Nozzle-like/Dam
wall-like

Dam wall-chamber

Micro-orifice driven
by pressure

Dam wall-like

population and

mitochondrial
potential
Dynamics of lipid
partitioning in
living  pancreatic
islets

Glucagon secretion

Long term bubble

prevention on
pancreatic islet
culture

Secretory

dynamics of insulin
and IAPP

Effect of hypoxic
conditions on islet
viability

Insulin  secretion
related to epithelial
cell loss and effect
of shear stress on
islets

Coordination of
insulin secretion
The  effect of
glucose biases on
the spatial
distribution of
insulin granules
Oscillation patterns
of Insulin secretion

5.7. Potential analytical tools for islet secretory fingerprint analysis

2012

2012
2012

2013

2013

2013

2014

2014

2014

[153]

[26]
[154]

[27]

[132]*

[133]

[141]
[142]

[138]

The analytical techniques mentioned in the previous section prove to be sufficient to follow the fast

kinetics of insulin secretion. However, in order to monitor a wide islet SF, integration of novel

multiplexed detection tools into MPS is required. The major considerations for detecting secretion

from islets are: 1) the temporal resolution of the sensor to assure capturing the fast kinetics of islet

hormonal secretion, 2) the dimensions of the sensors to spatially locate islet secretions, 3) the

stability of the sensor to allow continuous operation and real-time secretion-monitoring, and 4) the

selectivity of the sensor for a single secreted biomolecule, such as insulin, and not co-secreted

products such as amylin and C-peptide. Therefore, the sensing tools must be fast, specific and

possess high spatio-temporal resolution in order to simultaneously detect changes in the secretion
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patterns of the different cells composing the islets. In addition, these tools need to be adapted for
easy integration with MPS, since the reduced volume of MPS can concentrate analytes allowing
easier detection, particularly for hormones secreted in small quantities (e.g. glucagon, PP and
somatostatin). Furthermore, since the islet hormones are usually measured in a carrier solution,
calibrating the sensor to the respective pH, salts and other molecules is a prerequisite.

The main reported techniques that could provide multiplexed detection of islet secretion
kinetics include electrochemical techniques, patch clamp techniques, field effect transistors (FET)
and surface plasmon resonance (SPR) [30]. The following sections will cover the potential of
aforementioned technologies to conceive lab-on-a-chip (LOC) devices for assessing a pancreatic

islet SF.

5.7.1. Patch Clamp

The patch clamp technique is a tool to study the electrophysiological properties of cells by bringing
a pipette containing an electrode in contact with the cell membrane. Suction is applied to the pipette
to create an ultrahigh resistance seal with the cell membrane. Rupturing the membrane provides
electrical contact between the cell interior and the electrode. This setup enables measurement of
whole cell currents and cell membrane capacitance, both of which are correlated with exocytosis
of cell secretion products [155].

Patch clamp has been used to study secretion from human B-cells [15, 156-158] and a-cells
[23, 24, 97]. During capacitance measurements, exocytosis in -cells can be invoked using induced
voltage clamp depolarisations and secretagogues[155]. This technique can provide quantitative
information regarding exocytosis, for example through correlating the rate of capacitance change
with the quantity of granules released at a given time [159].

Since the pipette allows infusion (or dialyzing) of substances into the intracellular
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environment, observations can be made of the effects of substances on hormone secretion (i.e.
cyclic AMP, calcium chelators, GTP analogs and sulfonylureas). Likewise, stimulants can be added
in the extracellular bathing solution. Furthermore, fluorescent probes can be injected into the cell
cytoplasm through the patch pipette. Therefore, a wealth of data can be obtained by simultaneous
membrane capacitance and whole-cell current measurements obtained using the patch pipette while
combining fluorescence imaging.

However, some disadvantages of the patch clamp technique are that it is very low
throughput, it provides an indirect measurement of secretion, it can be interfered by endocytic
processes, it lacks specificity for individual secretion products and it is invasive. Additionally, this
technique requires highly skilled operators in order to trap and manipulate cells.

With the current microfabrication technologies microfluidic platforms with small apertures
can be fabricated, which act as the pipette tip. These apertures allow automated trapping lateral to
[160] or on the bottom of microfluidic channels [161-163]. For instance, Lau et al. [160] developed
a PDMS microfluidic patch clamp array that incorporates on-chip lateral cell trapping sites and an
open-access chamber at the top for easy media changes (Figure 5.6-i). A challenge associated with
using this technique for on-chip applications is the choice of fabrication materials, since fabrication
methods can be expensive and complicated. Additionally, the use of substrates with poor dielectric
properties can produce low seal resistance, hence decreasing the signal-to-noise ratio. To overcome
this problem, Bruhn ef al. [161] developed a glass pore chip by taking advantage of the high
dielectric properties of glass. The device was able to obtain a similar seal resistance as the
conventional micropipettes, to automatically trap cells at the bottom and to perform single
membrane channel recording (Figure 5.6-ii). Currently, some automated patch-clamp systems with

multiplexed recording electronics and microfluidics layers, that enable high-throughput
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measurements, are commercially available [164, 165].
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Figure 5.6. (i) A microfluidic patch clamp array chip with lateral cell trapping sites. A) Cross-sectional representation
showing a cell being trapped in a microfluidic device. (B) Close-up of the device where a channel for patch trapping
and cell manipulation can be observed. C) Optical microscope image of cells being manipulated in order to bring them
close to the patch channel. D) Image showing a cell being trapped and patched on the small channel (Reproduced from
Ref. [160] with permission from the Royal Society of Chemistry) (ii) Dual pore glass chip. E) Schematic representation
of the assembly of the dual-pore glass chip for cell-attached single-channel patch clamp recording. F) Cross-sectional
view of an assembled chip. G) Representation of a cell trapping mechanism used to establish a high-resistance seal
with a cell (Reproduced from Ref. [161] with permission from the Royal Society of Chemistry).

Patch clamp investigations of pancreatic islets have focused primarily on p-cells. But to
understand the secretion mechanism of islets as a whole, the technique needs to be extended to
other islet cells (9, €, etc.). However, the lack of reliable methods to identify islet cells adds an extra
challenge for patch clamp measurements of intact islets [97]. One proposed solution is to produce
genetically modified mice that express fluorescent proteins in a- and -cells to distinguish them in

situ [97]. Still, doing this for the various cell types in the islet is time-consuming and expensive,
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and novel identification methods may be required. Nevertheless, studies exist for attaching the
patch pipette to single cells within intact islets [ 166-168].

The patch clamp technique possesses the required temporal resolution (milliseconds) to
monitor secretion kinetics and has sufficient sensitivity to detect single vesicle fusion. After proper
identification of individual islet cells, microfluidic devices containing multiple patch clamps can
measure secretion kinetics simultaneously. To complement patch clamp measurements,
electrochemical sensors can be added on-chip to obtain selective quantification of secretion
products as has been previously demonstrated in non-LOC setups [14, 169]. Thus, this would

provide a high-throughput tool to analyze a single islet SF.

5.7.2. Amperometry/Voltammetry

Amperometric/Voltammetric (A/V) techniques provide a method to detect and quantify cell
secretions through electrochemical reactions. In amperometry, a potential is applied while the
resulting current from oxidized or reduced species is recorded. Conversely, voltammetry measures
current as a function of applied potential.

Insulin is an electroactive molecule and hence it can be detected with unmodified
electrodes. This has made insulin the prime focus of islet secretion research by means of A/V
sensing. However, electrochemical sensing of insulin with unmodified electrodes has been shown
to be characterized by fouling, slow kinetics and low sensitivity [170]. To overcome these
limitations coating catalysts have been developed for the electrodes. Several of these catalysts
include those containing ruthenium, iridium oxide, metallo-dendrimers, and carbon nanotubes. The
sensing performance of some of these catalysts have been previously summarized by Rafiee et al.
[171] and Amini et al. [172]. Additionally, insulin-specific recognition elements can be added to

the electrodes. For instance, insulin aptamers [173] and electrodes modified with molecular
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imprinted polymers [174] have shown promise for sensing insulin with high specificity. An
additional advantage of using aptamers and molecular imprinted polymers as recognition elements
is that binding is highly reversible so it is possible to regenerate the sensors with great
efficiency[175]. These kinds of selective recognition elements can be developed for other islet
hormones which can be advantageous for multiplexed detection.

The majority of A/V sensors have been designed for detecting insulin in blood samples,
hence some modification will be required for monitoring insulin secretion from single islets. In
addition, some electrodes used a flow injection analysis setup [171, 172], in which the electrode is
situated in a constant flow environment. This setup is analogous to the environment in MPS,
demonstrating the potential adaptability of these sensors for MPS.

A few A/V sensors have been developed for direct detection of secretions from islets and
dispersed B-cells. When monitoring B-cell secretion, alternatives to electrochemically detecting
insulin may be preferred to avoid electrode modification steps. For instance, other factors co-
secreted with insulin can be readily detected electrochemically. These factors include the electro-
active amine, 5-hydroxytryptamine (SHT) [176] and zinc [177] . Zinc is complexed with insulin
inside B-cell vesicles and during secretion, the complex dissociates into insulin and free zinc ions.
The insulin concentration can be indirectly determined via A/V detection of zinc [178]. Conversely,
SHT needs to be incubated with islets prior to experiments, such that the SHT becomes localized
in insulin vesicles, and is subsequently co-secreted with insulin. In this manner, A/V sensing of
SHT has been used to measure secretion from mouse B-cells [179-182] and mouse islets [ 183, 184].

There are limited reports where A/V sensors have been integrated in MPS systems for
monitoring islet secretion. An example is a microphysiometer chamber containing islets under

perfusion, which was coupled with an amperometric insulin sensor composed of a multiwall carbon
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nanotube film electrode [185]. This platform serves as a proof of concept for LOC devices, which
can take advantage of microfabrication and electrode printing technologies to elaborate probes with
high spatio-temporal resolution. Additionally, nanomaterial modified electrodes with sufficient
limit of detection (nM) for single cell analysis are becoming robust and have made inroads into the
microfluidic domain, presenting opportunities to apply these sensors to islet research. However,
research needs to be expanded into multiplexed A/V detection of islet secretion products to allow

screening of an islet SF.

5.7.3. Impedance Spectroscopy

Impedance spectroscopy (IS) (also called electrochemical impedance spectroscopy) is a technique
that measures changes in the electrical impedance of a sample over a range of applied electrical
frequencies. IS biosensing is based on spectrum changes that take place in response to binding
events and reactions associated with analytes of interest. This technique is subdivided into Faradic
IS and non-Faradic IS depending on whether a redox reaction is present or not. Faradic IS involves
an electrochemical reaction as a sensing step. This reaction can come either from an external
chemical compound (redox probe) added to the system or from the sample itself. In contrast, the
redox probe is absent in non-Faradaic IS. As a label-free technique, IS eliminates costly and
cumbersome sample preparation steps [35]. However, as mentioned in the previous section, the
electrochemical detection of biological molecules can be non-specific, requiring surface
modifications with biomolecules (antibodies, affirmers, aptamers, etc.). Additionally, direct
detection of analytes can have insufficient sensitivity, requiring catalytic modification of the
sensing interface.

Non-Faradic IS has many advantages over Faradaic IS. Firstly, the absence of a redox probe

in non-Faradic IS makes the experimental setup simpler and eliminates the need for catalytic
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modification of the sensing interface. Secondly, the redox probe employed in Faradic IS can be
highly toxic for cells. Moreover, depletion of the redox probe can occur, so Faradic IS platforms
need to be designed to avoid this issue. Hence, non-Faradic IS is considered more appropriate for
integration with LOC devices [33], especially for investigation of complex biological systems such
as human pancreatic islets.

Faradaic IS has been used to detect insulin using immobilized antibodies [38] or silica
nanoparticles/nafion [39]. These technologies can be adapted to detect insulin from islet samples.
A shared drawback of most electrochemical biosensors is the non-specific interactions that are
usually present in complex samples such as blood serum or cell secretions. However, a recent report
detected insulin with a non-Faradaic impedance biosensor using a chemically adsorbed zwitterionic
polymer (polymer with net charge of zero, but with negative and positive charges within its
structure) with attached monoclonal insulin antibodies [40]. Noteworthy, this functionalization
confers high specificity to the mentioned sensor, enabling it to detect insulin in the femtomolar
concentration in undiluted blood serum. In a similar fashion, the same group developed a non-
Faradic IS detection array for protein marker detection [186]. Thermally cross-linked poly(ethylene
glycol) on the chip surface provided a simple and robust interface with high antifouling properties.
Here, insulin and C-reactive peptide were simultaneously measured in human serum with little
cross-reactivity despite similarities between the two peptides. The limit of detection was as low as
171 tM and 10 pM respectively.

However, despite the remarkable limit of the detection and antifouling properties of the
aforementioned biosensors, as with most biosensors, regeneration of the sensing surface for
continuous monitoring of secretion products still remains an issue. A recent review by Goode et al.

[187] summarizes possible strategies to achieve successful biosensor regeneration. Nevertheless
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interesting research opportunities exist to extrapolate this technique for multiplexed measurement
of islet secretion products. In addition, thin film electrodes modified with robust polymer interfaces

can be easily integrated on microfluidic devices with islet perfusion chambers.

5.7.4. Field effect transistors

A field effect transistor (FET) biosensor is built by modifying the gate surface of a transistor with
recognition elements capable of binding an analyte, such as antibodies, antibody fragments,
aptamers or DNA (Figure 5.7-1). When binding events occur, the electric field is modified, resulting

in a detectable change in the transistor conductance.
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Figure 5.7. (i) A typical structure of a FET sensing device functionalized with antibodies. RE stands for reference
electrode, VG for gate voltage, VDS for drain-source voltage and ID for drain current. (ii) Multi-parallel connected
(MPC) silicon nanowire FET. A) Schematic representation of a DNA-aptamer modified MPC SiNW-FET device for
detecting dopamine from stimulated PC12 cells. B) Microscope image of a SINW-FET device where “S” stands for
source, and “D” for drain. C) Schematic representation of the DNA-aptamer immobilization procedure on a SINWFET.
APTMS stands for (3-aminopropyl)trimethoxysilane, PTMS for propyltrimethoxysilane and MBS for 3-
maleimidobenzoic acid N-hydroxysuccinimide ester (Reproduced from Ref. [188] with permission from American
Chemical Society, Copyright 2013).

The concept of FET biosensors has been developed for more than two decades, but only

recently has the interest in them increased due to the development of novel nanomaterials. When
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FETs are coupled with highly conductive nanomaterials, such as nanowires (e.g. metal oxide,
silicon and carbon-based nanowires) and graphene, a very sensitive tool (pg mL!) for the detection
of biomolecules can be fabricated [188-190].

However, all FET biosensors operate on the principle that the electric field seen by the
current carrying element is sensitive to target binding. When immersed in an electrolyte, this
requires that binding occur within the order of the Debye length. Beyond this distance the electric
field seen by the surface becomes independent of solution composition and binding events [33].
The Debye length is typically restricted to a few nanometers under physiological ionic strength
conditions and becomes smaller as the ionic strength increases [191]. Thus, any recognition
element must be anchored within this distance, which presents a problem with large
macromolecules, such as antibodies (~10 nm). However, it has been demonstrated that recognition
elements such as DNA and aptamer (1-2 nm) can efficiently work with FETs [191]. Alternatively,
dilution of analytical samples to low ionic strength prior to analysis can be performed.

The aforementioned limitations have not discouraged the application of this highly sensitive
type of biosensor to study cell physiology, especially by coupling them with microfluidics. For
instance, Li ef al. [188] developed a highly specific nanowire FET biosensor embedded in a PDMS
microfluidic channel (Figure 5.7-ii) to detect dopamine secretion from living chromaffin cells
(PC12 cell). The biosensor specificity was achieved using DNA-aptamers, which distinguishes
dopamine from other analogs such as catechol, phenethylamine, tyrosine, among others. Although
this device does not measure proteins, it is a proof of concept that real-time and label-free
quantification of secretion products can be achieved with sufficient sensitivity (<107!' M) and
selectivity to perform single cell analysis with this technology.

Investigation into the use of FETs to monitor islet secretion products has been limited.
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Sakata et al. [192] developed a FET sensor to monitor the electrical activity of rat pancreatic -
cells by culturing these cells on the FET gate surface. This FET sensor monitored insulin secretion
indirectly by measuring pH changes once the B-cells are stimulated with glucose. Sakata identified
a correlation between H' ion accumulation and insulin secretion through the activation of B-cell
respiration activity.

The major advantage of FETs compare to other type of biosensors is that they can be easily
multiplexed, miniaturized and manufactured on a large scale, which makes them a good candidate
for mass production. Additionally, their small size enables detection of a large islet SF and
potentially allow on-chip screening of several secretagogues. As the FET field continues to evolve
with improvements in FET microfabrication and nanomaterials development that increase their

sensing capabilities, their potential role in secretome research will undoubtedly expand.

5.7.5. Surface plasmon resonance

By allowing fast detection of binding interactions due to changes in the surface plasmon of a thin
gold film, surface plasmon resonance (SPR) sensing has become the gold standard to study
biomolecular interactions, particularly affinity-based interactions such as DNA-RNA hybridization
or antigen-antibody.

The advantage of this technique is its intrinsic dynamic, label-free and real-time analysis
capabilities. Additionally high-throughput and multiplexed analysis are possible by making arrays
of different molecules on the sensing surface [193].

However, the sensitivity of this technique is insufficient to detect highly diluted analytes or
small molecular weight biomolecules such as cancer biomarkers, hormones and antibiotics. To
overcome this challenge, sensitivity-enhancing methods have been proposed such as integration of

nanostructures, either as amplification tags or as enhancing substrates [65]. As a result, this
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technique has been able to reach limits of detection of picomolar and attomolar order [65], opening
the possibility to detect protein secretion from single cells. In addition, the single cell, high-
throughput and multiplexed capabilities of this technique can be greatly enhanced by its coupling
with microfluidic devices.

There are few reports that attempt to detect cell secretion by the direct application of SPR
biosensors [194-197]. Oh et al. [197] developed a nanoplasmonic device to study cytokine
secretion from immune cells directly derived from human blood (Figure 5.8-i). In order to separate
the immune cells from the blood, antibody functionalized microbeads targeting specific cell surface
biomarkers were employed. Later, these cell/bead conjugates were loaded into the device where
they were trapped around a micro-pillar array. The cells were then stimulated and the cytokine
secretion was detected on the SPR surface. Another example is a SPR microfluidic device to
monitor the dynamic secretion from human monocytic leukemia cells developed by Wu et al. [196].
The SPR chip was composed of gold nano-slits with immobilized antibodies on a polycarbonate
film (Figure 5.8-ii). The nano-slit array was integrated with a cell-trapping microfluidic device, to
allow for examination of cell secretion dynamics. The cell-trapping system was designed to allow
a micrometer separation of target cells from the sensing surface to minimize non-specific signals
from cell bodies. An interesting characteristic of this device is the small number of cells required

to detect secretion (<10).
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Figure 5.8. (i) A microfluidic device with integrated nanoplasmonic sensing for cellular functional immune analysis
of human blood. A) Schematic representation of an integrated localized surface plasmon resonance (LSPR) optofluidic
device. The bottom layer is composed of deposited gold nanoparticles. The magnified image at the bottom left is an
AFM image of the gold nanostructured surface. The middle layer is composed of a microfluidic chamber and channels.
The chamber was integrated with micropillar arrays, as shown in the middle right schematic, to trap target cells. The
cross-sectional view of the device is shown at the upper right corner. B) The middle layer is composed of a microfluidic
chamber and channels. (Reproduced from Ref. [197] with permission from American Chemical Society, ACS Author
Choice 2014). (ii) An optofluidic platform for real-time monitoring of live cell secretion. C) Schematic representation
of the experimental setup to measure cell secretion. The target cells are immobilized in cell traps incorporated in a
microfluidic channel. After stimulation, cell secretions bind to antibodies immobilized on a gold nanoslit SPR sensor
located above the cells. D) Schematic representation of the entire microfluidic chamber containing an array of cell
traps. The dimensions of the cell traps are shown in the inset on the top left corner. E) Optical microscope images of
the cell trap array showing cells captured in the traps. Each red arrow points to one cell (Reproduced from Ref. [196]
with permission from John Wiley and Sons).

Of all analytical techniques mentioned, SPR has been used to detect the widest variety of
islet secretion products. SPR biosensors have been used to investigate binding interactions of major
secreted islet hormones, namely insulin [44, 198, 199], somatostatin [200], pancreatic polypeptide
[201, 202] and ghrelin [203]. Thus, the simultaneous detection of several islet-secreted products in
a single device is feasible. However, as with most label-free biosensors, specificity can be a

challenge, particularly for applications that involve measurements in a complex matrix such as a
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cell secretome. Thus, novel anti-fouling strategies are a central part of ongoing research in the field.
For instance, Frasconi ef al. [204] were able to detect insulin in human serum using SPR sensing
with a surface modified with polymeric dendrimers encapsulated gold nanoparticles. This surface
preparation reduced non-specific interaction and provided a limit of the detection in the order of
pM in complex biological media. Additionally, a less than 5% loss in performance was observed
over 40 regeneration cycles. However, the complex competitive immunoassay scheme, requiring
several minutes to perform, reduced its real-time capabilities. Nevertheless, this report presented a
strategy to reduce non-specific interaction in SPR sensing when measuring small peptides.
Commercial SPRs are generally based on the traditional prism-coupled SPR configuration.
The approach is simple and robust, but not amenable to miniaturization and integration [205].
However, SPR technologies have taken advantage of new advances such as optical fibers and
waveguide nanostructures for miniaturization, which have opened new avenues for easy fabrication
of SPR LOC devices [206]. With the latter setups, islets can potentially be immobilized in proper
microenvironments for secretion detection, similar to devices developed for other cell types (see

Figure 5.8).

5.8. Applications of on-chip monitoring of relevant islet secretory fingerprints

5.8.1. Quality assessment of islet preparations for transplantation

A promising therapeutic avenue for T1D is pancreatic islet transplantation [207-209]. This therapy
has provided proof of concept that normoglycemia can be restored in patients with T1D by isolating
islets from a cadaveric donor’s pancreas and infusing them into the patient's hepatic portal vein
(Figure 5.9). One of the main limitations of this therapy is the need for more than one donor for
each recipient, due to islet apoptosis following isolation [210]. It was estimated that over 50% of
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the transplanted islets are lost within hours post infusion [211-215].
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Figure 5.9. Islet transplantation through the Edmonton protocol. First, islets are isolated from a donor by collagenase
digestion and then they are assessed for identity and quality. Finally the islets are introduced into the hepatic portal
veins of the recipient where they are trapped and are able to respond to glucose concentration changes by secreting
insulin and glucagon (Reproduced from Ref. [216] under the terms of the Creative Commons Public Domain
Declaration).

This has stimulated interdisciplinary research to increase the long-term survival and
functionality of grafted islets [211, 217]. LOC technology offers a tremendous opportunity to assess
islet quality for transplantation and islet functionality, all of which are part of emerging fields of
research. These opportunities can be further increased by analyzing the islet secretome and by
defining an islet secretory fingerprint that encompass biomarkers that rapidly measures its quality.
For the interested reader, other aspects and challenges involved in islet transplantation are
thoroughly reviewed elsewhere [217-219].

Although there are current regulations from the U.S. Food and Drug Administration (FDA)
that state the minimum required characteristics for islet preparations, such as safety, identity, purity,
viability and potency [220]; it is currently accepted that these specifications provide reasonable

estimates of safety, identity, and purity, but do not deliver meaningful measures of viability or
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potency of the preparation [221-224].

The current gold standard testing for islet potency is the nude mice bioassay. This bioassay
is based on diabetes reversal after islets engraftment under the mouse’s kidney capsule [225-228].
Due to the nature of this assay (immune inhibited mice), it is compatible with human islets. This
gives the assay a great advantage when predicting the outcome of human engraftments. However,
the nude mice bioassay involves a complex surgical procedure, and only works in a retrospective
manner, where results are interpretable and accurate only after diabetes reversal has occurred [226].
Despite the drawbacks, whenever a new potency or viability assay is proposed, the predictability
of the method should be tested with the nude mice bioassay.

Some promising islet potency and viability assays developed in the last decade include cell
membrane integrity tests, cell death, mitochondrial health assays and oxygen consumption rate
[221]. Tests that assess mitochondrial function, particularly those measuring oxygen consumption
rates of islets, seem to be the most promising and correlate best with transplantation outcomes in
the nude mice bioassay. Nevertheless, pancreatic islets are complex micro-organs, and a
multiparametric approach can be more accurate than individual assays.

There are few examples of multiparametric tools for assessing islet quality, and the majority
of them are based on MPS [130, 132, 134, 152]. For instance, the Eddington and Oberholzer group
developed a microfluidic device where islets are trapped in a well array at the bottom of a micro-
chamber. There, mitochondrial membrane potential and Ca?" oscillations were simultaneously
measured [130, 134]. This device was improved by adding dynamic oxygen control during glucose
stimulation [152]. Later, the group developed a microfluidic islet array with hydrodynamic trapping
for islet immobilization and an improved oxygen control in order to assess the response of

microencapsulated islets to hypoxic conditions [132]. With this configuration, simultaneous
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analysis of Ca?" oscillations, mitochondrial potential and NAD(P)H of human pancreatic islets was
achieved. The advantages of such multiparametric MPS for islet quality assessment and
functionality are numerous. It enables precise control over the islet microenvironment, it has high
spatio-temporal resolution, and it avoids damaging the islets during measurements.

Similar multiparametric MPS could potentially become a new gold standard for islet quality
assessment. However, in order to fully establish a new standard, it is still necessary to corroborate
the device outcome of islet quality assessment with the nude mice bioassay. Furthermore, these
kinds of MPS still rely on elaborate imaging techniques that require trained personnel, complicating
their use as point-of-care devices and compromising their commercialisation potential. The
development of fully automated LOC devices with integrated sensors that reduce the human factor
from the measurements is needed to allow surgeons to immediately assess islet quality prior to
transplantation.

By defining a SF for viable and functional islets, it should be possible to develop novel
LOC devices to assess in real-time a complex SF of islets in an automated manner. This SF can be
comprised of different protein biomarkers for cell death (apoptosis, anoikis, etc), mitochondrial
health and secreted hormones. Moreover, assessment of other criteria suggested by the FDA, such

as safety and purity, may be also integrated and performed on such LOC devices.

5.8.2. Islet regeneration

Regeneration of functional pancreatic endocrine tissue in the form of islets, B-cells or other
hormone-secreting cells, is a potential method to address the issue of donor islet shortages for
treating T1D [229, 230]. In addition, understanding regeneration pathways could unlock in vivo
mechanisms for replenishment of pancreatic endocrine tissue.

The activation of transcription factors during fetal pancreatic development has generated
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interest in their potential applications in [ cell regeneration [231-235]. Through better
understanding of these transcription factors, new strategies to generate islet tissue from existing 3-
cells or from pancreatic duct and acinar tissue can be developed [235]. Another strategy is trans-
differentiation of cells within islets, for example from a to B-cells [234]. Some members of the Reg
family have been shown to affect  cell regeneration and/or neogenesis [230, 236]. Another family
of proteins, namely the incretins, have also been shown to have implications in regeneration of
pancreatic endocrine tissue [234, 237-239]. Many of these factors have shown regenerative
potential both in vivo and in vitro.

MPS can enable screening of a large number of transcription factors involved in islet
differentiation and thereby improve existing islet regeneration strategies and uncover new
regeneration pathways and agents. Such devices would allow the control of the physical and
biochemical environment needed to induce differentiation, support long term culture of islets and
their differentiation processes (which last several days), and enable the evaluation of the initial state
and result of islet differentiation. The microfluidic devices can also serve as a pre-screening tool
for regenerating agents, before testing novel strategies in vivo.

In addition, the on-chip microenvironment can be tailored to mimic in vivo conditions. For
instance, incorporation of 3D extracellular matrices that maintain islet-matrix interaction would
provide a more optimum environment for islet regeneration. An example of such a platform is
reported by Wan et al., where embryoid bodies were differentiated on-chip during long term
cultures in 3D collagen matrices [240]. Immunofluorescent staining was then utilized to assess the
differentiation of embryoid bodies within 3D extracellular matrix cultures [240]. These types of
platforms have been recently upgraded by adding microfluidic well arrays to capture embryoids,

exposing them to stimulation gradients and allowing easier imaging and more reproducible results

55



[241]. Such platforms can be easily translated for islet studies where immobilization, stimulation
and imaging of islets can be performed.

Since islets have been shown to be harmed by shear stress in microfluidic environments
[151], MPS devices can be designed to reduce fluid-induced shear stress on cells. For instance,
such devices have been developed to facilitate cell differentiation in sheltered regions away from
main flow channels [241, 242]. In addition, the perfusion environment can be tailored to control
media delivery across cells. Fung et al. [243] showed that by exposing both halves of a single
embryoid body to different flows, expression of differentiation markers varied across the embryoid
body. Such a setup would be very useful to examine the long term effects of stimulation gradients
across different regions of the islet. Some microfluidic devices have been developed for delivery
of stimulation gradients to islets [131] and B-cells [142]. These can be adapted to observe the effect
of gradients on islet regeneration.

Evaluating the expression and secretion of islet proteins enables tracking of the
differentiation process and determination of the regenerated tissue functionality. For instance, when
Hui et al. [238] induced pancreatic ductal cells to differentiate into insulin-secreting cells using an
incretin, these cells were tested for insulin gene expression, intracellular insulin content and insulin
secretion. Zhou et al. [244] differentiated a pancreatic duct cell line into endocrine cells, and used
staining for insulin, glucagon and pancreatic polypeptide to evaluate this transformation. Another
study demonstrated that islets could be differentiated towards highly proliferative duct-like
structures, and then back into islet-like structures, through the action of a Reg family protein [230].
Here, immunodetection of insulin, glucagon, somatostatin and pancreatic polypeptide on different
days allowed the differentiation process to be tracked. In addition, immunostaining these hormones

within the islet-like structures established their islet-like phenotype. Furthermore the functionality
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of the islet-like structures was demonstrated based on their comparable glucose-stimulated insulin
release to freshly isolated islets. These studies provide proof of concept for using the SF to monitor
and assess islet regeneration. Multiplexed detection of key islet proteins comprising a relevant SF
can provide a more comprehensive evaluation of the islet regeneration process.

Integrated on-chip biosensing tools for an islet SF, as covered in previous sections, can
provide tools to assess the success of an islet regeneration strategy. An established SF for freshly
isolated islets can be used as a baseline for assessing the functionality of regenerated pancreatic
endocrine tissue. The real-time capability of cell secretion biosensors can provide continuous
assessment of the multiple phases of regeneration processes. In addition to SF biosensing, multiple
cell parameters can be measured using other techniques, for example by coupling with fluorescence
imaging for differentiation markers. Hence, MPS coupled with real-time monitoring of a relevant
SF have the potential to provide powerful tools to enhance understanding and control over islet

regeneration strategies and furthermore provide quality assessment of regenerated endocrine tissue.

5.8.3. Drug development and screening for Diabetes

Type II diabetes (T2D) is usually characterized by insulin resistance in adipose tissue, skeletal
muscles and liver tissue, and by a reduction in insulin production by the pancreas. In order to treat
this disease, different therapeutic agents are used to stimulate insulin production (e.g. sulfonylureas
and meglitinides), or to reduce insulin resistance in target tissues (e.g. thiazolidinediones and
metformins).

The process for developing new anti-diabetic drugs usually starts with in vivo and in vitro
models. These models are used to assess the absorption, distribution, metabolism, excretion and
toxicity (ADMET) of the novel therapeutics. Current models for diabetes drug discovery and

research include: chemically induced in vivo models (streptozotocin and alloxan) and genetic
57



models of diabetes such as the fa/fa rat, Goto-Kakizaki rats, the db/db mouse, and the ob/ob mouse.
The advantages and disadvantages of these models have been extensively reviewed elsewhere [17,
18]. Additionally, in vitro models include: islet preparations from humans and other species along
with insulin-secreting cell lines (RIN, HIT, B-TC, MIN6 and INS-1 cells), to assess compounds
that enhance insulin secretion; hepatocytes, muscle cells (L6 and C2C12) and adipocytes (3T3-L1
cells) for compounds that reduce insulin resistance. The interested reader is redirected to relevant
reviews of these in vitro models [17, 19, 20].

Despite the demonstrated value of these in vivo and in vitro models to better understand
diabetes, as in islet transplantation, there is a lack of predictability when results are extrapolated to
humans. This predictability challenge may have its origin in vital anatomical and physiological
differences that are rarely taken into account [5]. Evidence of these differences can be found in a
recent work where re-aggregated human pancreatic islets were assessed and compared to native
human islets and rat islets for secondary drug screening [21]. The response of the different islets
were significantly different when tested against a variety of compounds such as the calcium channel
agonist Bay K 8644, glibenclamide, tolbutamide, caffeine, carbachol, glucagon-like peptide-1,
among others. As the authors pointed out, islet re-aggregates may represent a more homogenous
model for drug screening since native islets present size and compositional heterogeneity. As a
result, they can improve assay repeatability and quality and due to their enhanced response to
therapeutics and secretagogues, islet re-aggregates may also provide an important alternative
source for transplantation. However, caution may be needed when studying ADMET in clinical
trials, since ultimately islet re-aggregates will not reflect the response of native islets due to possible
alterations of important cell-cell contacts (juxtacrine signaling) or paracrine effects [97, 245]. This

may have important consequences for the outcome of human trials.
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In a distorted metabolic disease such as T2D, glucose homeostasis is achieved through
systemic signaling between different cells and tissues. Thus, an in vifro metabolic network
comprising human primary cells represents a more accurate model of T2D pathophysiology.
However, long term culture is a key consideration when designing such network platforms for drug
screening (ADMET), particularly for toxicity studies where 28-90 days culture is usually required
[246]. Moreover, interconnected cell networks bring additional challenges because contamination
or death of one cell line within the network will compromise the entire network. Despite the
challenges, these networks have promise to replace animal models and to provide a more reliable
clinical model for drug screening, as shown by the emerging concept of body-on-a-chip [247].

To date, there is no report of a pancreas-on-chip and there are few reports of metabolic
networks aiming to assess the pathophysiology of T2D and the effect of therapeutics. One of such
reports is a setup that incorporates a 3D culture of pancreatic islets and adipocytes derived from
Sprague-Dawley rats [248]. A perfusion system was used to stimulate glucose-dependent insulin
secretion from the islets within a 3D scaffold seeded with adipocytes. After long term exposure to
high glucose, the adipocytes started behaving like obese adipocytes secreting more leptin and
resistin. This in time decreased and delayed the insulin secretion from the islets.

Another report shows a 3D tissue in vitro model where hepatocytes, adipocytes and
endothelial cells were cultured in modular bioreactors with a common medium flowing between
them [249] (Figure 5.10). The goal of this work was to probe crosstalk between tissues and
determine how each tissue contributes to the entire body metabolic profile. In this system,
inflammatory markers (IL-6, TNL-a, and E-selectin) and metabolites (glucose, FFA,
triacylglycerides, alanine, lactate, glycerol, and albumin) were monitored over time in response to

energetic substrate imbalances such as glucose excess or reduced insulin within the system.
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Noteworthy, the system was developed using human cells exclusively. It also demonstrated how an
imbalance of energetic substrates changes the overall equilibrium of the model system, just as it
occurs in a complex in vivo model. If islets are incorporated in such a system, it could provide a

useful model for islet response in a metabolic network.

A A Jm( EC el

HEP

LFC

AT | <_"/

av

Mixing chamber

B C GLU
E-SEL.
- - =AT
—_—C — —2-Way
[ —HEP — 3-Way
L6 < E GLY
ALA LAC

Figure 5.10. A) Schematic representation of a 3D tissue network. In the quasi-vivo (QV) chambers, hepatocytes (HEP)
and adipocytes (AT) are cultured in a low shear laminar flow regimen. In the laminar flow chamber (LFC), endothelial
cells (EC) are cultured under a high shear laminar flow regimen. B) Fractional variation in metabolite concentrations
for 1-way dynamic cultures of AT, EC and HEP. C) Fractional variation in metabolite concentrations for a 2-way
(AT+EC) cell culture network and 3-way (AT+EC+HEP) cell culture network. GLU (glucose), GLY (glycerol), LAC
(lactate), ALA (L-alanine), E-SEL (E-selectin). (Reproduced from Ref. [249] under the terms of the Creative Commons
Public Domain Declaration)

By defining a meaningful SF of healthy pancreatic islets and monitoring it in real-time for
ADMET, it may be possible to monitor a future in vitro pancreas model that replaces the equivalent
animal model. Likewise, the concepts of a secretome signature and a SF can be extended to other

cells in a metabolic network such as the aforementioned. Thus, different subpopulations of cells
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with the potential to become the target of novel T2D therapeutic agents might be identified.
Additionally, a platform with real-time capabilities will be able to simultaneously monitor many
aspects of ADMET within these networks, comprising a high-throughput screening system. These
platforms should minimize resource consumption and increase the correlation between clinical
trials and in vitro models, hence reducing costs from drug discovery to commercialization.

Thus, different subpopulations of cells with the potential to become the target of novel T2D
therapeutic agents might be identified. Additionally, a platform with real-time capabilities will be
able to simultaneously monitor many aspects of ADMET within these networks, comprising a high-
throughput screening system. These platforms should minimize resource consumption and increase
the correlation between clinical trials and in vitro models, hence reducing costs from drug discovery

to commercialization.

5.9. Conclusion and future perspective

In this review, we have provided a general overview of the secretome and the potential
determination of it for pancreatic islets. We presented the state of the art of analytical tools and
microfluidic platforms for monitoring a relevant islet SF. We have also proposed that defining a
particular SF for healthy islets, diseased islets and viable islets can be used as a baseline to
dynamically monitor islet functionality and viability. Thus, SF monitoring has applications in islet
quality assessment before transplantation, islet regeneration studies and drug screening. In the case
of transplantation, monitoring a SF can provide an assessment of islet viability and potency from
both human and alternative sources. For islet regeneration, the SF can be used to assess the quality
and functionality of pancreatic endocrine tissue after testing the outcome of a regeneration strategy.

LOC platforms can provide tools to more easily screen a wide variety of biochemical environments
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and reagents as candidates for improved regeneration strategies in a repeatable manner. For drug
screening, SF monitoring can be integrated with a pancreas organ-on-chip device to assess
ADMET. Moreover, by extending this concept to a cell network, it will be possible to model a
complex metabolic disease such as T2D, where novel mechanisms for therapeutics based on the
cross talk within the cell network can be discovered. This in time may replace the expensive use of
animal models and increase the correlation between in vitro models and human trials. Noteworthy,
due to the challenges and complexity of maintaining islets in long term culture, to date there is no
reports of a pancreas-on-chip for drug screening. In addition to these applications, novel
physiological aspects of human pancreatic islets, such as islet paracrine and autocrine effects in
native and re-aggregated islets can be studied. This may lead to the discovery of novel therapeutic
agents able to regulate these effects.

Biomedical problems often require creative multidisciplinary approaches, especially in the
case of pancreatic islets. Interest in secretomics has increased in recent years, because it has the
potential to provide new libraries of diagnostic biomarkers and to identify novel therapeutic targets.
Increasing collaboration between different fields such as engineering, biology, medicine and
analytical chemistry may contribute in developing functional technologies to investigate the
secretome of a wide variety of cells and to define and dynamically monitor relevant SFs.

Available platforms for single islet analysis and drug screening do not yet offer multiplexed
techniques and are burdened by highly complex operation. The ability to easily monitor several
functional parameters from a single human islet would offer a significant technical advantage over
current techniques.

MPS are well-established tools and their technology continues to evolve. Once more

advanced micro- and nano-analytical technologies are incorporated into MPS, entire metabolic
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networks or a body-on-chip can be achieved. Furthermore, these platforms can combine SF
monitoring techniques with traditional techniques employed in the “-omic” fields such as mass
spectrometry or RNA sequencing to comprise a robust tool for systems biology. The potential of
these platforms is enormous, but many challenges still remain to be addressed. Herein lays
considerable opportunities for interdisciplinary research teams, particularly in secretion biosensing
and in coupling and automatizing “-omics” tool with MPS. This in time may provide relevant
applications in systemic or metabolic diseases such as diabetes, lowering the economic burden on

health systems and increasing the quality of life of diabetic patients.
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Chapter 6. Evaluation of a capacitive immunosensor based on IDEs for the
detection of insulin

The following chapter provides the results corresponding to the investigation of the potential use
of an IDEs capacitance-based biosensor for the detection of insulin. This label-free sensing
technique was explored since non-faradic electroanalytical methods have been previously reported
to offer extraordinary high sensitivity for the detection of small molecules. This chapter presents a
thorough study comparing four different insulating/immobilization chemistries commonly used for
the construction of capacitive sensors. This study was essential to gain a better understating of the
effect of the surface chemistry in the sensor’s capacitive behavior, and to obtain a sensitive and
highly specific detection system for our targeted hormone. This chapter will be submitted to the

journal Sensors and Actuators B.
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6.1. Abstract

With the aim of improving the reproducibility of capacitive immunosensors, we performed a
comparative study of four different insulating/immobilization chemistries. Each chemistry targeted
different areas of an interdigitated electrode including an alkyl thiol monolayer on the electrode
surface, an amino silane monolayer on the gaps between electrodes, and conformal coatings via
passive adsorption of the probe and a spin-coated layer of poly(methyl methacrylate) (PMMA). We
analyzed the dielectric properties of these chemistries by comparing their capacitive behavior
through equivalent circuit modeling and correlate the observed behavior with their surface
characteristics using atomic force microscopy and finite element modeling. We found that surface
binding events occurring in the interdigitated electrode gaps play a major role in the overall change
in capacitance. This was confirmed via finite element modeling showing an increased electric field
intensity in the electrode gaps by 14%, as compared to directly above the electrodes. Among the
investigated surface chemistries, PMMA conformal coating produced a smooth surface (Rq
roughness = 0.21 £ 0.02 nm) providing the most reproducible and stable capacitance change (15.6

+ 0.4 %) in response to specific antigen-antibody binding.

6.2. Introduction

The most basic architecture of an immunosensor consists of a receptor, either antibody or antigen,
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and a transducer which is capable of detecting binding between the two [250]. A wide range of
transduction mechanisms can be used for the development of immunosensors including: optical,
electrical, mechanical and magnetic [251]. Among such transduction mechanisms, electrical
analytical methods commonly present instrumental simplicity and high sensitivity. This has
encouraged the miniaturization of electrical immunosensors in recent years, making them ideal for
the growing field of point of care diagnostic devices [33].

A particular case of electrical transductions methods is impedance sensing, which in essence
measures changes in the electrical impedance of an electrode/electrolyte interface over a range of
applied frequencies. In the absence of a redox probe (non-Faradic), the interfacial capacitance at
the electrode/electrolyte interface can be used as a sensitive way of measuring binding events,
hence making such sensors commonly known as capacitive immunosensors [34]. The absence of a
redox probe in these types of sensors provides design and experimental advantages over its Faradic
counterparts where a three-electrode system is required, depletion of the probe can occur and
catalytic modification of the sensing interface is needed [33]. The most common kind of capacitive
immunosensor is based on coplanar interdigitated electrodes (IDEs) [34]. This type of electrodes
provides a large sensing surface, and their performance can be adjusted by modifying their
dimensions.

However, while practically simpler, relative unpredictability and limited reproducibility
have made capacitive immunosensors unfavored compared to analogous Faradaic approaches [33,
34, 59]. A possible reason for this unpredictable response is difficulties associated with the
production of compact and pinhole-free insulating/immobilization layers. Such defects can cause
a “short circuit” on the capacitive layer, ultimately decreasing its sensitivity [34]. Some common

insulating/immobilization strategies include self-assembled monolayers (SAM) of alkyl thiols [37,
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252-254], polymers [40, 186, 255, 256], and silanes [257-259]. The “short circuit” problem could
be particularly troublesome when using a SAM of alkyl thiols on gold electrodes since small SAM
defects can lead to large changes in capacitance or a complete loss of sensitivity [250, 260, 261].
Furthermore, a variety of architectures have been reported in literature investigating the covalent
immobilization of biomolecules on different regions of the sensor such as on the electrodes [37,
252-254, 262], in the gaps between electrodes [257-259, 263] and a conformal coating covering
both [255, 256, 264, 265]. However, so far, no systematic studies have been performed to evaluate
the effect of these architectures on the sensor performance. This suggests the need for further
research in probe immobilization chemistry and architecture to improve reproducibility [59].

In this work, we aim to investigate the insulation/immobilization chemistry and architecture
that renders the largest capacitance change detectable for antigen-antibody binding with the most
reproducible results. To achieve this, we compared four different insulating/immobilization
chemistries commonly found in literature, targeting different areas of a capacitive immunosensor
which included: an alkyl thiol SAM on the electrode surface, an amino silane monolayer on the
gaps between electrodes, conformal coatings via passive adsorption of the probe and a spin-coated
layer of poly(methyl methacrylate) (PMMA). Insulin and its antibody was used as a representative
immunosensing system due to the interest of the authors in pursuing detection of such hormone in
complex matrices. First, we evaluated the quality of these insulation/immobilization layers through
equivalent circuit analysis using the fractional value of the exponential coefficient of a constant
phase element (CPE). Next, we correlated the obtained CPE fractional values to the surface
characteristics of each chemistry using atomic force microscopy (AFM). Then, the different
insulation/immobilization layers were further functionalized with antigen, and the capacitance

change in response to antigen-antibody binding was evaluated. After selecting the most
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reproducible chemistry, we evaluated the effect of IDEs size on the sensor performance. Finally,
two negative controls (PMMA-coated IDEs functionalized with a non-specific antigen, and with
no antigen on their surface, respectively) were used to validate the optimized surface chemistry

through assessing the specificity of the immunosensor via a secondary antibody assay.

6.3. Materials and Methods

Absolute ethanol and phosphate-buffered saline (PBS) 10X were purchased from Fisher Scientific
(Fair Lawn, NJ, USA). Phosphate-buffered saline 1X (PBS) tablets and Tween 20 were purchased
from BioShop Canada Inc. (Burlington, Ontario, Canada). N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS), (3-
Aminopropyl)triethoxysilane 99% (APTES), bovine serum albumin (BSA) and Hydrochloric acid
(HCI) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 16-Mercaptohexadecanoic acid
(MHDA) was purchased from ProChimia Surfaces Sp. (Zacisze, Sopot, Poland). Tris-buffered
saline (TBS) with 1% Casein from BIO-RAD. Anti-insulin antibody (6.2 mg/mL) and human
insulin were purchased from PROSPECT (Ness, Ziona, Israel). Anti-glucagon antibodies (200
pg/mL) were purchased from Santa Cruz Biotechnologies, Inc. (Mississauga, ON, Canada).

Poly(methyl methacrylate) (PMMA 950 A2) was purchased from MicroChem Corp.

6.3.1. Microfluidic handling system

A microfluidic chamber was designed using a CAD software. Using a clear FLGPCLO02 resin (a
mixture of methacrylate monomers and oligomers), the device was then constructed by 3D printing

(Form2 printer from FormLabs) with a post-cured tensile strength of 65 MPa
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6.3.2. Impedance spectra acquisition

Impedance measurements were carried out using a 4294A Agilent precision impedance analyzer
with a frequency range of 40 Hz -110 MHz. Interdigitated electrodes were connected through the
fixture 16089B and spring loaded pins to the analyzer. Frequency scans were performed over the
range of 40 Hz -10 MHz with an oscillating AC potential of 10 mV with 0 V DC bias. All frequency
scans were taken at bandwidth 5 (highest precision), and for all measurements, the spectrum was

captured 3 times, 3 minutes apart and then averaged.

6.3.3. Microscopy image acquisition

Image acquisition was performed with an inverted microscope (Eclipse TE 2000-U, Nikon Corp,
Mississauga, ON, Canada), with fluorescence capabilities. All images were captured using a CCD

camera (Retiga-2000R, Q imaging, Surrey, BC, Canada) and Nikon NIS-Elements D software.

6.3.4. Atomic Force Microscopy

AFM surface analysis were performed using a Nanoscope III instrument (Digital Instruments,
USA) and Nanoscope v 5.12r5 software. AFM images were acquired in tapping mode in air at room
temperature with a silicon probe having a nominal spring constant of 42 N/m and a nominal

resonance frequency 330 kHz (model PPP-NCHR, NANOSENSORSTM).

6.3.5. Interdigitated electrode fabrication

Three electrode sets of IDEs 5 x 5, 10 x 10 and 15 x 15 um (width (w) X spacing (s) in size were
fabricated were fabricated in a cleanroom environment. The IDEs fingers length was 1 mm, and a
total surface area of 0.5 mm? was kept constant by varying the total number of fingers when

changing the electrode finger width and spacing. Glass wafers 1 mm thick and 127 mm in diameter
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were used as substrates. The wafers were cleaned with acetone under sonication for 5 min, rinsed
with isopropyl alcohol (IPA), distilled water and dried with N». The substrate was then heated to
100 °C in a YES priming oven under vacuum for 5 min to evaporate any leftover solvents and then
cooled with a steam of N». Next, LORSB™ (Microchem, Newton, MA) was spin-coated at
1000 rpm for 45 s onto the glass substrate and baked at 180 °C for 5 min. After allowing the wafer
to cool down, Microposit™ S1813™ (Shipley, Marlborough, MA) was spin-coated at 4000 rpm
for 30s and baked at 115 °C for 1 min. The substrate was then exposed to UV light with a dose of
136 mJ/cm? under a chrome photomask. Finally, the substrate was developed by immersing the
substrate in Microposit MF®-319 (Shipley) developer for 70 s without agitation and immediately
washed with deionized water and dried with N>. A 10 nm titanium adhesion layer and a 50 nm gold
layer were deposited using a NexDep E-beam evaporator (Angstrom Engineering Inc). The
substrate was then immersed in Microposit Remover 1165 (Shipley) at 70 °C under sonication to
lift off the metal layer and reveal the patterned electrodes. Finally, the wafer was diced using a

diamond saw (Disco DAD3240) into individual sensor chips (20 cm x 19 cm).

6.3.6. Immobilization chemistry

Prior to use, all IDEs were cleaned with acetone under sonication for 5 min then rinsed with IPA,
distilled water, and dried with a stream of N>. Additionally, Kapton stickers were placed on the
IDEs connection pads to protect them from surface functionalization which could hinder their

conductivity.

6.3.6.1. Poly(methyl methacrylate) (PMMA) coating and functionalization
The PMMA functionalization of the IDEs was adopted from a protocol reported by K. Kamgil et
al. [266] with minor modifications. First, commercially obtained PMMA was spin-coated undiluted

onto IDEs at 5000 rpm for 45 s and baked at 180 °C for 90 s, obtaining a final thickness of 66 nm,
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measured by ellipsometry. Then, the IDEs were treated with O, plasma at 100 W for 150 s to create
hydroxyl groups on its surface and immediately immersed in a 10% (v/v) solution of APTES in
MQ water at 70 °C for 5 min. Finally, they were quenched in ethanol and baked at 110 °C for 10
min.

6.3.6.2. Alkyl thiol self-assembly monolayer (SAM) functionalization

IDEs were immersed in an ethanolic solution of 2 mM MHDA overnight (=18h) at room
temperature to allow self-assembly monolayer (SAM) formation. The substrates were then

thoroughly rinsed with absolute ethanol, DI water and dried under a stream of N».

6.3.6.3. (3-Aminopropyl)triethoxysilane (APTES) functionalization on IDEs gaps

IDEs were treated with Oz plasma at 100 W for 150 s and immediately immersed in a 10% (v/v)
solution of APTES in MQ water (Barnstead, 18.2 MQ distilled water) at 70 °C for 5 min. The chip
was then quenched in ethanol, rinsed with MQ water, dried with N> and baked at 110 °C for 10
min. The APTES form a self-assembly layer directly to the glass, which leads to functionalization

of the gaps only, leaving the gold surfaces bare.

6.3.6.4. Passive adsorption (PA) functionalization

The PA functionalization of the IDEs was performed following a protocol reported by H. Cui et al.
[267] with few modifications. First, the IDEs were treated with O plasma at 50 W for 30 s to make
the electrode surface hydrophilic. Immediately after, the chip was immersed in a solution
containing 1 mg/mL insulin in PBS and incubated at 4 °C overnight. Then, the chip was rinsed with
copious amounts of PBS and the surface blocked by immersion in a solution containing 5% (v/v)

BSA, 1% (v/v) Casein and 0.05% (v/v) Tween-20 in TBS buffer (BCB buffer) for 30 min.
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6.3.7. Covalent immobilization of insulin

After SAM, APTES and PMMA functionalization, the chips were loaded into the microfluidic
chamber for the remaining steps of insulin immobilization. Figure 6.2 shows a schematic summary
of all peptide immobilization chemistries performed.

For IDEs functionalized with PMMA and APTES, 5 mg/mL NHS and 2 mg/mL EDC were
mixed in MES buffer (pH 6.0). Then, 125 uL of the NHS/EDC mixture was added to 100 uL of an
aqueous solution of insulin with a concentration of 1 mg/mL. After reacting for 15 min, 825 uL of
PBS 10X was added to the mixture to raise its pH to 7.4 and immediately injected into the system.
Finally, the mixture was incubated for 1 h, allowing the covalent bonding between carboxyl groups
on insulin and amine groups on APTES to occur.

For IDEs functionalized with alkyl thiol SAM, the NHS/EDC mixture in MES buffer was
first injected into the chamber allowing it to react for 15 min. Then, a PBS solution of insulin with
a concentration of 1 mg/mL was injected into the chamber and allowed to react for 1 h to form a
covalent bond between carboxyl groups on the SAM and the amine groups on the insulin.

After insulin incubation, all surfaces were rinsed by flowing 1 mL of PBS (1X) with 0.05% Tween-
20 (PBS-T) through the chamber for 10 min. Next, any remaining reactive sites and non-specific
binding sites on the surface were blocked by injecting BCB buffer and incubating for 30 min. A

final rinsing step was performed using 1 mL of PBS-T.

6.3.8. Antigen-antibody binding detection

Insulin monoclonal antibody was injected into the system with a final concentration of 10 pg/mL.
Once the solution reached the sensing chamber, the flow was stopped and the antibody was

incubated for 1 h. Then, the surface was rinsed with 1 mL of PBS-T for 10 min. After rinsing, the
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system was allowed to equilibrate for at least 60 s, and then the impedance spectrum was captured.
The impedance spectra from the antigen-functionalized and blocked surface were used as a
baseline, to determine the capacitance change caused by antibody binding.

To assess the assay specificity and as an additional way to evaluate the sensor
functionalization, a secondary fluorescence antibody (Alexa Fluor 647 goat anti-mouse) was
injected into the system with a final concentration of 20 pg/mL and incubated for 1 h. Then, the
surface was rinsed with 1 mL of PBS-T for 10 min, the system was allowed to equilibrate for at
least 60s, and the impedance spectrum was recorded. As with the primary antibody, the impedance
spectra from the antigen-functionalized and blocked surface were used as a baseline, to determine

the total capacitance change caused by secondary antibody binding.

6.3.9. Statistics

For all impedance spectra analysis, 3 independent experiments were performed, where an
equivalent circuit fitting was accomplished with a confidence interval of 95%. Then, the mean
value of these circuit elements was calculated and is presented in the manuscript as mean + standard
deviation (SD). Similarly, for AFM analysis the data is express as the mean of at least 3 independent
experiments = SD. Means that are statistically different are indicated with a subscript asterisk (*).
Microsoft Excel 2016 was used to perform the One-way ANOVA test followed by Bonferroni’s test
correction to evaluate the statistical difference of multiple samples, where P<0.05 was considered

a significant difference.
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6.4. Results and Discussion

6.4.1. Microfluidic device fabrication and experimental setup

For stable and consistent measurements the sensor was interfaced with the analytes using a
microfluidic chamber constructed via 3D printing. The microfluidic device consists of an inlet and
outlet of 1 mm in diameter and an elliptical chamber with a height of 0.93 mm, a small radius (ra)
of 2.06 mm, and large radius (1v) 4.05 mm, with a total volume of approximately 25 pL. Figure 6.1
shows the final experimental setup that includes a microfluidic chamber (Fig. 6.1A) and the
electrical connection between the IDEs and the impedance analyzer (Fig. 6.1B). Figure 6.1C

displays a schematic presentation of the dimension of the microfluidic chamber.

Figure 6.1. Experimental setup for impedance measurements: A) the microfluidic chamber, B) the electrical
connection between the IDEs and to the impedance analyzer and C) the schematic representation of the 3D printed
chamber showing its dimensions.

6.4.2. Insulation/immobilization chemistries

One of the crucial aspects affecting the reproducibility of capacitive immunosensors is the
appropriate design of the sensor surface. The surface morphology of the insulating layer needs to
be homogeneous and densely packed to prevent a decrease in the sensor’s sensitivity due to surface
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irregularities such as pin holes [34, 35, 268, 269]. Therefore, we investigated the effect of four of
the most commonly encountered insulating/immobilization strategies in literature for capacitive
sensing. In capacitive sensing, the binding of a molecule is expected to produce a change in
thickness on the dielectric double layer directly proportional to the molecule size [270]. For this
reason, insulin (MW=5807.57 Da) was immobilized onto the IDEs surface, and sensing was
performed by detecting attachment of the much larger insulin antibody (MW=150kDa).

Four of the more commonly reported surface chemistries and architectures targeting
different areas on the surface of the sensor were chosen: a conformal functionalization with PMMA
that covers the entire sensing area (Fig. 6.2A), a SAM using 16-mercaptohexadecanoic acid
(MHDA) covering only the electrodes (Fig. 6.2B), a layer of (3-aminopropyl)triethoxysilane
(APTES) covering the space between the electrodes (Fig. 6.2C) and the passive adsorption (PA) of

the antigen covering both electrodes and spaces (Fig. 6.2D).
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Figure 6.2. Schematic representation of the different insulin immobilization chemistries and architectures used on
IDEs. A) PMMA, B) SAM, C) APTES, D) PA.
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6.4.3. Equivalent circuit model fitting

The equivalent circuit representation is commonly used in literature as a powerful tool that allows
the characterization of an electrode-electrolyte system [35, 57]. This representation approximates
the experimental impedance data with ideal impedance elements arranged in series and/or in
parallel [35, 57]. In this manner, the change of impedance in one element such as a resistance or a
capacitance can be evaluated by correlating the overall impedance change to a physical
phenomenon such as antigen-antibody binding.

The spectra of the interfacial impedance of an IDEs in the absence of a redox probe (non-
Faradaic regime) and in aqueous media is shown in Figure 6.3A [271, 272]. The total impedance
of this system is typically represented by the equivalent circuit depicted in Figure 6.3B [37, 271].
It is observed that there are three clearly defined zones in the spectra (Fig. 6.3A), corresponding to
the three elements in the equivalent circuit that include the two parallel branches (Fig. 3B). Then,

the total impedance of the system (Z) as a function of frequency (f) is expressed as:

1
|Z]

+27Tdee (61)

VBt ety
For frequency ranges below 10° Hz (Fig. 6.3A), current does not flow through the dielectric
capacitor (Cqe), leaving it inactive [272]. In this case, the total impedance of the system corresponds
only to the double layer capacitance (Ca) and solution resistance (Rso1) in series, and the total

impedance of the system simplifies to:

1
1Z] = \/Rgol + CIME (6.2)
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Since the solution composition is usually constant during experiments, in essence, the
system reports changes on the interfacial capacitance. The interfacial capacitance can be
represented by a model of various capacitive layers in series [34]. Figure 6.3C shows a schematic
representation of such capacitors in series which define the total capacitance of the biosensor. Cixs
corresponds to an insulating/immobilization layer. Cy..includes the contribution of the immobilized
antigen layer, any additional blocking proteins, and the specific antibody recognition layer. Cst
represents the final Stern Layer. Thus, during biosensing, the antigen-antibody binding is
responsible for the overall change in the total capacitance. The total capacitance of the double layer

(Car) 1s then expressed as:

et — (6.3)

A 10° o Measured data
< Fitting
10°4
—
n
=
£ 10*4
)
N
—10°;
102 "2 ‘3 "4 "5 6 7
10 10 10 10 10 10
Frequency (Hz)

Figure 6.3. A) Interfacial impedance spectra of IDEs in the absence of a redox probe in MQ water. Cdl corresponds to
the double layer capacitance, Rsol to the solution resistance and Cde to the dielectric capacitance of the media. B)
Schematic representation of the equivalent circuit model used for fitting measured data in A. C) Schematic
representation of a model of capacitors in series that define the double layer capacitance for a typical capacitive
biosensor with an electrode—solution interface. Cins corresponds to an insulating/immobilization layer. Crec includes
the contribution of the immobilized antigen layer, any additional blocking proteins, and the specific antibody binding
layer. CSL represents the final Stern Layer.
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Overall, the model shows that the total capacitance in the system is governed by the smallest
capacitance of the contributing layers. Additionally, equation 3 assumes an ideal
insulation/immobilization and recognition layers where the effect of holes and other chemical
heterogeneities are neglected [34]. This emphasizes the fact that the careful design and
implementation of insulating layers is a crucial step for the development of capacitive
immunosensors [273].

Moreover, it has been empirically demonstrated that the capacitive behavior from the
formation of an ionic double layer in solid electrodes does not behave ideally [274]. Instead, it has
been observed that the double layer capacitance has a functional form that is frequency dependent

[275]. This functional form is commonly known as a constant phase element (CPE), defined as:

CPE = (6.4)

1
grf)mQ
Here, j is the imaginary unit and Q is equivalent to the capacitance (Cq) of a perfect
capacitor. The coefficient n of the CPE varies between 0 and 1, where n = 1 (Eq. 6.4) represents

the impedance of an ideal capacitor where Q has units of capacitance (F); otherwise (n<1), QO has

units of F/s(I"”. Therefore, the experimental impedance data can be fitted to the following equation:

1
|Z| = \/Rsz‘ol + W (65)

The fractional value of the CPE coefficient n has been shown to account for a variety of the
non-ideal conditions present in the capacitive sensing system, such as surface irregularities,

chemical heterogeneities, and uneven ion adsorption onto the electrode surface [275-277]. Thus,
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the n coefficient can represent a powerful parameter to assess the quality of the
insulation/immobilization layer during the design of capacitive immunosensors.

To validate the application of the proposed CPE circuit model (Eq. 6.5), the impedance
spectra of the electrode/electrolyte interface was recorded for a clean IDEs chip (Fig. 6.4A) and
for IDEs functionalized with the four insulating/immobilization chemistries described in the
previous section (Fig. 6.4B-E). For this analysis, IDEs chips with a 10 X 10 um (width (w) X
spacing (s)) were used. After functionalization, the chips were placed in the microfluidic chamber

and the impedance spectra were recorded in PBS (1x).
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Figure 6.4. Representative impedance spectra and fitted curves in PBS 1x between the frequency range of 40 Hz—10
MHz for 10 x 10 um IDEs: A) clean, B) spin-coated PMMA, C) a SAM of alkyl thiol, D) a self-assembled layer of
APTES in the space between the IDEs fingers, and E) a passively adsorbed (PA) layer of insulin and BCB buffer
blocking. F) Schematic representation of the equivalent circuit model used for the fitting.

According to the analysis and measurements from the fitted curves shown in Figure 6.4

and the extracted circuit parameters provided in Table 6.1, one can notice that for the working
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frequency range, the Cg4e term coming from the dielectric properties of the PBS 1x solution can be
neglected for all insulation/immobilization chemistries. It is also inferred that the behavior of the
IDEs is predominantly capacitive for all insulating/immobilization chemistries in the frequency
range between 0.1 to 1 MHz. On the other hand, the CPE n coefficient of clean electrodes was
found to be around 0.9 (Table 6.1) showing good agreement with previous reported data for
experiments performed under similar conditions [278-280]. The insulation/immobilization
chemistries that showed the largest deviation from ideal capacitive behavior were PA and APTES,
while the ones showing the best capacitive behavior were SAM and PMMA. Additionally, PA
presented the highest standard deviation values for the CPE n coefficient from all surfaces while
PMMA exhibited the lowest. Noteworthy, APTES showed a large change in capacitance (Q) despite
only modifying the gaps between electrodes. This is an interesting observation since little
experimental research has been conducted regarding the optimal position for the recognition
elements immobilization. To understand this phenomenon, further experiments were carried out

and the results are reported in the following sections.

Table 6.1. Equivalent circuit parameters obtained by curve-fitting the experimental data with the equivalent circuit in
Fig. 1B using Eq. 5. For this analysis 3 independent experiments were performed where a fitting was accomplished
with a confidence interval of 95%. All reported values correspond to the mean + standard deviation (SD) of the circuit
element obtained from each independent fitting.

Surface CPE n coefficient Rsol (Q) @ (nF/s1)
Au clean 0.90 = 0.05 42+0.2 3+£1.5
APTES 0.83 +0.02 91 £13.0 233 £36
SAM 0.95+0.01 81+3.0 32+6.0
PMMA 0.97 £0.005 111 £2.0 15+0.3
PA 091 +0.46 138 £32 238 +£43
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6.4.4. Morphological characterization of the insulating/immobilization layer

AFM was used to characterize the surface morphology of the different insulating/immobilization
chemistries. Figure 6.5 shows a representative 3D image of a 1 um? area of two controls (a clean
electrode and clean glass in the gaps between electrodes) (Fig. 6.5A-B) and coated IDEs sensing
surfaces as described in the previous section (Fig. 6.5C-F). The images are presented using the
same XY scale and a vertical scale ranging from 0 to 10 nm (deep red to white) to allow proper
comparison of the surface morphology among the different insulating/immobilization chemistries.
Changes in surface features from the clean Au and glass surfaces confirmed the successful
deposition of the different insulation/immobilization layers. For all functionalization strategies, a
significant change in surface roughness expressed by root mean square roughness (Rq) in Table
6.2 was observed. The largest change in surface roughness was found for the PMMA coated
surfaces. The large decrease of Rq was consistent with other published works where deposited
PMMA films significantly changed surface morphology and smoothed out rough surfaces [281,
282]. The PA antigens-modified surfaces seemed to provide the most heterogeneous surface as the
Rq measurements presented the largest standard deviation. This large standard deviation is likely
due to the formation of aggregates in some areas of the surface, as clearly observable in Figure

S6.2 provided in supporting information.
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Figure 6.5. Representative 3D images of a 1 pm? area of the IDEs sensing surface for: A) a clean Au electrode, B)
clean glass in the gaps between electrodes, C) spin-coated PMMA on a gold electrode, D) MHDA SAM on a gold
electrode, E) APTES on the IDEs gaps and F) PA of antigens on top of a gold electrode.

The AFM surface analysis matches well with the trend observed for the CPE n coefficient
analysis. Since the surface roughness is expected to have a significant impact on the capacitive
behavior, we observed that the non-ideal capacitive behavior decreases with the decrease in surface
roughness. Indeed, the IDEs coated with PMMA provided a small Rq of 0.21 nm and an n
coefficient as high as 0.97. Conversely, the IDEs prepared with PA antigens presented an Rq of
1.39 and an n coefficient of 0.9. Additionally, the large standard deviation in CPE n coefficient
measurement was consistent with that observed for Rq. Surprisingly, while the Rq for the APTES-
coated IDEs was comparable to that of the clean glass, a noticeable decrease in its CPE n coefficient

was observed. A possible explanation could be that the APTES chemistry targeting only the gaps
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between the electrodes, produced a heterogeneous surface morphology seen in Figure 6.5E. In this
case, the principle of a current leakage passing through an insulating layer does not apply, since in
this sensing layout only the space between the IDEs were functionalized. To have a plausible
explanation for this effect, the electric field intensity of IDEs was evaluated using finite element

modeling (FEM).

Table 6.2: AFM root mean square roughness (Rq) data for three independent samples (n=3) of the different
functionalization chemistries on IDEs. The data is presented as mean + SD of at least 3 independent experiments.

Surface Image Rq (nm)
Au clean 1.11 +£0.03
Glass clean 0.23+0.01
APTES 0.19+0.01
SAM 0.90 + 0.04
PMMA 0.21+£0.02
PA 1.39+0.13

6.4.5. FEM of the electric field intensity for IDEs

The electric field inside the chamber for IDEs with a Spm width, Sum spacing, and 100nm height
was simulated by FEM using COMSOL 5.2 software (Burlington, MA). The simulated 2-D cross
section of the device included the glass substrate, gold electrodes, the fluid (PBS), and PDMS as
the ceiling (Fig. 6.6A, PDMS is not shown). The simulation was performed using the Electric

Current Module in frequency domain. The constituent equations included:

V.J=0Q (6.6)

] =(0+ jwe,e,)E + ], (6.7)
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E=-vV (6.8)

where J is the current density, Je is the externally generated current, £ is the electric field intensity,
V' is the applied voltage, and Q is the charge. Furthermore, &g and &, are the electrical permittivity

of the free space and the medium, respectively. The symbol w represents the angular frequency of
the applied voltage. Current conservation and electric insulation conditions were applied to all
domains and outer geometry boundaries, respectively. The fluid, electrodes, and insulating layer
domains were meshed with 15058 triangular elements with a minimum element quality of 0.73.
The electrodes were biased with 0.1 volts at 100 Hz frequency and the electric field intensity
values (E) was calculated at 80 nm above electrode surfaces (black line) and above the spacing
between electrodes (red line) (Fig. 6.6B). This distance was chosen as a reasonable distance at
which the binding events are expected, taking into account the thickness of all the elements

involved and the different immobilization chemistries used on the sensor surface.
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Figure 6.6. A) 2-D cross section simulation of electric field intensity along the longitudinal axis of the chamber (x-
direction). B) Electric field intensity values 80 nm above electrode and spacing surfaces (dotted lines). The inset shows
the enlarged electric field intensity around a single electrode and the gap using the same color scale as A.

The average electric field intensity within the spacing (17.35 kV/m) was found to be
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14.34% higher than the average electric field intensity above electrode surfaces (15.19 kV/m). This
could explain the CPE n coefficient decrease and the large capacitance change after APTES
functionalization of the IDEs spaces. Furthermore, the enhanced electric field intensity within the
space separating two electrodes suggests that the events occurring in such spaces carry a significant
weight in the overall change in capacitance. The FEM analysis is consistent with a previous report
suggesting that the space between the electrodes significantly contributes to the total electric field
intensity and current density distributions around the IDEs [283]. Accordingly, it is important to
consider the contribution of functionalized electrode spacing to the overall immunosensor
performance in terms of sensitivity and reproducibility. As such, the insulating/immobilization
chemistries that do not target the spacing betweens electrodes during functionalization would not
profit from this enhanced electric field. Conversly, by not functionalizing the gaps between
electrodes or properly blocking it, non-specific adsorption in this area could induce a large change

in capacitance, ultimately reducing reproducibility.

6.4.6. Capacitive immunosensing performance of the insulating/immobilization chemistries

After depositing the different insulating/immobilization layers, covalent functionalization of the
antigen was carried out. Since the measured impedance largely depends on the target size [34, 35,
2601], the small targeted antigen was immobilized on the surface and used as a probe for detection
of the antibody in solution. With the exception of PA coating, the antigen was covalently bound to
the insulating layer via NHS/EDC chemistry (Fig. 6.2). Then, all surfaces were blocked using
buffer containing bovine serum albumin and casein to prevent non-specific binding.

Using the impedance spectra from the functionalized and blocked surfaces as the new

baseline, the change in capacitance after the antibody binding could be quantified as follows:
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Cy — C,
£ 4100 (6)

Capacitance change = -
0

Cy corresponds to the capacitance of the blocked surface and Cp corresponds to the capacitance

after binding. Figure 6.7A illustrates the capacitance change measured for the four surface

chemistries.
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Figure 6.7. Capacitance change for specific antibody binding represented as mean = SD calculated for three
independent samples (n=3) for: A) different immobilization/insulation chemistries, where the significant difference
between APTES and PMMA chemistries was (*) P < 0.02. B) different size of IDEs functionalized with PMMA, where
the significant difference between 5 x 5 um and 10 x 10 um was (*) P < 0.02 and 15x15 pm was (**) P <0.01.

Despite the large average change in capacitance, PA was the least reproducible sample, as
indicated by a large standard deviation. This is probably caused by defects due to lack of covalent
binding and heterogeneity on this surface, both of which also contribute to a much lower CPE n
coefficient. The SAM chemistry showed the smallest capacitance change despite having a
homogeneous surface and an increase in the CPE n coefficient. This poor performance might be
associated with an interacion of the SAM with the tween 20 used during the blocking and washing

steps [251]. This was however necessary to avoid signal drifting during impedance measurement
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for all surface chemistries.

A one-way ANOVA test followed by Bonferroni’s test correction showed that the change in
capacitance for PA-functionalized IDEs was not significantly different from those functionalized
with APTES and PMMA. Interestingly, APTES-functionalized IDEs showed a similar change in
capacitance for antigen-antibody binding to that of the PMMA conformal coating despite only
having the antigen immobilized in the space between electrodes. This can be explained by the
increased electric field intensity in this region, shown by CPE #n coefficient analysis and FEM.

On the other hand, the capacitance change for PMMA-functionalized IDEs proved to be
significantly different from APTES (P = 0.02). Additionally, the capacitance change for PMMA -
coated IDEs was reproducible and stable as this surface chemistry provided a compact and smooth
surface (RMS roughness = 0.21 + 0.02 nm), and a more ideal capacitive behavior (CPE n
coefficient = 0.97). These findings corroborate other reports on PMMA showing good thermal and
mechanical stability, along with dielectric properties suited for metal-insulator applications.[284]
For the aforementioned reasons, PMMA-functionalized IDEs were further investigated regarding
the effect of the electrode size on the sensor performance. Figure 6.7B shows the capacitance
change for antigen-antibody binding for three different sizes of IDEs. In contrast to the large change
in capacitance found among the different insulation/immobilization layers, the variation in the IDE
sizes does not seem to greatly affect the sensor response. However, the capacitance change from 5
x 5 um (w x s) IDEs was slightly larger and presented a smaller standard deviation compared to 10
x 10 um and 15 x 15um IDEs. This was expected since it has been shown that for IDEs, 80% of
the electric field flows within half of the sum of the width and spacing of the electrode digits.[285]
This means that smaller electrodes are more specifically tuned to surface events and less sensitive
to noise sources coming from the bulk of the solution.[285]
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6.4.7. Specificity of the capacitive immunosensor

Finally, to assess the specificity of the PMMA capacitive immunosensors, we performed a
specificity assay using a fluorescently labeled secondary antibody. Two negative controls were used
consisting of PMMA coated IDEs functionalized with a non-specific antigen, and with no antigen
on their surface, respectively. The results clearly indicated the specificity of the capacitive
immunosensors using our approach (Fig. 6.8). Interestingly, when fluorescence imaging was
performed to visually confirm the presence of the primary antibody in all surface, no fluorescence
was detected for both controls (Fig. S6.5 provided in supporting information). This result could
suggest that the capacitance immunosensing is more sensitive than fluorescence under our

experimental conditions.
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Figure 6.8. A) Capacitance change for a specific assay and two negative controls consisting of a PMMA surface
functionalized with a non-specific antigen and no antigen. B) Schematic representation of the specificity assay with a
secondary antibody performed for this experiment.

6.5. Conclusions

In this work, we assessed the insulation properties of four different chemistries by comparing the

CPE n coefficient obtained through an equivalent circuit fitting. We found that spin-coated PMMA
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on IDEs presented the most ideal capacitive behavior (CPE n coefficient = 0.97) among the
investigated surface chemistries due to the formation of a packed and smooth surface, as indicated
by AFM analysis (Rq=0.21). Additionally, events occurring in the spacing areas between the IDEs
showed to carry a significant weight in the overall change in capacitance. This was confirmed by:
1) the large change in capacitance for the APTES functionalization of the spacing area, 2) FEM
simulations showing a 14% increase in the electric field intensity in IDEs spacing area compared
to that on top of the electrodes and 3) a similar capacitance change in response to antigen-antibody
binding to that of conformal coatings, despite having only half of the surface area functionalized.
Comparing the capacitance change in response to antigen-antibody binding among chemistries,
spin-coated PMMA IDEs produced the most reproducible and stable capacitance change.
Additionally, we found that decreasing the IDEs size makes the system less sensitive to noise
sources coming from the bulk of the solution, improving reproducibility. Overall, our finding
suggests that polymeric conformal coatings are the most suitable candidates to improve the
reproducibility and stability of capacitive immunosensors allowing them to become a reliable
option for miniaturized devices and application in the rapidly growing field of point of care
diagnostic devices.
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Supplementary information
Microfabrication protocol for IDEs, additional characterization measurement, and typical
impedance spectra change for capacitive detection of antigen-antibody binding of the different

insulation/immobilization chemistries.
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Figure S6.1. Schematic representation of the microfabrication process used to produce interdigitated electrodes (IDEs).
First, LOR5B™ (Microchem, Newton, MA) is spin-coated onto the glass substrate and baked. Subsequently, a layer
of Microposit™ S1813™ (Shipley, Marlborough, MA) is spin-coated and baked. The substrate is then exposed to UV
light under a chrome photomask. After development of the IDE patterns with Microposit MF®-319 (Shipley)
developer, 10 nm of titanium and 50 nm of gold are deposited onto the wafer. Finally, the substrate is immersed in
Microposit Remover 1165 (Shipley) to lift off the metal layer and reveal the patterned electrodes.
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Figure S6.2. 5 um? area on top of IDE electrode with passively adsorbed sensing antigens and blocking proteins in A)
2D, and B) 3D views.
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Figure S6.3. Fluorescent images of an immunoassay using fluorescently labled secondary antibodies for: A) an specific
assay, B) non-specific antigen and C) no antigen. The images seen on the top and bottom correspond to the same
area in light and fluorescent mode, respectively.

g —o— Antibody * —o— Antibod
A 10 o’ e’ B it e broten
5 | 3x10°"
10 2.5x10°
2110
— 10
E E 10"+ 1.5x10°
= L
9.. 103_ Ax"w' 5x10"  6x10" 7x10' 8x10'9x10' 10° g s ":x"ID' 5x10'  Bx10" 7x10' 8x10'9x10" 107
N N 1073
10°4 s 102+ !
T T T T T T T T T T —
10° 10° 10° 10° 10° 10" 10° 10° 10 10° 10° 107
Frequency (Hz) Frequency (Hz)
C 10t i’ Do = i
7x10* 4xio*
ex10*
- 10*4 sx10* — 10" axto*
" %]
E 4x10" E
| 1ot N
9103. N, 100 Sxi0l Exdn’ 7xi0’ exi0'sxi0’ 40" g 10°4 0 B0 60" 10’ a0 a0’ 10
N N
2 2
10°- - _ 107 R
100 100 10 10° 100 10 10° 10° 10t 10° 100 10
Frequency (Hz) Frequency (Hz)

Figure S6.4. Typical impedance spectra before and after antigen-antibody binding for: A) PMMA conformal coating,
B) alkyl thiol SAM on the Au electrode surface, C) APTES on the gaps between electrodes, D) conformal coatings via
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passive adsorption of the antigen. Graph insets show a zoom on the graph to illustrate the line shift.
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Figure S6.5. Typical impedance spectra before and after antigen-primary antibody binding and binding of a secondary
antibody for: A) the specific assay, B) negative and C) positive control.
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Chapter 7. Development of a multiplex biosensing strategy based on SPRi

Despite finding a robust insulation/immobilization chemistry for capacitive immunosensing in the
previous chapter, it was found that further implementation for multiplex analysis could pose a
challenge, due the sensor’s long analysis time, which could hinder the dynamic detection of the
islet secreted products. For these reasons, in this chapter a biosensor for simultaneous
quantification of insulin, glucagon, and somatostatin was introduced. This sensor was based on
SPRi, a technique known for its intrinsic high-throughput and multiplex quantification capabilities.
Herein, the investigation of the optimal surface chemistry to maximize the assay’s sensitivity and
specificity was performed. The LOD and dynamic range on biosensor was evaluated for individual
hormone detection and later for the multiplex mode achieving simultaneous detection of the three
targeted hormones with a short analysis time. This chapter was published as an article in Analytical

Chemistry.
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Multiplex Surface Plasmon Resonance Imaging-Based Biosensor for Human
Pancreatic Islets Hormones Quantification
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Montreal, QC, H3A 2B4, Canada.

7.1. Abstract

Diabetes arises from secretory defects in vascularized micro-organs known as the islets of
Langerhans. Recent studies indicated that furthering our understanding of the paracrine effect of
somatostatin on glucose-induced insulin secretion could represent a novel therapeutic avenue for
diabetes. While many research groups are interested in insulin and glucagon secretion, few are
particularly focused on studying the paracrine interaction in islets’ cells, and none on monitoring a
secretory fingerprint that contemplates more than two hormones. Surface plasmon resonance
imaging can achieve high-throughput and multiplexed biomolecule quantification, making it an
ideal candidate for detection of multiple islet’s secretion products if arrays of hormones can be
properly implemented on the sensing surface. In this study, we introduced a multiplex surface
plasmon resonance imaging-based biosensor for simultaneous quantification of insulin, glucagon,
and somatostatin. Performing this multiplex biosensing of hormones was mainly the result of the
design of an anti-fouling sensing surface comprised by a mixed self-assembly monolayer of CH30-
PEG-SH and 16-mercaptohexadecanoic acid, which allowed it to operate in a complex matrix such
as an islet secretome. The limit of detection in multiplex mode was 1 nM for insulin, 4 nM for
glucagon and 246 nM for somatostatin with a total analysis time of 21 min per point, making our

approach the first reporting a label-free and multiplex measurement of such combination of human
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hormones. This biosensor holds the promise of providing us with a mean for the further
understanding of the paracrine effect of somatostatin on glucose-induced insulin secretion and

consequently help develop novel therapeutic agents for diabetes.

7.2. Introduction

Diabetes mellitus affects 12.9% of the adult population in North America and the Caribbean region,
from which type 2 diabetes (T2D) accounts for 90-95% of the cases [286]. Diabetes arises from
secretory defects in the pancreatic islets of Langerhans, which are endocrine clusters of cells with
an average diameter of 150 pm?. The islets are vascularized micro-organs with five different types
of cells (a, B, 6, PP, and ¢) that cooperate for hormone secretion in response to metabolic changes
[2, 3].

Recent studies indicate that the pancreatic islet’s anatomy and physiology are species-
dependent and that the unique cytoarchitecture of human islets has significant consequences for
cell-to-cell communication within the islets [11]. For instance, secreted hormones from the
different islets’ cells may exert paracrine interaction on their neighbor cells [3, 5, 6]; particularly
somatostatin whose inhibition has been shown to increase glucose-induced insulin secretion [16].
Further understanding of these paracrine effects may represent a therapeutic avenue for T2D [5, 6].

Up-to-date, most of the pancreatic islet research depends on traditional bioassays for
hormone quantification such as patch clamp [13, 22-24, 287], capillary electrophoresis
immunoassays (CEI) [25-27, 288], and ELISA [28, 29, 288]. Patch clamp has been used to study
the secretion from individual islet B-cells [13, 22, 287] and a-cells [23, 24]. This technique provides
quantitative information regarding exocytosis, by correlating the rate of capacitance change with

the number of granules released at a given time [289]. However, the patch clamp technique requires

95



highly skilled operators to trap and manipulate individual cells, is low throughput, it only provides
an indirect measurement of secretion, and it lacks specificity for individual secretion products. On
the other hand, CEI has been used for direct detection of insulin [26] and glucagon [27] from
pancreatic islets. During CEI experiments, islets are placed in a chamber, the effluent is mixed with
the targeted hormone antibodies and fluorescent-labeled hormones. The secreted hormones from
the islets then compete with fluorescent-labeled hormones for binding sites on the antibody. This
mixture is then passed into an electrophoresis channel where bound and unbound fluorescent
hormones are separated. Hormone secretion is then quantified fluorescently by establishing the
ratio between bound and free hormone. As with patch clamp, CEI requires skilled operators to work
effectively, precise temperature control, overcoming channel clogging, and the integration of lasers
with different wavelengths [27]. Finally, although operational simpler, ELISA is difficult to use for
simultaneous quantification, is time-consuming and expensive. Moreover, all mentioned
techniques face many challenges when trying to expand them for simultaneous analysis of multiple
targets.

While many research groups are interested in insulin and glucagon secretion [7-10], few
are particularly focused on studying the paracrine interaction in islets’ cells [5], and none on
monitoring a secretory fingerprint (SF) for more than two hormones. Hence, to monitor an islets’
SF, implementation of multiplexed analytical tools is required.

In this context, surface plasmon resonance imaging (SPR1) could be a useful tool to measure
a pancreatic islet’s SF. SPRi is now established as the gold standard to study biomolecular
interactions such as antigen-antibody [42]. In addition to label-free and real-time analysis, SPRi
can achieve high-throughput and multiplexed measurements through arrays of different molecules

on the sensing surface [42]. In the last decade, SPR biosensors have mostly been used to investigate
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fundamental physiological aspects of the major secreted islet hormones, namely insulin [44-46],
somatostatin [47], pancreatic polypeptide [48, 49] and ghrelin [50]. However, there are no reports
of a SPRi multiplex biosensor aiming to dynamically quantify more than two of the major secreted
hormones. SPRi biosensors present an additional advantage for this particular application that
involves measurements in a complex matrix such as the islet secretome. This advantage is provided
by designing anti-fouling surfaces using self-assembled monolayers (SAM) that reduce
interferences caused by non-specific adsorption of molecules on the sensor surface [74].

Here in, we introduce an SPRi-based biosensor for multiplexed detection of insulin,
glucagon, and somatostatin. First, we studied the effect of composition on the anti-fouling
properties of a mixed SAM of a thiolated polyethylene glycol (CH3CH3CHO-PEG-SH) and 16-
mercaptohexadecanoic acid (MHDA). The antifouling properties of the biosensor were
investigated by injecting two proteins: bovine serum albumin (BSA) and lysozyme (LYZ). Next, a
competitive immunoassay protocol for insulin, glucagon, and somatostatin was implemented and
the biosensor performance for individual hormones was determined. Finally, the biosensor
performance was tested in multiplex mode performing simultaneous competitive immunoassays
for the three hormones, and the limit of detection (LOD) and dynamic range were determined for

each hormone in the mixture.

7.3. Experimental Section

7.3.1. Materials and Apparatus

Absolute ethanol was purchased from Fisher Scientific (Fair Lawn, NJ, USA), Phosphate-buffered
saline (PBS) tablets, Tween 20, Glycine were purchased from BioShop Canada Inc. (Burlington,
Ontario, Canada). Ethanolamine hydrochloride, N-(3-Dimethylaminopropyl)-N'-
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ethylcarbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS), bovine serum albumin
(BSA), Hydrochloric acid (HCI), human glucagon, human somatostatin, and Lysozyme (LY Z) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Tris-buffered saline (TBS) with 1% Casein
from BIO-RAD. Anti-insulin antibody (6.2 mg/mL) and human insulin were purchased from
PROSPECT (Ness, Ziona, Israel). Anti-glucagon and Anti-somatostatin antibodies (200pg/mL
each) were purchased from Santa Cruz Biotechnologies, Inc. (Mississauga, ON, Canada). CH30-
PEG-SH (MW 1200 Da) was purchased from Rapp Polymere GmbH (Tiibingen, Germany). 16-
mercaptohexadecanoic acid (MHDA) was purchased from ProChimia Surfaces Sp. (Zacisze,
Sopot, Poland).

SPRi detection was performed using a scanning-angle SPRi instrument (model SPRi-Lab+,
Horiba, France). The SPRi apparatus, equipped with an 800 nm LED source, a CCD camera, and
a microfluidic flow cell, was placed in an incubator at 25 °C (Memmert Peltier, Rose Scientific,

Canada).

7.3.2. SPRi Measurements

For all experiments, the slope of the plasmon curves was automatically computed by the
instrument’s software to facilitate the selection of the working angle for kinetic analysis. This slope
corresponds to the point of the plasmon curve at which the slope was maximum. Reflectivity shift
(AR (%)) for all experiments was acquired upon stabilization of the baseline. Measured values were
averaged of at least three spots for each sample including controls, and each experiment was
repeated at least three times. At each step, the substrate was washed with the running buffer PBS-
T (PBS with 0.002% Tween 20), and the difference in the reflected intensity was measured by
taking into account the difference between the initial and final buffer signal. An injection loop with

a fixed volume of 200 pL was used during experiments. A flow rate of 20 uL./min was used for all
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experiments, with the exception of functionalization steps where the flow rate was adjusted

depending on the required contact time.

7.3.3. Substrate Preparation

For single hormone-sensing, cleaned microscope glass slides (12 mm x 25 mm x 1 mm, n=1.518)
substrates were coated with 2 nm Cr as an adhesion layer, followed by the deposition of a thin Au
layer of 48 nm using Electron-beam physical vapor deposition under high vacuum. Microscope
glass slides were then coupled to an SF11 equilateral triangular prism (nsg.11 = 1.765) using a
refractive index matching liquid. For multiplex sensing, similar gold-coated prisms (n = 1.765)

purchased from Horiba Scientific-GenOptics, France, were used as received.

7.3.4. Surface Functionalization

Substrates were cleaned by subsequent immersion in absolute ethanol and deionized (DI) water
and dried with a stream of nitrogen. Ethanolic solutions of 0.5 mM CH3O-PEG-SH and 0.5 mM
MHDA were prepared and mixed at different molar ratios from 100% MHDA to 90% CH30-PEG-
SH: 10% MHDA. Substrates were immersed in the above mentioned ethanolic solutions overnight
to allow self-assembly monolayer (SAM) formation. Finally, the substrates were thoroughly rinsed
with absolute ethanol and DI water and dried under a stream of nitrogen.

Microscope slides with freshly prepared SAMs were immediately placed on the SPRi
system for subsequent functionalization. First, conditioning was performed by 4 serial injections
(contact time of 2 min each) of a regeneration solution containing 1M glycine pH 2.5 (1M-Gly).
Then, the surface was rinsed with PBS-T until the baseline was stable. Next, NHS/EDC chemistry
was used to covalently bind insulin, glucagon or somatostatin as reported by Gobi et al. [290].

Briefly, 200 pL of an aqueous solution containing 2 mg/mL NHS, 2 mg/mL EDC and 50 pg/mL of
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the desired hormone were flowed over the sensor with a contact time of 1 h. Next, an injection of
200 pL (contact time 10 min) of 1M Ethanolamine hydrochloride pH 8.5 was performed to
inactivate unfunctionalized -COOH groups on the sensor surface. Then, two serial injections of
regeneration solution (contact time 1 min each) were performed to remove weakly bound
hormones. Finally, a blocking solution containing 1% casein and 5% BSA in TBS buffer was
injected with (contact time of 30 min) and subsequently, at least 3 injections of the regeneration
solution were made to remove weakly bound proteins. Figure 7.1 shows a graphical representation

of a typical sensor functionalization.
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Figure 7.1. Schematic representation of the surface functionalization of thin Au films used in this study. The surface
is composed of a mix SAM of 16-Mercaptohexadecanoic (MHDA) as a linker and a thiolated PEG (CH30O-PEG-SH)
as a spacer and anti-fouling agent incubated overnight. Targeted hormones are covalently immobilized to the surface
using EDC/NHS chemistry in an aqueous solution.

For the functionalization of gold-coated prisms in multiplex measurement mode, the
procedure described for microscope slides was followed with some minor changes. After
conditioning, 4 individual solutions containing NHS/EDC (2 mg/mL each) and 50 pg/mL of
insulin, glucagon, somatostatin or BSA were spotted (150 nL) in triplicate on the surface of the
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prism and incubated in a humidity chamber for 1h. Immediately after, the prism was rinsed with a
copious amount of DI water and subsequently immersed in 1M ethanolamine hydrochloride pH 8.5
for 10 min. Next, the prism was immersed in the blocking solution for 30 min, subsequently rinse
with DI water and placed in the SPR flow chamber. Then, the regeneration solution was injected at

least three times to obtain a stable baseline before beginning with the competitive immunoassays.

7.3.5. Competitive Inmunoassay

For multiplex assays, standard solutions containing insulin, glucagon and somatostatin were
prepared in PBS-T buffer at a concentration range of 1-4000 ng/mL and mixed with a cocktail of
antibodies containing anti-insulin (1 pg/mL), anti-glucagon (2 pg/mL) and anti-somatostatin (2
pg/mL). These mixtures were incubated for 2 min under gently mixing and serially injected over
the spotted sensor chip from highest to lowest hormone concentration (contact time of 10 min)
starting with a blank solution containing only the antibody cocktail. Each sensing cycle comprised:
sample injection 10 min, 5 min buffer washing and 2 injections of regeneration solution (1M-Gly)
with a contact time of 25s with 3 min washing with buffer in-between. For individual
immunoassays, same conditions were used, with the exception of somatostatin, for which the assay
concentration ranged from 50 to 8000 ng/mL.

For all competitive immunoassays, the optimal antibody concentration was defined as the

concentration that could generate a small but detectable SPR signal of AR=1 which has been

previously reported as a reliable AR for this type of assays [291].

7.3.6. Statistics

For all competitive immunoassays, relative binding (C/Co) was calculated by dividing the response

of the standard solutions containing hormones (C) by the response of the blank solution containing
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only a fixed concentration of antibodies (Co). To generate calibration curves C/Co was plotted
against hormone concentration. The calibration curves were fitted using a non-linear 4 parameter
logistic (4PL) model. The lower limit of detection (LOD) for all immunoassays was calculated
from the calibration curves as the blank signal (Co) minus three times the standard deviation. The
dynamic range for the competitive immunoassay was established between 0.2 C/Cy and 0.8 C/Co.
All data is expressed as the average of at least 3 independent experiments + standard deviation

(SD).

7.4. Results and Discussion

7.4.1. Effect of SAM Composition on the Sensor Response

SAMs are typically used as a linker layer for immobilization of biological components at the
transducer surface of biosensors [74]. A necessary procedure when developing a competitive
immunoassay is limiting the amount of competing antigen and antibody in order to maximize the
assay’s sensitivity. Typically, commercial SPR chips achieve this by fixing the SAM composition
and controlling the surface density of the analyte, either by changing the contact time or the
concentration of the analyte during functionalization [292]. However, in a mass-sensitive technique
such as SPR, the detection of small molecules (such as the target peptides in this study) is
challenging, requiring careful design of the surface chemistry to ensure optimal sensitivity [293].
Thus, the linker to spacer ratios must be studied in detail on a case basis.

In this work, a mixed SAM comprised of a linear thiol with a carboxyl end group (MHDA)
was used for hormone immobilization, along with a low molecular weight thiolated PEG (CH30-
PEG-SH) that acts as a spacer and as an anti-fouling agent [294]. These compounds are used in a
regular basis for biosensor development; however, this work presents the first report using them in
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combination. Additionally, contrary to the majority of the reports in literature [74], our study
presents a long chain compound as a spacer and a short chain as anchor. Thus, the results obtained
could be counter intuitive when compared to previous reports. In addition, SAM composition plays
an important role on the final surface density of immobilized biomolecules; thus, a preliminary
study was performed to evaluate its effect on the sensor’s response. Since somatostatin was the
smallest of the targeted hormones, it was used as the ‘reference’ hormone for this study.

Figure 7.2 shows the change in reflectivity for a fixed amount of anti-somatostatin
antibodies (1pg/mL) over different SAM compositions. With 100% and 50% MHDA a large signal
can be observed. Interestingly a change occurred after 50% PEG molar fraction, the signal abruptly
diminished and it was barely present for 70% and 90% PEG molar fractions. This could be
explained by the fact that mixtures of n-alkanethiols of different chain lengths tend to form SAMs
with a composition enriched with the longer alkanethiol [74]. Thus, very little amount of linker is

left on the surface to covalently bind somatostatin.
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Figure 7.2. SPR reflectivity change response of 1pg/mL of anti-somatostatin antibody for different SAM compositions.
P and M stand for CH30-PEG-SH and MHDA respectively.

For 70% and 90% PEG molar fractions, it was necessary to increase 20-30 times the anti-

somatostatin antibody concentration, to obtain a measurable SPR signal. This presents some

103



disadvantages for the sensor operation for the following reasons: 1) for a competitive immunoassay,
a large amount of antibodies will be poorly inhibited by a small amount of analytes [295]. 2) Each
data point in this type of assays requires the injection of a fresh antibody solution; hence, a high
amount of antibodies will increase reagent consumption and operational costs.

On the other hand, with 100% and 50% MHDA surface regeneration proved to be
challenging when compared to 40% MHDA (Figure S7.1). Thus, we set the final composition of
SAM as 60% PEG-40% MHDA to incorporate the maximum amount of PEG and still get a

detectable signal, even with a relatively low antibody concentration.

7.4.2. Single Step Hormone Immobilization

The hormones used in this work are small peptides possessing an N-terminal group which could
be used for immobilization on the sensor surface, through an amide bond formation with the
carboxyl group on the MHDA. The surface functionalization was performed in a single step as
reported by Gobi et al. [290]. Compared to typical two-step NHS/EDC processes where buffer
solutions with a variety of pH are required [296, 297], the single step functionalization offers the
advantage of reducing the functionalization time and pH adjustments for all hormones since the
reaction is performed in aqueous solution. This is particularly advantageous when preparing SPR
surfaces using several hormones solutions.

After chip conditioning, individual hormones and the immobilization reagent (a mixture of
NHS/EDC) were injected over the sensor chip. Once the solution reached the surface, the SPR
angle decreased slightly follow by a steady angle increase to reach nearly a plateau representing
surface saturation. At the end of the injection, the surface was washed with running buffer until a
stable baseline was obtained. Finally, in order to make the sensor surface homogeneous, a blocking

agent containing 5% BSA and 1% casein (w/w) in TBS buffer was injected with a total contact
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time of 30 min. At the end of the injection, running buffer was allowed to wash the surface until
stabilization of the SPR signal occurred. After this point, at least 2 injections of regeneration
solution were used to remove any weakly adsorbed BSA and casein. Once the baseline was
stabilized, the difference in SPR angle before and after the blocking step was measured.

Table 7.1 shows the corresponding mean reflectivity change observed after the individual
hormone functionalization and its corresponding blocking step (n=3). Interestingly, since the
available functionalization sites are fixed, the reflectivity change values for each hormone
functionalization proved to be proportional to their differences in molecular weight (MW

insulin>glucagon>somatostatin).

Table 7.1. SPR mean reflectivity change after individual hormone functionalization and their corresponding blocking

step.
Hormone AR (%) Functionalization = AR (%) Blocking
Insulin 8.26 £0.57 0.3+0.07
Glucagon 4.57+0.32 0.26 £ 0.06
Somatostatin 3.36+£0.66 0.89+0.17

7.4.3. Biosensor performance for individual immunoassays

Direct immunoassays of small molecules by SPR can be challenging since the SPR signal is directly
related to the change in mass at the sensor surface. Consequently, the immunoassays in the present
work were performed in a competitive manner where inhibition of antibody binding is due to
binding occurring with hormones in solution. Thus, the higher the concentration of hormones in

solution, the smaller the SPR signal and vice versa (Figure 7.3).
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Figure 7.3. Graphical representation of a competitive immunoassay over the sensor surface. After formation of a mixed
SAM and functionalization with the targeted hormone covalently linked to the SAM, inhibition of the blank solution
with optimal antibody concentration (Co) follows due to binding occurring with hormones in solution (C/Cy). Thus,
the higher the concentration of hormones in solution, the smaller the SPR signal and vice versa.

In general, competitive immunoassays require the use of a small antibody concentration so
that slight amounts of the analyte can inhibit antibody binding to the surface [295]. For this reason,
the optimal antibody concentration for each hormone was defined as the concentration of the
antibody that could generate a small but detectable SPR signal of AR=1 [291]. This corresponded
to an antibody concentration of 1, 2 and 2 pg/mL for anti-insulin, anti-glucagon and anti-
somatostatin respectively.

To study the sensor performance, standard solutions containing either insulin, glucagon or
somatostatin were prepared in PBS-T. Then, the optimal amount of antibody was added to the
standard solution and gently mixed for a pre-defined period of time before injecting into the SPR
system. Somatostatin was particularly sensitive to incubation conditions during this step. After
testing different time and mixing conditions, it was found that 2 min incubation under gently
manual agitation provided optimal conditions for sensing (data not shown).

Figure 7.4 shows the sensor calibration curves for insulin (Figure 7.4A), glucagon (Figure 7.4B)
and somatostatin (Figure 7.4C). For each hormone, mean relative binding values (C/Co) were

plotted as a function of hormone concentration (ng/mL). For each experiment, the entire sensor
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surface was functionalized and the mean SPR shift was measured on at least 10 spots from different
regions of the chip. Then, an average of these SPR shifts from 3 independent sensors was calculated
and the bars in Figure 7.4 represent the corresponding SD. The LOD and dynamic range for

individual immunoassays are shown in Table 7.2.
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Figure 7.4. Individual hormone calibration curves in PBS-T for A) insulin, B) glucagon and C) somatostatin. For each
hormone mean relative binding values (C/Cy) were plotted as a function of hormone concentration (ng/mL). Relative
binding was calculated by dividing the response for each concentration (C) by the response from a solution containing
only the optimal concentration of individual antibodies (Cop). Solid lines correspond to the fitting of a non-linear 4PL
model. Error bars represent the standard deviation from 3 independent experiments (n=3).

Additionally, we tested different sensor regeneration solutions including: 10-50mM NaOH,
10mM NaOH-1-20% (v/v) acetonitrile, 0.1-1M glycine (pH 2-3), 0.1-1M glycine-1% (v/v) DMSO
and 2M MgCl,, 0.1-1M glycine-1% (v/v) DMSO and 2M MgCl: (data not shown). From these
solutions, 1M glycine with a pH=2.5 provided the more efficient conditions for surface

regeneration.

Table 7.2. SPR sensing performance for single hormones. All values were calculated from the non-linear 4PL fit
equation derived from individual calibration curves. The reported LOD was calculated as the response of the blank
(Co) minus 3 times the standard deviation. *Highest concentration tested.

Hormone AR (%) (C0) LOD [ng/mL] LOD Dynamic Range [ng/ml]
[nM]

Insulin 1.47+0.06 12 2 15-338

Glucagon 1.25+0.02 4 1 72-2000*

Somatostatin 1.11+0.03 409 250 1237-8000%*
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Finally, the sensor’s resistance to non-specific absorption of proteins was determined by
separately injecting BSA and LYZ with a final concentration of 1 mg/mL. The injection of these
solutions was performed at the end of each calibration curve experiment under the same
experimental condition as the standard solutions used during hormone sensing. The shift in
reflectivity was measured after 10 minutes of contact time and 5 minutes PBS-T wash. For all
cases, during BSA injection the SPR angle increased abruptly and later returned to a slightly smaller
baseline value, likely due to the high bulk refractive index change during the injection. This can be
interpreted as a negligible accumulation of BSA on the sensor surface. In the case of LYZ injection,
the sensor registered a positive increase in the baseline value immediately after the buffer washing
step. The adsorbed amount of LYZ was less than 100 pg/mm? for all hormone-functionalized
surfaces. This value is consistent with the definition of an antifouling surface [294]. Moreover, a
single injection of regeneration solution for 25 s returned the baseline to its original value,
indicating a weak interaction of LYZ on the sensor’s surface. Table S7.1 in supporting information

shows the mean (n=3) SPR response to BSA and LYZ immediately after buffer washing.

7.4.4. Biosensor performance for multiplex immunoassays

Multiplex hormone detection was achieved by simultaneously performing 3 immunoassays. Once
the different hormones were immobilized on the surface and the chip blocked, the spot cross-
reactivity was investigated. Figure 7.5 shows the sensor response to individual injection of the
optimal antibody concentration of anti-insulin (Figure 7.5A), anti-glucagon (Figure 7.5B) and
anti-somatostatin (Figure 7.5C). The typical sensor response to a blank solution (mix of all
antibodies) is shown in Figure 7.5D. Each injection caused an increase in SPR signal on the
relevant spot, indicating specific binding and low cross-contamination between the spots. A certain

level signal variation was observed between individual injections of antibodies (Figure 7.5A-C)
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and the injection of the antibody mix (Figure 7.5D). This signal variability may arise due to
subsequent injection and regeneration of the sensor’s surface since the multiplex sensor presented
a similar performance to that of the individual sensors, as shown later in this section. This did not
represent a major drawback during the sensor operation, as we recorded consistent and reproducible

measurement during all of our experiments.
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Figure 7.5. Spot specificity on a multiplex sensing surface for A) anti-insulin, B) anti-glucagon and C) anti-
somatostatin. D) Typical blank solution response (Co) for multiplex immunoassays. Immobilized BSA (green line) and
the bare SAM surface, identified in the graphs as “Control” (pink line), were used as negative controls.

For this experiment, two negative controls were used: the bare SAM surface and spots
functionalized with BSA, as identified by “Control” (pink color) and BSA (green color) in Figure
7.5. As it can be seen in Figure 7.5D, there was a negligible response on the BSA and “Control”
spots when exposed to the blank solution, indicating the high anti-fouling properties of the sensor.
To further determine the anti-fouling properties of the sensor in multiplex mode, separate injections

of BSA and LY Z with a final concentration of 1 mg/mL were performed. As with individual sensing
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experiments, BSA injection resulted in a small decrease of the baseline while LYZ lead to a slight
increase in the baseline value measured after buffer washing. Similarly to individual assays the
adsorbed amount of LYZ was well within the definition of an antifouling surface [294] (less than
100 pg/mm?). The mean SPR response of the multiplex sensor for BSA and LYZ immediately after
buffer washing is reported in supporting information (Table S7.2).

For the multiplex assays, freshly prepared standard solutions (PBS-T) containing a mixture
of insulin, glucagon, and somatostatin were prepared. The optimal amount of antibodies was then
added and gently mixed for 2 min before injecting into the SPR system. Figure 7.6 shows the
calibration curves for multiplex sensing of insulin (blue), glucagon (red) and somatostatin (black).
For each hormone, mean relative binding values (C/Cy) were plotted as a function of hormone
concentration (ng/mL). During experiments, the mean SPR shift was measured in at least 3 spots
for each hormone and the controls. Then, an average of these SPR shifts from 3 independent sensors
was calculated, and the bars in Figure 7.6 represent the corresponding SD. The LOD and dynamic
range for multiplex immunoassays is shown in Table 7.3. Typical SPR curves for the multiplex

detection mode can be found in supporting information (Figure 7.S3-6).
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Figure 7.6. Multiplex hormone calibration curves in PBS-T for insulin (blue), glucagon (red) and somatostatin (black).
For each hormone, mean relative binding values (C/Co) were plotted as a function of hormone concentration (ng/mL).
Relative binding was calculated by dividing the response of a range of standard solutions containing a mix hormones
(C) by the response of the blank solution containing only a fixed concentration of antibodies (Co). Solid lines
correspond to the fitting of a non-linear 4PL model. Error bars represent the standard deviation from 3 independent
experiments (n=3).

The LOD of the sensor in multiplex mode was very similar to that of individual sensors.
However, it can be noticed that the dynamic range for each hormone is different from each other.
This could be as a result of variations in the hormones’ surface density caused by the surface
functionalization of the gold-coated prism outside of the SPR system.

Table 7.3: SPR sensing performance for multiplexed immunoassays. All values were calculated from the non-linear
4PL fit equation derived from individual calibration curves. The reported LOD was calculated as the response of the
blank (Cop) minus 3 times the standard deviation.

Hormone Max AR (%) (C0) LOD [ng/mL] LOD [nM] Dynamic Range [ng/ml]

Insulin 1.69 +0.02 8 1 34-633
Glucagon 1.52+£0.01 14 4 85-1592
Somatostatin 0.93+0.03 403 246 719-4000*

*Highest concentration tested

Interestingly, the LOD of the SPR immunoassays in the multiplex mode were one order of

magnitude higher than their corresponding ELISA assays (pg/mL). However, the high sensitivity
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of the ELISA method is not necessarily required for the detection of hormones directly secreted by
a population of islets. For instance, previous reports demonstrated individual detection of insulin
[25] and glucagon [26] secreted (LOD) from 10 islets was 10 and 5 nM respectively at 15mM
glucose.

Since the number of somatostatin secreting cells within the islets is usually smaller than
that of insulin or glucagon-secreting cells [11], further protocol optimization could be required.
Nevertheless, if the future detection of islet secretion products requires signal amplification, this
could be readily addressed using gold nanoparticles, either within the sensing surface itself or as

signal enhancing agent to increase the LOD of the present SPR immunoassays [298].

7.5. Conclusion

In this work, we introduced a strategy for label-free and multiplex detection of pancreatic islet
hormones with a LOD of 1 nM for insulin, 4 nM for glucagon and 246 nM for somatostatin with a
total analysis time per point of 21 min using a SPRi-based biosensor. The sensor showed
comparable performance to previous reports where direct secretion of insulin and glucagon from a
population of islets have been studied. The sensor exhibited excellent anti-fouling properties and
specificity due to the design of a mixed SAM of a thiolated polyethylene glycol and 16-
mercaptohexadecanoic acid showing a negligible response to a concentration of 1 mg/mL of BSA
and a very little response to LYZ. This show promise for the future operation of the sensor in a
complex matrix such as a pancreatic islet secretome. The present SPRi-based biosensor could be
easily integrated with previously developed microfluidic perfusion devices, which trap and
reproduce the natural in vivo conditions of the islets, allowing real-time secretion analysis of

pancreatic islet secretion. Such biosensing platform holds the potential to monitor a small islet’s
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secretory fingerprint, allowing further understanding of the paracrine effect of somatostatin on
glucose induces insulin secretion as well as comprising a drug screening platform for the discovery
of novel therapeutic agents for the treatment of diabetes.
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Quantitative data of non-specific adsorption of BSA and LYZ on individual and multiplex mode,

and typical SPR curves for multiplex mode sensing.

Table S7.1. Individual hormone sensing non-specifics quantification from BSA and LYZ each at 1 mg/mL final
concentration.

Hormone AR (%) BSA AR (%) LYZ Amount of LYZ
[1mg/mL] [1mg/mL] absorbed (pg/mm?)
Insulin -0.01 £0.01 0.19+0.01 1106
Glucagon -0.17 +0.03 0.14 +£0.02 81+12
Somatostatin -0.02+£0.01 0.17+0.02 98 £ 12
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Table S7.2. Multiplex hormone sensing non-specifics quantification from BSA and LYZ each at 1 mg/mL final
concentration. Quantification was performed for negative control spots functionalized with BSA and the bare SAM
surface (control).

Spot AR (%) BSA AR (%) LYZ Amount of LYZ
[Img/mL] [Img/mL] absorbed (pg/mm?)
Insulin -0.06 £ 0.03 0.16 £0.02 93+£12
Glucagon -0.07 £0.05 0.08 +0.03 47+ 17
Somatostatin -0.07 £0.02 0.17+0.05 99 +29
Control -0.03 £0.02 0.15+0.02 87+12
BSA -0.03 £0.02 0.02 +£0.01 12+6
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Figure S7.1. SPR reflectivity change response of 1 pg/mL of anti-somatostatin antibody for different SAM
compositions. P and M stand for CH3;0-PEG-SH and MHDA respectively.
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Figure S7.2. Typical regeneration experiment for different composition of SAMs. P and M stand for CH30-PEG-SH

and MHDA respectively.
0 ng/mL
1.0 —— 4000 ng/mL Pt
] ——2000 ng/mL L
——1000 ng/mL s
0.84___ 500 ng/mL
1——100 ng/mL
0.6 ——50 ng/mL /
o ] —— 20 ng/mL V4
Q 5 ng/mL V/
>~ i j
O 04 1 ng/mL
0.2
0.0- —t el
0 200 400 ___ 600 800 1000 1200
Time (s)

Figure S7.3. Typical insulin SPR curves during multiplex sensing. Relative binding (C/Co) was calculated by dividing
the response for each concentration (C) by the response from a solution containing only the optimal concentration of

individual antibodies (Co).
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Figure S7.4. Typical glucagon SPR curves during multiplex sensing. Relative binding (C/Co) was calculated by

dividing the response for each concentration (C) by the response from a solution containing only the optimal
concentration of individual antibodies (Co).
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Figure S7.5. Typical somatostatin SPR curves during multiplex sensing. Relative binding (C/Cy) was calculated by

dividing the response for each concentration (C) by the response from a solution containing only the optimal
concentration of individual antibodies (Cy).
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Figure S7.6. Typical BSA spot SPR curves during multiplex sensing.
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Figure S7.7. Typical control (Bare SAM surface) SPR curves for multiplex sensing.
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Chapter 8. Signal amplification strategies for multiplex SPRi-based biosensors

This chapter presents a detailed study that compares three different amplification strategies
commonly used for SPRi biosensors. This investigation is essential to enable the possibility of
detecting all three targeted hormones in a biologically relevant concentration range with a higher
degree of confidence before moving to precious and scares human islets studies. Particularly, to
ensure that somatostatin secreted from a small population of islets can be effectively and accurately
detected. The dynamic range and sensitivity of the SPRi biosensor presented in Chapter 7 were
improved using gold nanoparticles (GNPs). For this study, three GNPs amplification strategies
were compared: GNPs immobilized on the sensor surface, GNPs conjugated with primary
antibodies and GNPs conjugated with a secondary antibody. The content of this chapter was

published in the journal Analyst.
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8.1. Abstract

In this work, we demonstrate the potential use of SPRi for secretion-monitoring of pancreatic islets.
The islets are a small micro-organ that regulates glucose homeostasis in the body where
somatostatin is used as a potent paracrine inhibitor of insulin and glucagon secretion. However,
this inhibitory effect is lost in diabetic individuals and little is known about its contribution to the
pathology of diabetes. Thus, the simultaneous detection of these three hormones (insulin, glucagon
and somatostatin), collectively considered as an islets’ secretory fingerprint (SF), was previously
explored by the authors using SPRi. Earlier biosensing reports have shown that the concentration
of these hormones vary from nanomolar to picomolar secreted from a tenth of islets. Therefore, to
be able to detect these three hormones in multiplexed manner, the dynamic range and sensitivity of
our SPRi biosensor were improved using gold nanoparticles (GNPs) for SPRi signal amplification.
Three GNPs amplification strategies were compared: 1) GNPs immobilized on the sensor surface,
2) GNPs conjugate with primary antibodies (GNPs-Ab1) and 3) GNPs conjugated with a secondary
antibody (GNPs-Abz). Among these strategies an immunoassay using GNPs-Ab: conjugates was
able to achieve multiplex detection of the three hormones without cross-reactivity and with a LOD
improvement of 9 fold for insulin, 10 fold for glucagon and 200 fold for somatostatin when
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compared to the SPRi biosensor without GNPs. The present work denotes the first report of the
simultaneous detection of such hormones with a sensitivity level comparable to ELISA assays,

particularly for somatostatin.

8.2. Introduction

Pancreatic islets are small micro-organ that regulates glucose homeostasis in the body [288].
Deficiencies in the islet’s secretory pathways give rise to diabetes mellitus. However, little is
understood about the paracrine communication occurring during glucose regulation [288]. For
instances, it has been shown that somatostatin, secreted by the third most abundant cell type in the
islets, is a potent paracrine inhibitor of both insulin and glucagon secretion [14, 97]. In a healthy
adult, somatostatin secretion is normally stimulated by glucose and tolbutamide, however these
triggering effects are lost in type 1 and type 2 diabetes. This has been proposed to contribute to the
impaired regulation of glucagon secretion in diabetes [299, 300]. Thus, monitoring an islets’
secretory fingerprint (SF) including the three most abundant secreting cells in the islet, could help
to better understand such paracrine communications.

Pancreatic islet research up-to-date involves mostly the use of traditional bioassays for
hormone quantification such as ELISA [21, 28, 301], patch clamp [13, 22-24, 142, 287], and
capillary electrophoresis (CE) [25-27]. However, these techniques have a low throughput, are time-
consuming, labor extensive and can detect only one hormone at a time. Moreover, they face several
challenges when attempting their implementation for multiplex analysis.

Most of these shortcomings could be addressed using optical, electrical, mechanical or
magnetic biosensors [302]. Among these biosensing technologies, sensors based on the optical

excitation of surface plasmons has increased in popularity in the last decade due to its simple, easy
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to use, non-invasive and label-free nature [303]. Surface plasmon resonance (SPR) biosensors
present an additional advantage for the multiplex screening of biomolecular interactions when
combine with imaging capabilities (SPRi) [43]. For instance, H. J. Lee et al. [304] demonstrated
the simultaneous detection of 3 low molecular weight protein biomarkers using SPRi, by creating
a high-density antibody microarray achieving multiplex detection of the three protein markers
down to 1 nM concentrations. This makes SPRi a very desirable technique for secretion-monitoring
of pancreatic islets.

In a recent work reported by the authors, a multiplex SPRi-based biosensor was introduced
as a viable tool for simultaneous quantification of insulin, glucagon, and somatostatin by
performing three simultaneous competitive assays with monoclonal antibodies [305]. In this work
an innovative surface chemistry was introduced and optimized for the detection of the three targeted
peptides in a competitive immunoassay format with high antifouling properties, obtaining a limit
of detection (LOD) of 1 nM for insulin, 4 nM for glucagon, and 246 nM for somatostatin in
multiplexed mode with a total analysis time of 21 min per point. These LODs are satisfactory for
the detection of insulin [25] or glucagon [26] alone, secreted from a small population of islets, there
are no available reports regarding the required LOD for somatostatin within the same population.
Moreover, it is known that the number of somatostatin secreting cells within pancreatic islets is
usually lower than that of insulin or glucagon-secreting cells [11].

Considering the important role of somatostatin in regulating insulin and glucagon secretion
[14, 97], the aim of this work was to improve performance of the previously developed SPRi
biosensor to ensure that somatostatin secreted from a tenth of islets can effectively, accurately and
simultaneously be detected with other towed hormones.

Since its introduction by L. Lyon ef al. [66], gold nanoparticles (GNPs) have been the most
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commonly used method for improving the performance of SPR immunosensors. Two
configurations are typically considered for the use of GNPs in SPR signal amplification: 1) the
sensor surface modification with GNPs and 2) the labeling of a recognition element with GNPs.
These strategies rely either on the coupling of local plasmon resonance of the GNP with the surface
plasmon resonance of the system or in the increased mass attached to the recognition element for
signal enhancement [67, 306]° Both GNPs amplification strategies have been frequently reported
in the literature for individual detection of hormones such as insulin [307], progesterone[308],
testosterone [309] and other small analytes [65, 67, 310], however, studies regarding the application
of these strategies for multiplex hormones detection are scarce. Moreover, few reports exist
regarding the use of GNPs amplification in a multiplex setting and they are focus on the detection
of DNA sequences [311] or cancer biomarkers by means of localized SPR using microscopy [312].
Although these reports demonstrated detection of target analytes in femtomolar levels in multiplex
mode, there is a lack of formal studies regarding the optimal GNP amplification strategy for SPRi
systems.

Thus, to establish the optimal signal amplification scheme for the multiplexed sensing of
the islets” SF with SPRi, three GNPs amplification strategies were investigated including 1) GNPs
immobilized on the sensor surface, 2) GNPs conjugate with primary antibodies (GNPs-Abi) and
3) GNPs conjugated with a secondary antibody (GNPs-Aby). For this study, somatostatin was used
as the ‘reference’ hormone, as it is the smallest among the three islets’ SF, to first test the
performance of the aforementioned SPR signal amplification strategies in an indirect competitive
assay. Then, the biosensor performance was assessed in multiplex mode to determine the LOD and

dynamic range for the three targeted hormones.
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8.3. Experimental section

8.3.1. Materials and methods

Absolute ethanol was purchased from Fisher Scientific (Fair Lawn, NJ, USA), phosphate-buffered
saline (PBS) tablets, tween 20 and glycine were purchased from BioShop Canada Inc. (Burlington,
Ontario, Canada). Ethanolamine hydrochloride, N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS), hexa(ethylene glycol)
dithiol (HEGD), bovine serum albumin (BSA), hydrochloric acid (HCI), glycerol, sodium
hydroxide (NaOH), 20 nm gold nanoparticles (GNPs) in citrate buffer, human glucagon and human
somatostatin were purchased from Sigma-Aldrich (St. Louis, MO, USA). (3,3-
dithiobis(sulfosuccinimidyl propionate)) (DTSSP) was purchased from Thermo Fisher Scientific.
Tris-buffered saline (TBS) with 1% casein, goat anti-mouse IgG1land goat anti-rat I[gG2a secondary
polyclonal antibodies were purchased from BIO-RAD. Anti-insulin antibody (6.2 mg/mL) and
human insulin were purchased from PROSPECT (Ness, Ziona, Israel). Anti-somatostatin
monoclonal antibodies (200pug/mL each) were purchased from Santa Cruz Biotechnologies, Inc.
(Mississauga, ON, Canada). Anti-glucagon monoclonal antibodies were purchased from Abcam
(Cambridge, MA, USA). CH30-PEG-SH (MW 1200 Da) was purchased from Rapp Polymers
GmbH (Tiibingen, Germany). 16-mercaptohexadecanoic acid (MHDA) from ProChimia Surfaces

Sp. (Zacisze, Sopot, Poland). Borate buffer 0.5 M pH 8.5 was purchased from Alfa-Aesar (USA).

8.3.2. Substrate preparation

Cleaned microscope glass slides (12 mm x 25 mm x 1 mm, n = 1.518) substrates were coated with
2 nm Cr as an adhesion layer, followed by the deposition of a thin Au layer of 48 nm using E-beam

vapor deposition under high vacuum. The slides were then coupled to an SF11 equilateral triangular
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prism (nSF-11 = 1.765) using a refractive index matching liquid. Gold-coated prisms (n =1.765)

were purchased from Horiba Scientific, France and used as received.

8.3.3. SPRi measurements

SPRi detection was performed using a scanning-angle SPRi instrument (model SPRi Lab+, Horiba,
France). The SPRi apparatus is equipped with an 800 nm LED source, a CCD camera, and a
microfluidic flow cell. All experiments were performed at 25 °C by keeping the instrument inside
an incubator (Memmert Peltier, Rose Scientific, Canada).

To select the working angle for kinetic analysis, the slope of the plasmon curves was
computed automatically by the instrument’s software. The selected angle corresponds to the point
of the plasmon curve at which the slope was maximum. Reflectivity shift (AR (%)) was measured
upon stabilization of the baseline. After each analyte injection, the substrate was rinsed with
running buffer PBS-T (PBS with 0.002% tween 20), and the AR was calculated by the difference
between the buffer signal before and after the analyte injection. The signal was recorded at least on
three spots for each analyte and controls to determine the average AR values. All experiments were
performed using an injection loop with a fixed volume of 200 puL and a constant flow rate of 20
pL/min, with the exception of functionalization steps where the flow rate was adjusted depending
on the required contact time.

All SPR plots are presented as a function of reflectivity shift (AR (%)) vs time. A Savitzky-
Golay smoothing polynomial function of second order was applied to all plots using OriginLab

2018 (b.9.5.5.409).

8.3.4. Surface immobilization of hormones

Following a protocol previously developed by authors[305], an ethanolic solution of 0.5 mM
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CH30-PEG-SH and 0.5 mM MHDA were prepared and mixed at a molar ratio of 40% MHDA and
60% PEG (60-PEG/40-MHDA). Gold-coated prisms and slides were immersed in the ethanolic
solution overnight to allow self-assembly monolayer (SAM) formation. Finally, they were
thoroughly rinsed with absolute ethanol, DI water and dried under a stream of No.

For individual somatostatin sensing experiments, SAM-functionalized slides were placed
on the SPRi system for subsequent functionalization. An initial conditioning step was performed
by four serial injections of a 1M glycine pH 2.5 (1M-Gly) solution (contact time of 2 min each).
Then, PBS-T was allowed to run until a stable baseline was obtained. Next, covalent
immobilization of insulin, glucagon or somatostatin via NHS/EDC chemistry was performed
following Gobi et al. protocol [290]. Briefly, an aqueous solution containing 2 mg/mL NHS, 2
mg/mL EDC and 50 pg/mL of the desired hormone was injected into the system with a contact
time of 1 h. Next, an injection of 1M ethanolamine hydrochloride pH 8.5 (contact time 10 min)
was performed to inactivate any unfunctionalized -COOH groups. Then, two serial injections of
IM-Gly solution (contact time 1 min each) were performed to remove weakly bound hormones.
Finally, a blocking solution containing 5% BSA and 1% casein in TBS buffer was injected (contact
time of 30 min) and subsequently, at least 3 injections of the 1M-Gly solution were made to remove
weakly bound proteins. Figure 1A shows a schematic representation of a typical surface hormone

functionalization.
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Figure 8.1. Schematic representation of the typical surface functionalization of: A) Gold-coated substrates
functionalized with a self-assembled monolayer (SAM) of 16-mercaptohexadecanoic acid (MHDA)/CH30-PEG-SH
(PEG) and subsequently with the targeted hormone, B) gold-coated substrate surface functionalized with a SAM of
hexa(ethylene glycol) dithiol (HEGD), GNPs and subsequently with the targeted hormone and C) covalent antibody
functionalization of for the formation of GNPs-conjugates using (3,3'-dithiobis(sulfosuccinimidyl propionate))
(DTSSP).

For multiplex measurements, gold-coated prisms were functionalized using the procedure
described for glass slides outside of the SPR system. After conditioning, four individual solutions
containing NHS/EDC and each targeted hormone (insulin, glucagon, somatostatin) or a control
(BSA) were spotted (150 nL) in triplicate on the prisms and incubated in a humidity chamber for
lh. After incubation, the prisms were rinsed with DI water and exposed to 1M ethanolamine
hydrochloride pH 8.5 for 10 min. Next, the prisms were exposed to the blocking solution for 30
min and subsequently, rinsed with PBS-T. Finally, the prisms were placed in the SPR system and a
IM-Gly solution was injected at least three times to obtain a stable baseline before starting with

the experiments.
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8.3.5. Immobilization of GNPs on the gold-coated sensor’s surface

The immobilization of GNPs on the gold-coated sensor’s surface was achieved according to a
protocol developed by Taufik et al. [313] with minor modifications. After cleaning, gold-coated
slides were immersed in an ethanolic solution of 2mM HEGD overnight to allow SAM formation.
After rinsing with ethanol and DI water, the slides were exposed to an aqueous solution containing
20 nm GNPs (ODsz0 = 1.0) and incubated for one hour. Next, the slides were rinsed with DI water
and placed in a 60-PEG/40-MHDA ethanolic solution for 3 hours. Finally, hormone
functionalization was performed according to the procedure described in the previous section.
Figure 1B shows a schematic representation of the surface functionalization with GNPs and

hormones.

8.3.6. Antibody-GNP functionalization

The functionalization protocol for 20 nm GNPs (ODs2o = 1) with primary or secondary antibodies
was adapted from a previous report by J. D. Driskell et al.[314] using DTSSP as a bifunctional
crosslinker. Briefly, 134 puL of 50 mM borate buffer pH 8.5 was added to a 1 mL suspension of 20
nm GNP to adjust the pH. Next, 26 pL of 20 uM DTSSP was added to the GNPs and incubated for
30 min to form a thiolate monolayer through cleavage of the DTSSP disulfide bond. The suspension
was then centrifuged at 17,500g for 30 min, the supernatant containing excess DTSSP was removed
and the GNPs were resuspended in 1 mL of 2 mM borate buffer. Immediately after, 20 pg of the
desired antibody was added to the DTSSP-GNPs suspension and incubated for 90 minutes. The
suspension was then centrifuged at 17,500g for 30 min, the supernatant was removed, and the GNPs
were resuspended in 1 mL of 2 mM borate buffer containing 1% (m/v) BSA and incubated for 30

min to allow the BSA to block any unreacted DTSSP and nonspecific binding sites. The
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centrifugation/resuspension cycle was repeated two additional times using 2 mM borate buffer for
resuspension to remove excess antibody and BSA. The final volume of the solution after the
centrifugation/resuspension cycles was fixed to approximately 200 uL (ODs25 = 4) and the solution
was stored at 4 °C. The functionalized GNPs were diluted to the desired concentration in PBS-T
prior to use in immunoassays. Figure 1C shows a schematic representation of antibody-GNP
functionalization. Successful GNPs functionalization for all antibodies was confirmed by the shift

in absorbance maxima of the GNPs from 520 to 525 nm (Fig. S8.2 in supporting information).

8.3.7. Competitive immunoassays

The four configurations used for indirect competitive immunoassays consisted in a surface
with (Fig. 2A) and without GNPs (Fig. 2B), primary antibodies GNPs (GNP-Ab) conjugates (Fig.
2C) and secondary antibodies GNPs (GNP-Ab») conjugates (Fig. 2D). Since somatostatin was the
smallest of the targeted hormones, it was used as the “reference” hormone in all individual hormone
assays. The optimal primary anti-somatostatin antibody, GNPs-Ab; and GNPs-Ab2 concentration
were defined as the concentration that could generate a small but detectable SPR signal of AR=1,

previously reported as a reliable AR for this type of assays [291].
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Figure 8.2. Schematic representation of the four configurations of competitive immunoassay used for this work: A) an
assay involving only primary antibodies and the hormone immobilized on a gold surface used as control, B) an assay
where GNPs are present on the surface and the hormone is immobilized on top of the GNPs, C) an assay where GNPs
are conjugated with monoclonal primary antibodies (GNPs-Ab;) and D) an assay involving GNPs conjugated with a
polyclonal secondary antibody (GNPs-Ab,) after a primary competitive assay.

Standard somatostatin solutions were prepared by serial dilution in PBS-T buffer with
concentrations ranging between 0.01-4000 ng/mL. These solutions were then mixed with 2 pg/mL
of anti-somatostatin antibody for assays involving only primary antibodies, 0.6 pg/mL of antibody
for the assay involving GNP-Aby conjugates or a 1:50 dilution (from ODs;s = 4) of GNP-Ab;
conjugates. All mixtures were incubated for 2 min with gentle mixing by inverting upside down
and then injected into the system from highest to lowest hormone concentration (contact time of
10 min) starting with a blank solution containing only anti-somatostatin antibodies or GNP-Ab;
conjugates. For assays involving GNP-Ab, conjugates, immediately after anti-somatostatin
antibody injection, GNPs-Ab: conjugates were injected (1:50 dilution from ODs;s= 4). The optimal
primary anti-somatostatin antibody, GNPs-Abi, and GNPs-Ab: concentration were defined as the
concentration that could generate a small but detectable SPR signal of AR~1, previously reported

as a reliable AR for this type of assays [291].
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During calibration curve experiments, different sensor regeneration solutions were tested
including 10—50 mM NaOH, 50 mM NaOH 5-50% (v/v)—glycerol, 0.1-1 M glycine (pH 1.5),
0.1-1 M glycine (pH 1.5) with 1% (v/v) DMSO, and 2 M MgCl,. From these solutions, 50 mM
NaOH with 25% glycerol provided the most efficient conditions for regeneration and it was used
throughout all the experiments.

For multiplex assays, standard solutions having a mix of insulin, glucagon, and
somatostatin were prepared in PBS-T buffer at a concentration range of 0.01-4000 ng/mL and
mixed with a cocktail of primary antibodies containing anti-insulin (0.2 pg/mL), anti-glucagon
(0.05 pg/mL) and anti-somatostatin (0.6 pg/mL). Similar to individual somatostatin assays, the
mixtures were incubated for 2 min with gentle mixing and serially injected over the spotted sensor
chip from highest to lowest hormone concentration (contact time of 10 min) starting with a blank
solution containing only the antibody cocktail. Subsequently, a GNPs-Ab, mixture containing
GNPs conjugated to anti-mouse IgG1 (1:100 dilution from ODsys = 4) and anti-rat Ig2a (1:50
dilution from ODs»s = 4) was injected into the system. Each sensing cycle comprised: hormone
primary antibody mixing and incubation for 2 min, cocktail injection for 10 min, 3 min buffer
washing, 10 min injection of a GNPs-Ab> mixture and 2 injections of regeneration solution with a

contact time of 30s with 3 min washing with buffer in-between.

8.3.8. Statistics

Relative binding (C/Co) was calculated for all competitive immunoassays, by dividing the response
of the standard solutions containing hormones (C) by the response of the blank solution containing
only a fixed concentration of antibodies (Co). To generate calibration curves C/Co was plotted
against hormone concentration. The calibration curves were fitted using a non-linear 4 parameter

logistic (4PL) model. The LOD for all immunoassays was calculated from the calibration curves
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as the blank signal (Co) minus three times the standard deviation. The dynamic range for the
competitive immunoassay was established between 0.2 C/Cy and 0.8 C/Co. All data are expressed

as the average of at least 3 independent experiments + standard deviation (SD).

8.4. Results and discussion

8.4.1. GNP amplification strategies for competitive immunoassays

First, the formation of a chemically-linked layer of GNPs was performed using a SAM of a dithiol
alkane (HEGD). HEGD allowed anchoring of the GNPs to the gold-coated sensor’s surface through
the thiol group on each end of the molecule [313]. AFM analysis indicated the successful
immobilization of the GNPs by a significant change in surface morphology from a clean gold
surface to a GNPs-modified surface as clearly observed in Figure S8.1 provided in supporting
information. This was further confirmed by a change in surface RMS roughness from 0.68 nm to
2.41 nm and later to 5.36 nm from a clean surface to a SAM-functionalized surface, and to a GNPs-
functionalized surface. The signal amplification rationale here is that the activation of the GNPs
localized SPR due to the proximity of the immobilized GNPs to the sensor’s surface can lead to
different resonance properties of the overall SPR system with additional resonance shifts, resulting
in an enhanced sensitivity of the biosensor [306].

For all GNPs-antibody conjugates, functionalization was confirmed by a shift observed in
the maximum absorption peak from 520 to 525 nm (Fig. S8.3 in supporting information). In the
case of GNPs-Ab; conjugates, the rationale behind this strategy is that the increased mass of the
antibody due to the linked GNPs will result in a higher refractive index change on the SPR surface,
thereby producing a larger SPR shift [67]. Additionally, due to the close proximity of the GNPs to
the SPR surface (<15 nm) signal enhancement is also linked to electromagnetic field coupling
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between surface SPR and the GNPs localized SPR [67]. Regarding the use of GNPs-Ab;
conjugates, the signal amplification is only expected from the increased mass of the antibody due
to the linked GNPs, as the GNPs are quite far from the surface [67].

Figure 3 shows the sensor calibration curves for somatostatin detection where the mean
relative binding values (C/Cy) were plotted as a function of hormone concentration for all sensing
strategies. For these experiments, detection without GNPs was used as a control assay (Fig. 3A).
Additionally, the entire sensor surface was functionalized with somatostatin, and the SPR shift for
all sensing events was obtained as the mean of at least 10 spots from different regions of the chip.
Then, an average of AR of three independently prepared chips was calculated representing their
corresponding standard deviation (SD). The LOD and dynamic range for each sensing strategy are

shown in Table 1.
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Figure 8.3. Somatostatin sensing calibration curves in PBS-T for A) an assay involving only primary antibodies and
the hormone immobilized on a gold surface, B) an assay where GNPs are present on the surface and the hormone is
immobilized on top of the GNPs, C) an assay where GNPs are conjugated with monoclonal primary antibodies (GNPs-
Ab;) and D) an assay involving GNPs conjugated with a polyclonal secondary antibody (GNPs-Ab;). Solid lines
correspond to the fitting of a nonlinear 4PL model. Error bars represent the standard deviation from 3 independent
experiments (n = 3).

132



Noteworthy, the concentration of the control assay (Fig. 3A) and the strategy using a GNPs-
modified surface (Fig. 3B) was set to 2ug/mL to facilitate comparison and to easily observe SPR
signal enhancement. Interestingly, these two sensing strategies presented similar LODs. However,
the GNPs-modified surface showed a higher SPR signal (Figure S8.3 in supporting information)
compared to the signal obtained for the surface without GNPs as clearly observable in the AR (%)
(Co) values in Table 1. Indeed, this seems consistent with recent reports where the LOD of the
calibration curve of an indirect competitive immunoassay using GNP-modified sensors did not
change even when the SPR signal was enhanced [310, 315]. A possible explanation is that the
performance of an indirect competitive immunoassay highly depends on the affinity constant of the
immunoreaction [310]. Therefore, only strategies affecting the affinity of the antigen-antibody

system such as the GNPs-Ab conjugation could improve the LOD of the SPR sensor [310].

Table 8.1. SPR Sensing Performance for somatostatin using different immunosensing strategies.

Strategy AR (%) (Co) LOD [ng/mL] LOD [nM] Dynamic Range [ng/mL]
Primary Ig 1.10+0.03 450 275 754-4000°

GNPs Surf 1.72 £ 0.05 404 247 626-4000*
GNPs-Ab1 1.26 +0.02 0.24 0.15 1.54-780
GNPs-Ab: 0.93 +£0.04 1.75 1.07 7.5-4000*

 Highest concentration tested

Finally, from all immunosensing strategies, the competitive immunoassay using GNPs-Ab;
conjugates presented the best performance decreasing the LOD three orders of magnitude
compared to the control assay from 450 ng/mL to 240 pg/mL. Hence, this immunoassay
amplification strategy was selected for further development of the multiplex hormone-sensing

assay.
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8.4.2. GNP-amplified multiplex immunoassays

Fig. 4A-C shows the assessment of cross-reactivity for primary antibodies. Individual injection of
each antibody caused an increase in SPR signal only on its relevant spot, demonstrating specificity
and low cross-contamination between spots. Moreover, there was a negligible response on the

control spots, indicating good antifouling properties.
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Figure 8.4. Specificity of the sensor for a multiplex immunoassay using only primary antibodies. The first row shows
the specificity of the sensor without signal amplification for A) anti-insulin, B) anti-glucagon, and C) anti-somatostatin.
Second row shows the specificity of the sensor on the same surface with signal amplification for D) GNPs-anti-insulin,
E) GNPs-anti-glucagon and F) GNPs-anti-somatostatin. Immobilized BSA and the bare SAM surface identified in the
graphs as “Control” (green line) and “Surf” (pink line) respectively were used as negative controls.

However, when a similar experiment was performed using GNPs-Ab; conjugates, high
cross-reactivity was observed. This effect was particularly large for GNPs-anti-insulin conjugates
which generated a non-specific signal increase in all the functionalized spots including the two
negatives controls (Fig. 4D). When GNPs-anti-glucagon conjugates were injected, cross-reactivity
with insulin and somatostatin spots was not observed, however some degree of non-specific
interactions were detected for the negative control spots (Fig. 4F). For GNPs-anti-somatostatin
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conjugates, cross-reactivity was also observed mostly with insulin spots (Fig. 4G). Additional
antibodies from different species and companies were used for GNPs-Ab; conjugates for anti-
insulin and anti-somatostatin. However cross-reactivity was always present (data not shown). This
has been reported in literature as a recurring problem for multiplex immunoassays [316, 317],
particularly for GNP conjugates since it has been shown that such conjugations can modify the
activity of the antibodies. In theory, a combination of GNPs-Ab; conjugates with little or null cross-
reactivity for our system could be achieved, however testing a library of antibodies would be time
consuming and cost-ineffective. Due to this dilemma, the second best amplification strategy (GNP-
Aby) was selected for further development of our multiplex immunosensor. For this strategy, some
degree of cross-reactivity could occur since the secondary antibodies are similarly conjugated to
GNPs. In general, antibody conjugation is known to affect the antibody’s affinity [310], however
this did not seem to hinder the possibility for multiplex sensing as later demonstrate in this section.

The nonspecific binding effect of the GNPs-Ab: conjugates on the analyte spots was
determined prior to the multiplex assay through the injection of a mix of GNPs-goat anti-mouse
IgGland GNPs-goat anti-rat [gG2a over the sensor surface. As seen in Figure SA, a minimum SPR
angle shift was detected during the injection with the signal returning to similar baseline levels
after a few minutes of PBS-T washing, indicating a negligible nonspecific binding effect of the

GNPs-Abo conjugates to the different surface spots.
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Figure 8.5. Real-time SPR angle shift sensorgrams of: A) Nonspecific binding effect of GNPs-Ab, conjugates and B)
specific binding effect of GNPs-Ab, conjugates after primary antibody injection (blank injection Co). Immobilized
BSA and the bare SAM surface identified as “Control” and “Surf” were used as negative controls.

Figure 8.5B shows a typical sensor response to a blank solution (mix of all antibodies) and
the subsequent amplification effect of the GNPs-Ab, conjugates. The injection caused a small
increase in SPR signal on the relevant hormone spots while an almost no response for the control
spots, indicating specific binding. For these experiments, the initial concentration of primary
antibodies (Co) was fixed to 0.2 pg/mL for anti-insulin, 0.05 pg/mL for anti-glucagon and 0.6
pg/mL for anti-somatostatin. This Ab; concentration produced a small signal of =0.15 AR for all
hormone spots. The subsequent injection of GNPs-Ab: conjugates generated an SPR signal
enhancement of =10 times, which was consistent with previous literature reports where 20 nm
GNPs-Ab; conjugates have been used for signal amplification [308, 318].

It is noteworthy the fact that the Co signal obtained for somatostatin during individual

GNPs-Ab; was smaller (AR =0.93, Table 8.1) compared to that obtained during the multiplex assay
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(AR = 1.51, Table 2). This difference is likely due to some cross-reactivity between the different
species of secondary antibodies in the GNPs-Ab,. However, due to the absence of non-specific
interactions with the hormone spots and the controls, it was possible to use these conjugates for
multiplex detection since the sensor response (AR) was always consistent and reproducible for all
targeted hormones.

To further assess the sensor’s resistance to non-specific adsorption of proteins, at the end
of each calibration curve two solutions containing either BSA or LYZ, both with a final
concentration of 1 mg/mL was injected to the system following the same protocol as for the
hormone immunoassay. After an abruptly increased in the SPR signal during the injections due to
the high bulk refractive index of the solution, the shift in reflectivity was measured after 10 minutes
of contact time and 5 minutes of PBS-T wash. Since LYZ presented the largest AR among the two
tested proteins, it was used as reference to quantitatively evaluate the antifouling properties of the
sensor. The mean (n=3) AR response to BSA and LYZ from the hormone-functionalized spots and
controls is showed in Table S8.1 in supporting information. It was found that the adsorbed amount
of LYZ was =100 pg/mm? for all spots assuming that IRU = 1uRIU = 1pg/mm? of surface mass
shift for a fixed wavelength of 800 nm [62]. This was very consistent with the definition of an
antifouling surface [294]. Moreover, a short (30 s) injection of regeneration solution returned the
baseline to its original value, indicating a weak interaction of LYZ and BSA on the sensor’s surface.

Figure 8.6 shows the average calibration curves for the multiplex sensing of serially diluted
mixtures of insulin, glucagon, and somatostatin in PBS-T obtained from three independent
measurements. The calculated LOD and dynamic range obtained (Table 2) for the three hormones
in multiplexed mode were somehow comparable to that of ELISA kits (0.001-40 ng/mL depending

of the hormone targeted) assessing individual hormone quantification. However, our sensing
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approach has the advantage of multiplexing, a larger working range and a relatively low analysis

time of 32 min per point.
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Figure 8.6. Calibration curves for a multiplex immunoassay using GNPs-Ab, conjugates as amplification strategy in
PBS-T. Solid lines correspond to the fitting of a nonlinear 4PL model for different concentration of insulin (blue),
glucagon (red), and somatostatin (black). For each hormone, mean relative binding values (C/Cy) were plotted as a
function of hormone concentration (ng/mL). The mean SPR shift was measured in sets of triplicate spots for each
hormone and the controls. Then, the average SPR shift was calculated using 3 independent multiplex sensors
corresponding to the reported SD.

Moreover, the use of GNPs for SPR signal amplification led to a remarkable LOD
improvement for all tested hormones. An increase of 9 fold for insulin, 10 fold for glucagon and
200 fold for somatostatin detection was obtained as compared to the multiplex sensing approach
without using GNPs-conjugates amplification [305]. Noteworthy is the fact that somatostatin
showed a dramatic improvement in LOD. This could be explained by the fact that somatostatin is
the smallest of the targeted hormones in this study (MW=1637.88 Da). Thus, under the same
immobilization conditions, the maximum amount of immobilization is expected to be lower than
that of the higher MW hormones[78]. This could lead to less steric hindrance for binding of the
large GNPs-Ab> conjugates. This is corroborated by the fact that despite showing a similar response

for primary antibody injection, somatostatin produced a slightly larger SPR shift for GNPs-Ab>
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conjugates (Fig. 5).

The LOD achieved in this study is in accordance with previous studies where detection of
insulin [25] and glucagon [26] secreted from 10 islets was achieved at 15 mM glucose. Therefore,
the somatostatin secreted from this small population of islets could be effectively and accurately
detected by our proposed approach, opening the possibility of gaining better understanding of its

paracrine communications associated with abnormal islets’ function in diabetes.

Table 8.2. SPR sensing performance for a multiplex immune assay for insulin, glucagon and somatostatin. The
presented AR (%) (Co) is the sensor’s response to the GNPs-Ab, conjugates.

Hormone AR (%) (Co) LOD [ng/mL] LOD [nM] Dynamic Range [ng/mL]
Insulin 1.32+£0.03 0.90 0.15 3.9-270
Glucagon 1.40£0.03 1.35 0.39 5.0-1,977
Somatostatin 1.51+£0.04 2.00 1.22 6.6-4,000°

2 Highest concentration tested

8.5. Conclusions

To address the challenges in detection of low molecular weight hormones secreted in very low
concentration by human islets such as somatostatin, we investigated three GNPs amplification
strategies using an SPRi-based biosensing approach. Although the amplification method involving
the conjugation of primary antibodies with GNPs showed the best performance for sensing of
individual hormones, it presented large cross-reactivity during multiplex experiments. This cross-
reactivity was successfully circumvented using secondary antibodies conjugated to GNPs as

amplification. We successfully achieved multiplex detection of three pancreatic islet related
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hormones with an LOD of 0.15 nM, 0.39 nM and 2.0 nM for insulin, glucagon and somatostatin
respectively with a total analysis time of 32 min per point. This performance is comparable with
previously reported detection sensitivity of insulin and glucagon secreted from 10 islets as well
with the individual hormones sensing using conventional ELISA Kkits.

The possibility of working with a small pancreatic islet population combined with the advantage
of multiplexing, a wide working concentration window and a low analysis time, would make our
sensor very suitable for its application in secretion-monitoring of the pancreatic islets, particularly
for understanding the paracrine effect of somatostatin on glucose-induced insulin and glucagon
secretion. Furthermore, integrating a microfluidic perfusion platform with the proposed sensing
approach could allow performing multiparametric analysis of an islets’ SF in the context of

discovery of novel drugs for diabetes treatment.
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Atomic Force Microscopy
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Atomic force microscopy (AFM) measurements were performed using a Nanoscope III instrument
(Digital Instruments, USA) and Nanoscope v 5.12r5 software. AFM images were acquired in
tapping mode in air at room temperature with a silicon probe having a nominal spring constant of

42 N/m and a nominal resonance frequency 330 kHz (model PPP-NCHR, NANOSENSORSTM).
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Figure S8.1. 2D AFM images and surface topography of: A) a clean gold surface, B) a gold surface functionalized
with a self-assembled monolayer (SAM) of hexa(ethylene glycol) dithiol and C) a gold-SAM functionalized surface
with gold nanoparticles.
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Figure S8.2. UV-vis absorption spectra of functionalized gold nanoparticles with: A) primary antibodies and B)
secondary antibodies.

141



Som-Ig
1.8 GNP-Som-Ig
1.6 B
14] HEET

AR(%)

0 2 4 6 8 10 12 14
Time (min)

Figure S8.3. Real-time SPR angle shift sensorgrams comparison in response to the injection of 2pg/mL of anti-
somatostatin antibody for a surface functionalized with gold nanoparticles and a surface without gold nanoparticles.

Table S8.1. Quantification of non-specific absorption of 1 mg/mL of BSA or LYZ on the sensor’s surface during
multiplexed analysis. Quantification was performed for two negative control: the bare SAM surface and spots
functionalized with BSA (control). This calculation assume that 1RU = 1uRIU = 1pg/mm? of surface mass shift at a
fixed wavelength of 800 nm. Only LYZ is reported in pg/mm? since it produced the largest sensor response.

Spot AR (%) BSA AR (%) LYZ Amount of LYZ absorbed
[1mg/mL] [1mg/mL] (pg/mm?)
Insulin 0.04 £ 0.02 0.15+0.02 90+ 12
Glucagon 0.04 £ 0.01 0.11+0.03 66 £18
Somatostatin 0.04 £ 0.02 0.16 £0.03 96+ 18
Surface 0.06 +£0.01 0.16 £0.04 96 +24
Control 0.03 +£0.02 0.07 +£0.04 42 +£24
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Chapter 9. Original Contributions and General Discussion

The main motivation for this doctoral project was to develop a multiplexed biosensing strategy
capable of detecting a secretion fingerprint comprised of small hormones secreted by the three
major cell types contained in the pancreatic islets. Recent studies have clearly demonstrated that
the anatomy of human pancreatic islets has significant consequences for cell-to-cell
communication within the islets, giving rise to relevant paracrine hormone interactions unique to
our species. Moreover, traditional biochemical assays lack the temporal resolution to follow the
secretion process dynamically, they are time-consuming, labor extensive and can detect only one
hormone at a time. Therefore, the design of novel analytical tools is required in order to detect
changes in the secretion patterns of the islets. This was successfully achieved by the development
of a multiplexed biosensing strategy able to simultaneously detect insulin, glucagon and
somatostatin in the nano- and picomolar range with a short analysis time.

This study led to three major original contributions to the field of biosensors and pancreatic
islet research. First was the use of an IDE capacitance-based biosensor for the detection of insulin.
This label-free sensing technique was selected due to the fact that non-faradic electroanalytical
methods have been reported to offer high sensitivity, ease for automation, and potential multiplex
capabilities by means of their integration with microelectronic technologies [40, 186]. However,
relative unpredictability has made these immunosensors unfavored compared to other
electrochemical approaches. This is mainly due to the fact that the IDE biosensors’ performance
critically depends on the quality and architecture of the bioreceptor immobilization chemistry [250,
260, 261], which is very often neglected. Through a systematic study, we investigated the effect of
the most common architectures reported in the literature, namely the covalent immobilization of

biomolecules on the electrodes [37, 252-254, 262], in the gaps between electrodes [257-259, 263]
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and a conformal coating covering both [255, 256, 264, 265]. Our results showed that polymeric
conformal coatings such as spin-coated PMMA generate the most reproducible and stable
capacitance change in response to specific antigen-antibody binding. Additionally, it was found
that binding events occurring in the interdigitated electrode gaps play a major role in the overall
change in capacitance, a feature that is commonly disregarded when developing biosensing
strategies based in IDEs. The development of this sensor allowed us to understand many of the
critical variables involved in the detection of small hormones such as insulin (e.g. immunoassay
format, immobilization chemistry, etc.). However, we found that this type of sensor requires long
analysis time making them unsuited for continuous measurements, which is a prerequisite for their
intended used of secretion-monitoring, the main objective of this thesis. This motivated us to
explore SPRi as an alternative biosensing method.

The results generated with the used of an SPRi biosensing method, were gathered in two
original contributions. We introduced a label-free and multiplex strategy for the simultaneous
detection of insulin, glucagon and somatostatin. It is noteworthy that the detection of small
molecules, such as these peptide hormones (<10 kDa) presents a challenge in a mass-sensitive
technique such as SPR. Thus, it was necessary to combine an innovative design of the surface
chemistry with proper optimization of an indirect competitive immunoassay, to detect the three
hormones with an LOD comparable to previous reports detecting insulin and glucagon individually
secreted from a group of 10 islets. The developed biosensing strategy used a mixed SAM
comprised of a linear thiol with a carboxyl end group (MHDA) for hormone immobilization, along
with a low molecular weight thiolated PEG (CH30O-PEG-SH) that acts as a spacer and as an
antifouling agent [294, 319]. While each component of this surface chemistry has previously been

used for biosensor development, our work was the first report using them in combination.
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Additionally, contrary to the majority of the reports in the literature [74, 320], this study presented
a long chain compound as a spacer and a short chain as an anchor. This produced a biosensor with
excellent antifouling properties and specificity capable of its future operation in a complex matrix
such as a pancreatic islet secretome.

The study of different GNPs amplification strategies for the development of a sensitive
method for multiplexed hormone detection was the second major contribution to the field of
multiplexed SPRi biosensing, which is presented as the third manuscript collected in this thesis.
Although GNPs amplification strategies are commonly encountered in the literature, most of these
works report only its use for individual detection of analytes [65, 67, 310], or detection in a
localized SPR multiplexed format using microscopy [312]. To establish the optimal signal
amplification scheme for the multiplexed sensing of the islets’ hormones with SPRi, three GNP
amplification strategies were investigated including 1) GNPs immobilized on the sensor surface,
2) GNPs conjugated with primary antibodies (GNPs-Abi) and 3) GNPs conjugated with a
secondary antibody (GNPs-Aby). We found that the amplification method involving GNP
conjugation with primary antibodies produced the best results in terms of performance for sensing
of'individual hormones. However, when implemented for multiplex experiments, this amplification
scheme presented large cross-reactivity. This pitfall was successfully circumvented by the use of
an immunoassay with GNP secondary antibodies conjugates, leading to a significant LOD
improvement during the simultaneous detection of the three hormones. By the incorporation of this
amplification scheme, the biosensor’s LOD decreased 9, 10 and 200 folds for insulin, glucagon and
somatostatin, respectively, when compared to the SPRi biosensor without GNP conjugates. This
improvement was particularly important for the detection of somatostatin where the LOD

decreased from 403 ng/mL to 2 ng/mL, falling within levels comparable to somatostatin ELISA
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kits (0.001-10 ng/mL). Since there are reports in literature regarding the required LOD only for the
detection of insulin [25] and glucagon [26], the obtained LOD for somatostatin enables its detection
with a higher degree of confidence for the future detection of islets secretions.

Finally, we can make a comparison of the SPRi multiplex method developed in this thesis
to other multiplex technologies such as Luminex xMAP, Biolayer Interferometry (BLI) and
Microscale Thermophoresis (MST). A brief explanation of the operating principles of these
techniques is presented next.

Luminex xMAP assays use antibody-conjugated bead sets of approximately 5 microns to
detect analytes in a multiplexed sandwich immunoassay format. Each bead in the set is produced
with a unique content of two dyes that serve for identification along with an immobilized specific
bioreceptor (usually a monoclonal antibody). Later, a third dye conjugated via biotin-streptavidin
to an antibody is used to detect binding of the analyte in a sandwich format [321]. Data is acquired
on a dedicated flow cytometry-based platform. Although high throughput, this technique require
high reagent consumption to functionalize the different sets of beads, no kinetic information can
be obtained and long associated assay times could be required.

BLI is a technique that uses white light interferometry to quantify biomolecules adsorbed
to the tips of several optical fibers. White light travelling through these optical fibers is reflected at
the fiber-biomolecular layer and the reflected beams generate a signal that only depends on the
amount of adsorbed molecules eliminating any the effect of the surrounding matrix [322].
Typically, the measurements are performed by dipping the optical fibers into well plates. The major
drawback of BLI is its relative lower sensitivity compared to other detection methods such as
ELISA and SPR, making the detection of low molecular weight analytes very difficult. In addition,

accurate and reproducible measurement of binding rate constants of antibodies is limited due to
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challenges such as sensor regeneration, and mass transport limitations due to its static well
configuration [323].

MST is performed using thin capillaries in free solution, using a microscopic temperature
gradient induced by an infrared laser. This produces the movement of molecules within the
capillaries and the detection is achieved using various fluorescent labels on either the recognition
element or the analyte. The thermophoretic movement of molecules within the temperature gradient
depends on size, charge, hydration shell or conformation that typically changes upon binding
interactions, thus allowing the quantification of complex biomolecular interactions [324]. The
dynamic range of this technique is usually with the pM to mM range, which is comparable to
ELISA measurements. Additionally, the technique requires a small amount of sample and is
relatively easy to use. However, this technique cannot provide kinetic information and the
requirement of fluorescent labels have been known to cause non-specific binding, thus reducing
experimental confidence particularly for a large number of targeted analytes.

Table 9.1 presents a summary of the current multiplex technologies along with their
strength and weakness compared to SPRi. Overall, it can be observed that SPRi is a multiplex,
label-free and real-time technology that allows the evaluation of the kinetic parameters of the
system under study. Additionally, SPRi analysis required low reagent consumption compare to
other technologies using sandwich immunoassay such as ELISA or Luminex xMAP. Moreover,
this technique possess a short analysis time and reusability. To date, SPRi is the only commercially
available technology with a high degree of automation, real-time measurement and imaging of up

to several hundred interactions in parallel.
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Table 9.1. Summary of current multiplex sensing technologies including their strengths and weakness compared to

SPRi.
Technique Strength Weakness
e Real-time Microarray spotter required
e Kinetic information Challenge for detection of low MW
SPRi e Low reagent consumption analytes
! e Reusability e Surface immobilization required could
alter bioreceptor activity
e  High sensitivity Low-throughput
High reagent consumption
ELISA e Difficult to multiplex
e  High-throughput e High reagent consumption
e High level of multiplexing e Time-consuming
Luminex xXMAP e No kinetic information
e Lack of real-time measurement
e Simple measurement set-up o Low sensitivity
e Allows measurement in complex e Mass transport limitations
BLI matrices e Low multiplexing
e Small sample volume e Fluorescent labels required
e No analyte immobilization e  No kinetic information
MST required e Specificity could be challenging with high

Allow study of
changes

conformational

number of analytes
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Chapter 10. Future Work

In this thesis, we established the basic requirements for quantification of a SF from human
pancreatic islets using multiplex SPRi-based biosensor. However, work still remains to further push
this promising biosensing approach towards its translation as a technology platform. For this
reason, foreseen challenges and future directions are discussed in the following section of this

chapter.

10.1. Alternative signal amplification strategies

Although we have successfully introduced in Chapter 8 an SPR signal amplification strategy for
the multiplexed detection of hormones, this strategy requires the use of GNP-tagged secondary
antibodies. Despite the short analysis time of this approach compared to traditional bioassays, the
indirect use of a labeled biorecognition element introduced additional steps to the assay, increasing
the analysis time from 21 to 32 min. This can potentially be avoided by investigating alternative
amplification techniques based on the integration of nanostructures onto the SPR sensing surface,
such as nanoholes [71, 325] and nanorods [70]. Additionally, recent studies have shown that
graphene-modified SPR substrates lead to a strong excited electric field enhancement producing
ultra-high sensitivity in this type of biosensors [72, 326, 327]. These modifications can potentially
allow the sensor to operate in a direct detection format, simplifying the assay and generating faster

measurements.

10.2. Dynamic range and limit of the detection of the sensor in a complex matrix

In Chapter 8, we showed that the performance of the biosensor using an assay with gold

nanoparticles is comparable to ELISA kits detecting somatostatin, also providing a comparable
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LOD for insulin and glucagon with previous reports in literature detecting secretion from a group
of 10 islets. However, the biosensor performance could be altered due to interaction with the
complex matrix presented by the secretome of pancreatic islets, since it is known that many co-
secreted peptides such as proinsulin, amylin and C-peptides are towed during glucose-induced
section [93-96]. These small by-products of secretion are very similar in structure to the targeted
hormones, which could possible give rise to antibody cross-reactivity. Additionally, despite the
proven antifouling capabilities of the biosensor against proteins, other small molecules could
introduce noise during analyte detection.

For this reason, the biosensor performance should be determined with collected secretions
from islets, and if necessary be adjusted by further adapting its surface chemistry or by adjusting
the concentration of reagents involved in the immunoassay. Additionally, the number of secreting
islets must be studied to ensure that the three targeted hormones are collected within the dynamic
range of the multiplex biosensor. In parallel with these measurements, ELISA kits which are the
gold standard in the field, must be used to validate the concentration obtained using the developed

SPRi biosensor.

10.3. Microfluidic integration

As reported in Chapter 5, in the last decade many microfluidic perfusion systems (MPS) have been
developed to simulate in vivo environment of the islets, becoming a common in vitro model to
study the islets’ physiology and functionality. These systems provide several advantages for islets’
SF analysis, such as 1) prolonging the islets survival for long term examination [127], 2) allowing
highly accurate spatio-temporal secretion studies by avoiding accumulation of secretion products

present within a static chamber [128] and 3) by rapidly varying the concentration of secretagogues
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delivered to the islets, producing an accurate kinetic reading of the secreted products [128]. For
future work, we envision to integrate the developed multiplex biosensor with a MPS, not only for
the aforementioned reasons, but also to improve the overall fluid handling capabilities. With a more
stable and flexible fluid control, the sensor’s working volume could be reduced avoiding dilution
of the secretions and thereby reaching a higher detection sensitivity. Moreover, the various steps of
the competitive immunoassay could be performed in-situ, increasing its efficiency to further
improve the overall biosensor’s performance [328]. Such system can comprise a self-contained

platform for continuous monitoring of a SF from the islets.

10.4. Platform to study the induction of diabetes to healthy human islets

With the integration of a MPS, a multiplexed biosensing tool and further automation, it would be
possible to create a platform for the continuous monitoring of islets’ SF. This would allow to
differentiate a SF from healthy viable islets and diseased ones. Additionally, such a platform can
be used to induce diabetes in healthy islets as an “in vitro diabetes model”, allowing to better
understand diverse physiological mechanisms of human pancreatic islets such as the loss of
paracrine communications in diseased islets [299, 300]. Moreover, SF monitoring could have
applications in islet quality assessment before transplantation, islet regeneration studies and drug
screening. For islet transplantation purposes, monitoring a SF could provide an improved
assessment of the viability and potency of the islet, as current practices evaluate only secretion of
a single hormone to determine the islet’s functionality [221-224]. For islet regeneration purposes,
an SF could be used to rapidly assessed the functionality of regenerated islets or B-cells [229, 230].
Finally, this device could be used as a screening platform for testing novel therapeutic agents on

diabetic islets by assessing the potency of these agents to revert diseased back into a healthy state.
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Chapter 11. General Conclusion

The present thesis work introduced a novel multiplex biosensing strategy based on SPRi as a viable
technique for detection of a SF from human pancreatic islets composed of insulin, glucagon and
somatostatin. The use of a carefully designed SAM for simultaneous hormone immobilization
along with an antifouling agent, allowed the development of a biosensor with excellent protein
antifouling properties and specificity, capable of potential operation in a complex matrix such as a
pancreatic islet secretome. To address the detection challenges of low molecular weight hormones
secreted in very low concentration by human islets, a GNP amplification strategy in a competitive
immunoassay format was implemented. This strategy led to a comparable sensor performance to
proven biosensing technologies measuring secretion from a group of 10 islets. As such, this thesis
laid the foundation required to begin with detection of secreted products from human pancreatic
islets. The expectation is that with only minor adjustments, the developed biosensing strategy
accomplishes the detection of insulin, glucagon and somatostatin from few human islets, further
validating the achievements of this work. Moreover, it is expected that our sensing strategy
integrated with a MPS to produce a platform that could address various obstacles in the
understanding of the mechanism of islets dysfunction, thereby uncovering more novel alternatives

for the treatment of diabetes.
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Microfluidic perfusion systems for secretion
fingerprint analysis of pancreatic islets:
applications, challenges and opportunities

F. Rafasl Castiello, Khalil Heilemant and Maryam Tabrizian®

A secretorme signature 15 a haterogenaous prolile of secretions prasent in a sngle call type. From the sec-
retome signature 3 smaller panel of proteins, namely a secretion fingarprnt. can be chosen to Reasibly
rronitor specific cellular activity, Based on a thorough appraisal of the lkarature. this review axplores the
possbity of definng and using a secretion fingeprint o gauge the Tunctionality of pancreatic islets of
Langarnans. |t cowers the state ol the st regardng rrcrofluidic pariusion systems used in pancreatic iset
research. Candidate analytical tooks to be integrated within microfuidic perfusion systems for gynamic sec-
retory fingemnink monitcring wane identified. These analytical tools Include patch clamp, amparomenny)
woltarmetry, inpedance spactroscopy, Tield effect transistons and swrface plasmon resorance. Coupled with
fhease bools. ricrofudic desices can Witimately ind applications in determining tslet quality Tor ransplanta-

e rac orlloc

1. Introduction

Agrawal of al' defined the coll seerctome as: “the collection
of proteins secreted by a cell's tissue, organ or organism at
any given time and condition, regardless of secretion mecha-
nism, being constitutive or regulated seceretion™, A secretomee
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thon, ishet regeneration and drug screening of therapeutic agents for the treatment of diabstes.

can control and regulate a multitude of biological and physi-
ological processes,” In addition, it reflects the funetionality of
a cell in a given environment.' For instance, chronic alter-
ation or aberrant secretion within a cell secretome could be
indicative of a pathological condition, Thus, secretome analky-
sis of secretomics is becoming a clinically relevant research
fiekd for bismarkers and therapeutic targets discovery,”
Although the general definition of secretion includes me-
tabolites and jons, in literature, the definition of the sec
retome only refers to proteins, As such, this review is focused
on global secretion of proteins unless otherwise specified,
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lons and small modecules will only be mentioned when they
are used as an indirect way 0 measune proteln Secretion or
when a platform that measores them can be adapted for pro-
tedn Secretion detection.

A cell's secretome can be comprised of a considerable
amaunt of proteins (up o 1000] making its continuous mdani-
torng difficult. Morsoser, it has been shown that a genetically
whentical cell population can present functional  heterogene-
ity," which can create a potential barrier (o accurtely screen
the response to o stimulus or to pharmaeological Ill.L'l.'.lFi.i.'H.""ll'
To vercome this problem, it s possible to study the sec
retme of individual cells within a population, and establish
i particular secretome sigmatune for each cellular phemotype.
A cell secretome signature i compossd of a smaller numbser
of proteing [amound 100) companed to the whole cell secretome.
Hiorwever, it will e mone comvensent W mondor an even sanllber

set of proteing within the secretome sigmatune, encompassing a
particular secnetory fimperprint [SF) This 5F can be selected on
i cise-ly-tase basis and dynamically monitored to fnd relation-
ships between secnsticd proteins amd their secretgoiuaes.

While complete secretomic analysis of pancreatic ishets
has not yet been performed, current knowledpe still allows
detinition of a SF composed of relevant hormaones and other
biomarkers. To date, the majority of islet stodies have bo-
cused at most on the simultanesus messurement of bwo sec-
retex] hormones. Herein, we propose that a SF composed of a
larger number of secretion products can vield a deeper under-
standing of islet plysiodogy and dts secretory response. The
present review is miot attermpting O cover pancnsrtic islets sec
retommics. [t rather suggest that the determination of an islet
secretorme will expand our current knowledge of isbet secreved
bigmarkers. This i tme will allow definition and  measune-
mment of & more pertinent 5F depending on the application (&g
drug sereening, tansplantation of islet regeneration|.
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First, this review presents important concepts of pancre-
atic islet physiology amd species-dependent characteristics. e
then owers curment methaods and challenges for determining
a cell secretome. Then it exposes the state of the ant regard-
ing microfluidic perfusion systems (MPS] for pancrestic is-
bets, Subseguently, it overviews analvtical wols with o proven
potential o dynamically monitor ishet secretion  processes
when integrated in MPS. These plathorms could be very use-
ful for investigating islets o whole micro-organs and identify-
iy the rodes of individual secnstion fctors. Additionally, they
can comprehensively assess the bebhavior of islets in complex
metabolic networks, recapitulate the dynamics of hormaone
secretion and help discover new therapeatics to treat diabetes
roaellitus.

1.1 Pancreatic islet physiology and species depenadent
characteristics

The islets of Langerhans, which constitute 1 oo 2% of the
pancreas mass, are vascularieed micro-organs with an average
dinmeter of 150 pm. The pancretic i€lets are composed of
frve different endocine cells (o, [ 6, PP, and ¢ cells) each
secreting characteristic hormones in response to metabolic
I.'ll.aIIHL'.'b.'- They are also composed of vascular cells, resident
irnrmune cells, neorons and glial cells. Additionally, human
islets are surrounded by a complex double basement mem-
brane.” Each islet is a functional unit with the physiobgical
rode of maintvining glecose homeostasis, mainly through
froell insulin and a-cell glucagon secretion.

Insulin secretion i a complex and dynamic process, and
detailed knomsdedge of it is ertical for understanding diabetes
mellitus, Insulin relese by f-eells s an ebectrically excitakble
proocess in which chamges in membrane potential is coupbed
to vartations in blood glecose concentrations. In the absemce
of glucose [glucose concentration <1 mM], the membramne
resting potential of human freells is approximately -70 v
Omce glueose concentration increases, glucoss transpontens
|GLUT) are activated and glucose metabolism occurs inside
froells through gplwolsis, the Krebs owele and the electron
transport chain, gemerating adenosine triphosphate  [ATF]
|Figr. 1AL The generated ATP closes the ATP-Sensitive paotas-
sium channels [KATP), reducing the resting  membrane
potemtial wntil a threshald of <60 mV is exceeded, initiating
membrane depolarzation. Onee membrane depolarication

oeeurs, the voltage gated Ca®' channels open [reaching a
peak influx at around
crenses. This in turn, triggers insulin vesicle fusion with the

30 m¥) and Ca® concentration in-

cell membrane by inhibiting the sctivity of the © sensitive
protein synaptotagmin, and subsequently insulin exocybosis
OCCUTS,

Induced insulin exoeytosis folliws a biphasic time course
[Fig. 1-BL"""" The first phase corresponds to a fast transient
inerease rete of insulin seeretion, usually within 5 minutes of
glucose stimulation. Afterwards, a decrease in insulin secre-
thonn takes place, follweed by a gradual incremental second

phase that lasts as long as the glucose stimulus is applied. As
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Fig. 1 A Glucose stimulated insulin secretion patheay in pancreatic f-cells and Bl biphasic insulin release profile.

with must secretory cells, the biphasic secretion of insulin is
pulsatibe by nature. Moreover, insulin secretion has been
demonstrated o oscillate in o synchronous manner with o-
toplasmic Ca®’ l'.'llﬂl.'!lltr..l‘til:lll.l
i are direct regulabors of i

indicating that Ca** oseilla-
in palsatility.

Corsecreted peptides and jons during insulin exocytosis,
such as C-peptide, Zn'' jons and armyling can be used to indi-
rectly quantify insulin secretion or measure secretion kinet-
s, In addition, it has been shown that these co-seereted fae-

tors have clinical relevance in diabetes mellitus diagnosis
and treatment. ™ '* Far the interested reader, in depth detail
of insulin secretion in human islets has been reviewed
elsewhere.”

As in any biobogical research, the mechanisms of insulin
secretion and islet function have been mostly elucidated
using animal models. Howeser, recent Studies have demon-
strated that islet anatomy and physiology s species-depen-
dent, and therefore one has to be careful when generalizing
findings From any individwal !‘p&l.'i!ﬁ.l':'“ A% 1 CONSELUEno:,
iy concepts related @ anatomy, physiology and basic cel-
lular mechanisms of human  isbets are currently  being
refined 7w

As an example, Cabrera e n'J'.,” stuclied the differences in
iwlets cyto-architecture and functionality amongst Four differ-
ent species [Fig. 2-i). Their findings showed that in the case
of mouse, large spatial segregation of oell tpes exists,
suggesting an anatomical subdivision within islets. However,
when the authors compared the degree of segregation of cell
types between mice and human islets, they found that in
mice, T1% of the insulin-containing ecells showed exclusiviely
homotypic (same type] associations, wherms, in human, this

This jmal is 8 The Hoyal Society of Chemistry 2016

was only 29%. As a consequence, freells are intermingled
randomly with o- and f-cells throughowt the entire islet in
chose  association with the islet microcireulation  system
[Fige. 2-ii). Additionally, Cabrera et al'” demonsirated that is-
lets from different regions of the human pancreas possess
different cell compositions, and that on aversge, the cell
composition of human islets contained proportionally fewer
freells and mare o-cells than that of mouse islets [Fig. 2-i).
The amatomy of human islets has significant conse-
guences for cellto-cell communication within the i<les. Re-
cent evidence suggests that the unique cytoarchitecture of
hurman islets give rise to relevant paracrine and autoerine in-
teractions that play a dominant role in their overall endo-
crime erpmme.T""':‘"m For instance, it has been shown that
somatostatin and ghrelin inhibit glueose dependent insulin
seeretion, =" that pancreatic polypeptide (PP and co-

secreted jons and aming acids®™™

exert a stimulatony and in-
hibitory effect respectively on glucagon seeretion, and thae
neurotransmitters released from islet cells may shape the
pulsatile behavior in auto/paracrine feedback boops.™ These
aforementioned parscrinefautocrine interactions along with
many others have been recently reviewed in detail."™™ How-
ever, more research is mesded in onder b Fully understand
these parscrine interactions, particularly in the context of
diabetes.

Finally, amsther eritical aspect of islet physdolegy is Fune-
tional heterogeneity, since human islets differ in size and
compoasition. However, little is konown aboat liowe such differ-
ences impact islet function, Studying the secnsbome sig-
nature of single islets as it is done for other biological sys-
tems such as tumaors, may  allow  investigation of  this

tah Chip 016, 168, 405431 | 411

174




versity on L023006 1

hed om 15 Drecember 2003, Downloaded by Bl

Crritical rewview

Wi Artich Online

Laih on a Chap

Fig. 2 Mustration of differences in islet cytocarchitecture among species. (il Confocal images of skets of Langerhans of human (4, maonkey (8],
mouse [C) and pig 04 |E} Human ket cell compasition depending on the region of the pancreas from which they were obtained. (F) Comparison
of cell composition between human ard mowse islets [Reproduced from rel. 1F with permission from Natkonal Acaderny of Scences, USSR,
Copyright 2006} (il Human islet cell distribution. 1G] Schematic representation and |H) confocal image of human sket osll distnbution around a
capillary vessel For 2l images, red: nsubn- immunereactive cells; gresn: glecagon-immunareactive cells; blue: somatostatin- immunareactve cells

IReproduced from ref, 18 with permisson from Elsewier].

functional heterogeneity. For example, oome can determine the
secretome Sipnature profile for islets in response b glecose
stimulation, which can then be wsed as a baseline to select
“functional” islets before trnsplantation, o to uncderstand b
secreted probeins exent paracrnefaubocrine influence in isders.

As demusnstrated in this section, our current kniwdedge of
hmean isket phystology allows definition of a functional 5F o
monitor harmone secretion. However, once imponant pro-
tein biomarkers are found within the secretome signature
pradibe, it will be possible bo conceive systems o monitor the
dynamics of a wider and more relevant 5F to study particular
aspects of islet plavsislogpy.

L2 Current methods o determineg a cell secretome

The Bergsten group described the first proteomic referenoe
map of human pancreatic islets.™* This repont represented
the first preliminary functional profile of the human isbet
proteosme, in which many of the identified proteins have
been implicated in the pathoplysiolop of disbetes. Sinoe
then, the aim of most islet protein profiling studies has been

412 b Chip, A6 18, 4

to elucidite the different mechanism imolved in diabetes as-
sociated [F-cell deterioration™ Heowever, Because of the com-
plexity of cell protecames, in some cases it is mone practical o
forus on o sub-protecme which only encompasses secreted
prodeing, Hence, many apportunities exist in the feld of pan-
creatic islet research o boeus specifically on the islet Sec-
retme and to detemmine a functional secretome Signature.
More information regarding islet protein profiling can be
found in recent r|.-'|:~|:-r|..ﬁ..""""

To cate, determination of the secretome has  focwsed
as

colon™ and ghial™" caneer

mostly on cells such as lung,
cells, Determining such cancer cell secretomes has unvedbed
L
Auel-
ditbonally, there are some reports where the secretome of

miechanisms related o angiogenesis, invasion and me

sik, helping to devebsp new strategries to control cancer.

skeletal musele cells™ and human adipocytes during adipog-
enesis” has been determined.

Current methods to determine an unkinown cell secretorme
irvabve placing cells in culture media for a period of time un-
der contredled conditionsg, after which the media is anabwed
for identification and guantification of secneted  proteins.
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Hiowever, proteins secreted by dead cells in the media and se-
rum proteing can mask the proteins of interest, making their
isolation a challenge.* Hence, it is & comuman practice bo use
serurm free media and eytoselic extrect as a control for deasd
cell proteing.*’ Nevertheless, little s known about how this
affects cell secretion, Some evidenoe suggests that serum dep-
rivirtion can cause apogtosis,** and can wigper differemt re-
Sponses peross various cell 1.].-pe5.“ Additionally, secreted pro-
teins can be present at very low concentrations in the cultune
media, and on op of that, media is vsually dilueed before
analysis, increasing the chances for analytical instruments o
rmiss relevant biomarkers.

Traditional methodologies to decipher a cell secretome
can be divicded in two broad categories, the ones that anabyze
EMADMA to provide mostly qualitative information on gene
products (including computational methods], and the ones
that analyze proteing dirsctly, mostly based on proteomic
rethads’ [Fig. 3L These methods may be  restricted
depending on whether the secrstory protein sequence is
known or not. Detailed information about the principle ad-
vantages and drawbacks of each has been reviewed else-
where! Usually a combination of RNA/DNA and protein
guantification methods is used o acguine a bigger picture of
the secretome by correlating gene expression and protein see-
retion. However this can be time consuming.

Omvoe & cell secrebome spgmature has been identified, other
techniques such as immunoassys (eg ELISA, western blog
amd antibody microarmays) can be used to monitor small
changes in the secretome, or a5 a complementary method with
miss spectrometry bor secretonse identification Additionally,
among these immunoassy technigques, antibody microarrays
can be wsed in a high-throughput and mulepleced manmner.'*

1.3 Multiplex screendng

Multiplexing is desirable in most biological analyses since it
reduces analysis time, sample volumes, and hence the eost of
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amalysis, " However, multiplexed protein detection is compli-
cated due to cross-reactivitbes. This usually limits the degree
of multiplexing, particulardy in complex solutions, such as
those containing cell secretion  products. Monetheless, a
panel of several biomarker measurements can yield far more
information than a single bismarker. Thus, efforts o develop
multiplexed protein detection technologies represent great
opportunities in many research fields.

A traditional technigque wsed for multiplexed analysis of
secreted proteins is antibody microarrays, Antibody arrays
are a part of miniaturized devices in which antibodies can be
immuobilized on a planar surface or on micrebeads, vsually
by micropringing, @ capiure and guantify specific proteins, ™
The protein binding event is then detected in a label-based
or sandwich eonfiguration with a fluorophore, guantum dot
or an enz_-.-mr.-."" Antibody arrays have been used so far w
stucly proteing secreted by human adipocytes," mesenclymal
stem celis' and cardiomyocyte cells,

However, these methods reguire a large number of cells
for the analysis and obtained results will reflect the averaged
features of cell populations. This may present disadvantages
in many cases, since cell populations are heterogeneous in
nature, and hence, population data can mask functional
heterogeneity and associated molecular mechanisms. " The
desirable solution would therefore be to study secretion From
u singde cell or a very small population of cells in order o
identify phenotypes of interest and determine their respective
SECTELOME Signature.

Microfluidic platforms can enhance spatio-temporal con-
trol of the cell microenvironment compared to eraditional
biological assays, allowing single cell analysis.™ For instance,
the sample volume can be reduced, avoiding dilution of see-
reted proteing amd hence muximizing the information col-
lected. Sweh platforms malke it possible to use traps oo immo-
bilize  single cells  for  multiplexed  genetic/protein
guantification '™ An example of this is a microfluidic chip
for isotope labeling coupled with electrospray  ionization

Secretome Determination

computationst Jl sace PN sen
omputational rlcroarrays SEQUENCInG

Mass
Spectrometry
m
— e — — —

Fig. 3 Classificatian of commaon technigues to seopher an urknown secretome. RNA/DNA methads comprise: senal analysis of gene espression
|SAGE], DA microanays, RNA sequencing and computabanal methods such as SecretameP for non-classical secrebion and SignalinglF for classi-
cal secretion. Proteomic analysis techniques are mostly based on mass spectrometry, particularty liquid chramatography tancem mass spectrome-
try |LE-MS/M5]. These methods can be subdivided inbo gel based technigues, such as teo-dimensonal gel electrophoresis (2-0E) and ditferential
gel electropharesis (DIGE], and gel free techniques, such as isatope-coded alfinity txg (ICAT), isabaric tag for relative and absolute quantification
IITRAG, stable sotope tabeling by amino ackds in cell culture SILAC) and surface enhanced laser desonptan onization-time of fight mass spectro-
mietry (SELDH-TOF M5
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mass spectrometry (ESI-MS) that was used For qualitative
and guantitative analysis of drug-induced apoptosis of MOF-7
cells. The chip was desigmed to perform cell loading, micro-
fluidic cell culture, gy solution imjection, microfluidic eell
staining, imaging analysis and ESFMS detection (Fig. 4-i)
The authors demonstrated  that when combining micro-
fluidics and mass spectrometry, a multiplexed analysis of
proteins could be carried out, despite the complexity of the
MOCF-7 secretome.

Another example is the evaluation of functional heteroge-
neity of immune T cells and human macrophages on a
single-cell barcode chip.™ The chip is composed of 1040 3 al
volume microchambers, sach containing a single cell. Protein
concentration is determined with sandwich immunoassays
fromn spatially encoded antibodies. This forms o baroode that
represents a complete panel of protein assays [Fig. d-i),
allowing for highly multiplexed detection of proteinsg and sta-
tistical analysis of single cell protein secretion. Further infor-
mation on single cell analysis and related microfuidie de
vices is available in two recent reviews by Galler ef al and Lin
et al ™

2. Current microfluidic perfusion
systems for pancreatic islet research

A particular type of microfluidic device designed to control
the media oy over single cells or cell culture chambers ane

microfluidic  perfusion  systems (MPS]. In the case of
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pancreatic slets, MPS can simulate the isket fn wivo environ-
ment. For instance, the pressures and flonw volume of the is-
let vascular system can be reprocdueced,™ making these plat-
forms ideal for isbet in witre analysis.

In the past decade, many research groups have specialioed
in MPS development For islet research.™ These devices gener-
illy possess two major components. The st component is a
trapping mechanism capable of immaobdlizing single or mult-
phe isbets [Fig. 5) while maintaining constant perfusion. Lack
of perfusion on previous islet devices presented serious limi-

tations for secretion studies.”™ For instince, dymamic mei-
surement of islet secretion cannot be obtained since the con-
centration of secneted products constantly increases within a
static chamber. Many experiments require a perfusion system
that can rapdicdly vary the concentrstion of secretagogues deliv-
ered o the ishets. Finally, without perfusion, islets cannot ol-
tain fresh nutrients, which limits isbet |m|.5[ term survival.™
Additionally, particular features should be considersd in
perfusion  system design to account for the unigue 30
cytoarchitecture of islets and their valnerability to mechani-
vitl stress. The Arst major component of the MPS is the trp-
ping mechanism for islet immobilisation. To date, some trap-
ping mechanisms found on MPS are dam wall-like or mimcle-
like traps™™
sion chambers.*™ Moreover, it is necessary to integrate sti-
ble and Aexible Auid control for investigating hormone secre-

ar circular wells located at the bottom of pedfu-

tion kinetics and biochemical events, This can be achieved
either by external or integrated micropumps or by combining

L R T
. Micre-SFE calusn

=

—

,
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Fig. 4 Examples of microflusdic devices for cell secretion analysis. () Barcode chip. (Al Image of the dewvice's assay charmnels shown inored arnd
contral charmels in bue. {B) Micrograph showing isolated cells and a fuorescent bar code assay. Yellow degits indicabe rumber of cells per
microchamber. (C] Schematic representation of the multiplexed primary antibody barcode arrey wsed for capture of secreted proteins. 54 stands
far Streptaviding [Reproduced from red. 53 with permissicn from Ratuee Publshing Groupl. Gl Microtlsdic chip for isobope labelling coupled with
ESI-M%. (D) Schematic representation of the E51-M5 chip consisting of & mecrofiudic netasork for culture medivm delivery and drug inpections, cell
culture chamibers, and an-chip micro-solid-phase extraction {mecro-59E) columns for sample desalting and purifying. (E] Microfludic neteork to
generate concentration gradients dunng cell cultune and dng screening. (F) Sde veew of MCF-7 cells culture chamiber. |G) Close-up of an mbe-
grated micro-SPE column. (Hp Micro-5PE column Jomed by caplllanes. Heproduced from red. 32 with permission from Amesican Chemical Snnety
Copyright 2012}
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Fig. 5 Exarnples of various MPS developed for pancreatic islet resaarch, (Al Schematics of & microfluidic chip for monitoring nsuln seometion
fram 15 indegerder islets [Reproduced fram nel, 67 with permission froem Amenican Chemical Society Copyight 20090 The device i comprised
of & microfuidic charnnel netwaork, which is indicsted by solid black lmes. Circles represent the luidse restondins, A side-view representation of an
islet perfusion chamber and an on-chip fNew-gplit s also presented. [B] A microlliidic perlusion device for muliparametrisc Blel function assess-
mnt thraugh imaging and ELISA (Reprodeced lrom rel. 60 with permission from Springerl, 1C) A microfuidic device with a single-islet piston-like
trap b amsed glucese-induced ntracellular cscilations of calcium in pancrestic lels Meproduced fram ref 69 with permistion fram Mational
Acaderny of Scierced, UEA, Copyright 20041, (D8 A micrefluide array for real-time Bve-cell imagirg of microencapsulated pancnrestic sheld 1o as-

sesd the eflect of hypoda (Regroduced from ref. 55 with permission from Amssican Chemical Society Copyright 2013)

capillary Forces and electrokinetic mechanisms inside MPg.™
Although still in development, in the kst decade these fea-
tures have been successfully introdueced 0 MPS design for ap-
plications in islet research [Table 1].

The second major compomnent of islet MPS is an analytical
tool or method o monitor glecose-dependent  response of
the islets. The principal techniques that have been success-
fully incorporated in MPS up-to-date are capillary electropho-
resis immunoassay [CEI and intracellular Ca't oseillation
monitoring.

CEI provides a technigue for the direct detection of secre-
tion from islets with a detection limit of 3 nM for insulin®™
[Fig. 5-A). During experiments, islets are placed in a chamber
and effluent is mived with anti-insulin antibody and fuores-
cein isothiocyanate labeled  insulin [FITC-insulin]. Insulin
from the isbets competes with FITC-insulin for binding sites
on the antibody. The mixture is passed into an electrophone-
sis channel where bound and unbound FITC-insulin is sepa-
rated. Insulin secretion is then quantified Auorescently
through establishing the mtio between bound and free insa-
lin. Similarly, this technigque has been applied for detecting
glucagon, with a detection Llimit of 1 nd.™ Notewaorthy, inves-
tigating glucagon secretion presents an additional challenge,

This journal is & The Royal Society of Chemistry 2016

since a-cells comprise a smaller proportion of the i<let than
freells, resulting in a relatively low amount of glucagon sec-
reted per isbet and making it difficult to detect variations in
glucagon secretion.™ This demonstrates that the nom-insulin
islet hormones, which are secreted in small gquantities, can
be detected when combining analytical tools with the fuid
handling capabilities of microfluidies.

Although many microfluidic devices have employed CEI
to pedorm  high-throughput immunoassays  on-chip,™ ™
their design was not well-suited for continuous monitoring
of living cells®™ This was mostly because the repored
methods required off-line preparation of samples which are
not amenable for repetitive sampling and eontinuous reac-
tions."" In this regard, the Kennedy group pioneered the
development of a micrafluidic CEI to monitor online the fase
kinetics of hormone secretion from a single islet with
high temporal resolution."> "% One of the advantages of
CEI is that it can be fully integrated on-chip. This tech-
nigue has proven to be fast and accurate and has been
able to detect secretion changes within a few seconds.™
Recently, the use of this technigue has been extended to
monitor insulin and islet amyloid polypeptide (IAPP) secre
tion profiles simultaneoasly.™

lab Chag, 2006, 16, a08-431 | 415
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Table 1 Summary of selected microfluidic perfusion systems publcation used in pancreatic islet research
Deetectson methad Biskets  Specie Type of trap Aspect soudy Year Hed,
Capillary elecropharesis 1 Whaese Doy wall-1ke Iresulbm secreran 2 &3
immunoassy
Tracellular caletum oscillaian 1 Maisse el e sl Coardination of Ca** oselllaton In 1slets 2k B
Capillary electrophoresis 1 Manse Ly wall-likee Insulin secretion 200G 57
Imiins sy
Intracellular cakdum vsollation 1 s Lam wall-like Hole of gap junction on regulating insalin 2K 75
seretion
Capillary electrophoresis ] Manse Ly waall-likee Cantinues monitor of insulin secretion 2007
Irmmimiosis say omn-chip
Fluorescence, competitive 1 Manse Hamd trapping with Insulin secretion of a single isbet ZE Th
Immunpassay and MALTH-MS milcromanipualarer
Fluorescence imaging 1 Maonumse Lram wall-like Effects of gluoose gradients on insulin 2 TE
secretinn
Capillary electrophoresis 15 Manse Ly wall-likee Secretion patterns of insulin and free fatty 2 w7
Imimumnassay in parallel acld Hpsomosicine
Intracellular cabdum oscillation 250100 Mowsehuman Chamber with wells  Ishet fanctionalite (mitochondrial potential, 2 i1
aml ELIESA Insulin seenetion)
Fluonesvent [Zine trapped on 1 Monmse Ly wall-like Insulin secretion 2 1h
draplers)
Intracellalar cabcdum oscillation 1-15 s Ly wall-likee Variadion of insulin secretion froom differemt 2 T
ke “Isler invprinting™
Capillary electrophore sis 1 Manuse Lam wall-like Long term operation and performance of I TH
Immunnssay in parallel elecrmophonesis devies
Intracellalar cakdum oscillation 25-300 Mase Chamber with wells st fanctionality under ghcese gradients 2000
arvl FLISA
Intracellular calcium oscillation 1 Manse Uy wall-like Insulin secretion cause by different glocose e T4
wanveforms
Intracellalor ldum oscillation. 1H-200 Maowse Lrifferent siee of dam  Separation of islet by size and viability after 2000 =0
swsilll-Hbe separrion
Intracellalor cabdum oscillation B Manse Ly waall-likee Single islet msulin secretion with passively 2 =1
amdd ELESA operated devies
Mlass spectrometry and ELISA 23 Manmse Folvcarbunate or Collection and concentration of islet secretiom 20001 22
wylon membranss
Intracellular cakium ] Manmse Dam wall-like Effect of microftuidic culture on jshet 2011 =3
s lathan ram: phinton el ton assoclated endothelial cells
tntracellulor cabdum oscillation 10-200 Maowse Chamber with wells  Effect of hypoxia on insulin secretion 22 =4
arsl ELISA
Intracellular akium pscillation 4-55 Manuse Chamber with wells  Insulin secretion Kinetics on islet population 2012 25
aml FLISA and mitechiondrial parential
Intracellalar cabcdum 1 Manse Ly wall-likee Inmamics of lipid partitioning in living 2012 =h
st lagiond van: phinton exclotion pancreatle islers
Capillary electrophore sis 1 Manmse Uy wall-like Glumgon seeretion 2012 b3
Immnsissay
Intracellalar calcium oscillation: 100 Mnmse Chamber with wells  Long term bubble prevention on pancreatic 22 =7
ler culmire
Fluorescent competitive 1 Manse mzle-likoe Secretory dynamics of insulin and lAEP 2003 iE
Iminins sy
Intracellular cakdum vsoillation 100 Kat/human tozle-likee Effect of hypusic conditions on islet viability 2013 59°
(encapsulbate lshes)
Intracellalar cakdum psoillation 5-10 Manse maozzle-like/dam Insulin secretion related to epithelial cell st 2013 58
swall-Hhe and effect of shear stress on slets
Intracellular cabcium oscillation 5-10 Mawse Dam wall-chamber Courdination of insulin secretion Zn4 T3
Iniracellular caleium oscillation 165 Slmgle [ ecll mlcro-arifice driven The effect of glucose biases on the sparlal 204 T4
tey pressurne distribution of insulin granules
Caplilary electrophoresis 1-10 Manigse Ty w1 ke eelllation partermns of Insulin secretion B T

immunas sy

* Device shown in Fig. 5. * Estimated from images.

However, the setup can be complex since it imolves inte-
grating precise external pumps for fluid fow control, power
supplies and electrodes For  electro-osmaotic flow  control.
Moreover, since most of the secretion products From isbets

436 | Lap Chap 2
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have similar molecular weights, multiplexing using this tech-
nigue presents a great challenge. Channel clogging, precise
temperature control, and requirement of lasers with different
wirvebengths remain the main isswes of working with such a
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se-up® Nevertheless, this technique has beem useful for
Loy perm monitoring of insulin secretion,™ ™ and for under-
standing heterogeneity in insulin secretion. ™™™

Caleium sensitive dyes™ [eg Flue-3, Indo i, Quin 2, Cal-
ciurm Green, Fura Red, ere) have been used to visualize the
caleium  oscillations  that  precede  insulin exoevtosds  amd
thereby to study secretion mechanisms and o indirectly mea-
sure islet secretion. Observing these oscillations is often chal-
lenging on many of the macro systems commaonly emploved
in biokogical studies, because of the difficulty in differentiat-
ing physiological events that trigger Ca™ oscillation. In con-
trast, imaging with microfluidic devices can albww exclusoe
observation of the Ca' oscillations associzted witl exocybosis.

Despite the advantiges of this method, it presents some
limitations reganding quantification and selectivity. For in-
stance, caleium oscillations from different ypes of cells in
the islet may be difficult to distinguish. Moreover, quantifica-
thmn of secretion produocts 5 reguired off-chip using tradi-
tiomal immunoassays such as ELISA.

Mevertheless, this technique has furthered our kvowledge
rejanding important aspects of islet secretion such as the
limited coordination of Ca'* scillations in islets when stimu-
lated with glucose™ (Fig. 3C). The mentioned study found
that freells are electmcally coupled throwgh gap junctions, be-
ing able to synchronize caleium oscillations but only within
glueose-stimulated regions™ In addition, this rechnigue has
shed light on the cellular dynamics of iskets when stimulaved
with different glucose wave forms, analogous the glucose var-
iationg that oecur in wire.™ For imstance, Dhwmpa, ef il ™ de-
veloped a MPS to test the hypothesis that negative feedback
from the liver synchronizes islet secretion by controlling the
blsod gluweose level To introduce negative feedback to the
on-chip islets, the gluoose stimulation level was updated
based on the insulin secretion by employing a model. In ne-
sponse to negative feedback, synchronized secretion was ob-
served within groups of islets using caleium imaging and in-
sulin ELISA.

The Ca'* ascillation technigue have also been applied to a
microfluidic device able o trap singde cells, spatially deliver
amalytes of interest and assess their effects with subeellular
resolution.”™ The device emploved pancreatic islet [-cells
[MING] tramsfected to express insulin-GFP. The cell response
evoked by different analytes was visualized using optical
FRCTOSCOpy (0 moniton Ca'? oscillations and insulin-GFP sec-
retion. In particular, the group fownd that sub-cellular expo-
sure of glueose induced a modification in the spatial distri-
bution of insulin granubes [cell polarity] within the [-cell
toweard the site where glucose was delivered. This wal can
help to increase the understanding the dynamics of insulin
granubes exocytosis due to it precise control of the surmound-
inyg chemical emnvironment; howeser it was only demonstraved
with simgle f-cells

There are examples of microfluidic platforms specifically
designed for pre-assessment of islets destined bor transplan-
tation to treat type 1 diabetes. For instance, Mohammed
et ol developed a microfluidic islet perfusion device for the
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assessment of dynamic insulin secretion of multiple pancre-
atic islets with simultaneous fluorescence imaging of Ca™ os-
cillations and mitochondrial potential changes. This device
was further optimized in order to achieve efficient mixing
and uniform distribution of solutions in the perfusion cham-
ber™ [Fig. B). In another example, Silva, of ol ™ develoged a
microfluidic device that traps islets in cup shaped nozzles,
which are connected by channels o allow fuid to bypass the
pslets. This reduces shear stress on the islet, as demonstrvbed
by healthy islet Ca® signaling. In sddition, the noele stimu-
lated intracellular flow through the islets, enhancing [f-oell
and endothelial cell preseration. This helps address the igssoe
of endothelial cell necrosis in isolated Bslets, with the goal of
stimulating re-vasculansation of islets when transplanted.
Another microfhudic device, developed by Nourmohamnadeadieh,

L (Fig. 5-D], determines the effects of hypoxia an

ef a
alginate encapsulated islets for tansplantation. The deviee
stmultanecusly wssesses islet functiovnmality and viability by
imaging mitochondrial membrane potential, NADPFH and
intracellular caleium oscillations. They demonstrated that
islet functionality decreases with the increasing  hyposic
comditions.

Although some of the aforementioned MPS devices can

s mosk

perform multi-parametric charcterization of islets,
of them monitor a single parameter o study islet hormone
secretion and functicnality. Many focus solely on a single is-
et hormone, mainky insulin or glucwgon, which may provide
an incomplete profile of islet physiological functionality.
Henee many research opportunities exist o expand  the
amaunt of hormones detected to measure a larger SF. Here is
where one of the major challenges for future islet MPS reside.
Additionally, the majority of the MPS have used mouse islets
a% @ proof of concept. Consequently, findings on these de-
vices may require translation to human islets. Table 1 sum-
minrizes some of the MP5 devices for islets developed to date.

3. Potential analytical tools for islet
secretory fingerprint analysis

The analytical technigues mentioned in the previous section
prove to be suffic
retion. However, in order o monitor a wide islet 5F, integr-
tionn of movel multiplexed detection tools into MPS is re-
guired. The major considerations for detecting secretion
from islets are: 1) the temporal resolution of the Sensor to as-
sure capluring the fase kinetics of islet hormonal secretion,
1] the dimensions of the sensors o spatially locate isbet secre-
trons, 3] the stability of the sensor oo allow continuous ogen-
tion amd real time secretion monitoring, and 4] the selectiviey
of the sensor bor a singhe secreted biomadecule, such as insu-
lim, and not co-secreted products sweh as amylin and
C-peptide. Therefore, the sensing tools must be fast, specific
and possess high spefio-temporal resolution in order to simul-
taneously detect champes in the secretion pattems of the dil-
ferent cells composing the iskets. In addition, these tools
need o be adapted for easy integration with MPS, since the

o Follow the fast kinetics of insulin see-
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reduced volume of MP5S can concentrate analytes allowing
easier detection, particularly bor hormones secreted in small
guantities [eg glucagon, PP and somatostating. Furthermore,
since the islet hormones are usually measured in a carrier so-
lutiom, calibrating the sensor to the respective pH, salts and
other maolecules is a prereguisite.

The main reported  technigues that  could  provide
multiplexed  detection of islet secretion kinetics  include
ehectrochemical technigques, patch clamp technigues, field ef-
fect transistors | FET) and surface plasmon resonance [SPH:I.H
The following sections will cover the potential of aforemen-
thomel technologies o conoeive LOC devices for assessing a
pancreatic iglet 5F.

1.1 Patch clamp

The patch clamp technigue is a tood to study the electroplysi-
ological properties of cells by bringing a pipette containing
an electrode in contact with the cell membrane, Suction is
applied to the pipette to create an ultrahigh resistance seal
with the cell membrane. Rupturing the membrane provides
electrical contact between the cell interior and the electrode.
Thix setup enables measurement of whobe cell currents and
cell membrane capacitance, both of which are correlated with
exocytosis of cell secretion products.*®

Patch clamp has been vsed to study secretion from hu-
i freells™" M Dring capacitance mea-
surernents, exocytosis in freells can be invoked using induced
voltage clamp depolarisations and secretagogues.” This tech-
nigue can provide quantitative information regarding eoocy-
tosis, for example through correlating the rate of capacitance
change with the quantity of gromubes released at a given

anid o-cells.

time.™

Since the pipette allows infusion [or dialyzing] of sub-
stamces tato the intracellular environment, observations can
be msde of the effects of substances on hormone Secretion
[Le eyelic AMP, caleium chelators, GTP analogues and sulfo-
nylureas). Likewise, stimulants can be added in the extracel-
lular bathing solution. Furthermore, Auorescent probes can
be injected into the cell cytoplasm through the pateh pipette.
Therebore, o wealth of data can be olsained by simuoltaneoos
membrane capacitence and whole cell current measurements
obtained vsing the patch pipette while combining fluones-
cence imaging.

Himwewer, some disadvantyges of the patch clamp te
nigue ane that it is very lw throughpat, it prosides an indi-
redt measurement of secretion, it can be intedfersd by endo-
eytie processes, it licks specificity For dndividwal secretion
prodlucts and it is ivasive. Additionally, this technigue ne-
guires highly skilled operators in order to trap and manipu-
Late cells,

With the current microfabrication technologies micro-
fMuidic platherms with Small apertures can e Eabricated,
which act as the pipette tip. These apertures allow automated
teapping lateral w0™ or on the bottom of micredluidic
channels.” " For instance, Lau et al ™ developed a PDMS

-
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uidic patch clamp array that incorporates on chip lat-
eral cell trapping sites and an open access chamber at the
top for easy media changes [Fig. 6-1). A challenge associated
with vsing this techobgue for on-chip applications is the

i

chodce of fabrcation materdals, since Rabrication methods
can be expensive and complicated. Additonally, the wse of
substrates with poor dielectric properties can produce low
seal resistance, hence decreasing the sigmal-to-noise ratio. To
overeome this problem, Bruln e al™ developed a glass pore
chip by taking asdvantage of the high dielectric properties of
glass, The device was able to obtain a similar seal resistinnee
a% the comventiomal micropipetbes, to automatically trap cells
at the bottom and o perform single membrane channel re-
cording (Fig. 6-ii]. Currently, some automated pateh-clamp
systems with multiphexed recording electronics and  micno-

fluidics layers, that enable high-throughpat measurements,

are commercially available, ™"
islets have Fo-

Patch clamp investigations of pancreati
cused primarily on feeells. But to understand  the secretion
mechanism of islets as a whole, the technigue needs o be ex-
temded to other islet cells (&, &, :'tr.]. Heomwever, the Laick of reli-
able methods o identify islet cells adds an extra challenge
for patch clamp measurements of intaet islers.™ One pro-
posed solution i o prodoce genetically modified mice thae
express fluorescent proteins in o- and feeells to distinguish
thern in sine™ Sl dodng this for the vadous cell tvpes in
the islet i time consuming and expensive, and movel identifi-
cation methods may be required. Nevertheless, studies exise
for attaching the patch pipette o single cells within intact
islmlul-]ul

The patch clamp technigue possesses the required bempo-
ral resoluton [milliseconds] o monitor secretion kinetics
and has sofficient sensitivity o detect single vesicle fusion.
After proper identification of individual isler cells, micro-
fluidic devices containing multiple patch damps can mea-
sure secretion kinetics simultaneously. To complement patch
clamp mesurements, electrochemical sensors can e added
on-chip to obtain selective quantification of secretion prod-
ucts as has been previovslhy demonstrated  in non-LOC
setupe ™ Thue, this would provide a high-throughput tool
to analyse a single islet SF.

1.2 Amperometoyvsltammetry

Amperometrichvoltimmetric  [AW]  techniques  provide  a
method to detect and quantify cell secretions through electro-
chemical resctions. In amperemetry, a potential is applied
while the resulting current from oxidised or redweed species
it reporded. Conversely, voltammetny measures current as a
funaction of applied potential.

Insulin is an electroactive maolecule and hence it can be
dietected with unmodified electrodes. This has made insulin
the prime focus of iglet secretion research by means of AW
sensing. Howewver, electrochemical sensing of insulin with
unimodified electrodes has been shown o be characterized
by Fouling, show kinetics and Low m.".llsil.ivir_\-.'m T overcone
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Fig. & (il & microfludic patch clamp array chip with lateral cell trapping sibes. (4) Cross sectional representation showng a cell being trapped ina
micrafiuidic device. (8] Close-up of the dewice where a channel for patch tapping and cell manipulation can be chserved. |C) Optical microscope
image of cells being marspulated in onder to bring them close to the patch channel. {39 Image showing a cell being trapped and patched on the
small channel (Repreduced from ref. 96 with permissian fram the Royal Soclety of Chemistrg. (i) Dual pore glass chip [E) Schematic representa
oo of the assemibly of the dual-pore glass chio for cell-attached sngle-channel patch clamp recording. (F) Crass sectonal wes of an assembled
chip. |G] Representabon of a cell trapping mechanism used to establish a high -resistance seal with a cell (Reproduced from rel. 97 with permission

from the Aoyal Society of Chemistry)

these limitations coating catalvsts have been developed For
the electrodes. Several of these catabsts inclede  those
containing  rutheniom, irdivm  oxide, metallodendmmerns,
and carbon namctubes. The sensing performance of some of
these catalysts have been previously summarized by Raties
et al "™ and Amini et al*™ Additionally, insulin-specific rec-
opnition elements can be added to the electrodes. For in-

insulin aptamers'” and electrodes maodified with meo-
L

SLarsCe

lecular  imprinted  polymers
sensing insulin with high specificite. An additional advantage
ol using aptamers and molecular imprinted polymess as nec-

opnition elements i< that binding is highly revemsible so it is
(i

hawe  shown promise  bor

possible to regenensbe the sensors with great efficiency.
These kinds of selective recognition elements ean be devel-
oped for other islet hormaones which can be advantageous For
rmultiplened detection.

The majority of AV sensors have been desigmed  bor
detecting insulin in blood samples, hence some modification
will be required for monitoring insulin secostion from. single
mlets, In addition,
amalysis mlup." :

some electrodes used a How inpection

in which the electrode is sitated in a

constant How environment. This setup is analogous o the
emwvironment in MPS, demonstrating the potential sdaptabil-
ity of these sensors for MPA.

A iy AV sensors have been developed for dinect detection
of secretions from islets and dispersed fFeells. When mami-
toring  fmcell secretion, altermatives o electrochemically
detecting insulin may be preferred o avoid electrode modifi-
cition steps. For instance, other fictors co-Secreted with insu-
lin can be resdily detected electrochemnically. These fwtors
include  the electro-active  amine,  S-hydnogtrypamine
|_!1EIT_|'” and zine.'" Zine is oomplexed with insulin inside
froell vesicles and during secretion, the complex dissociates
into insulin and free zine ions. The insulin concentration can
be indirectly determined via AV detection of zine.'™ Con-

versely, SHT needs to be incubated with islets prior to experi-
ments, such that the SHT becomes localized in imsulin vesi-
ches, and 15 subsequently oo-secreted with insalin. In this
mnner, AV sensing of SHT has been wsed 0 measone secre-

= - ]
HEIE il mouse isles '™

thon From mouse [oells
There are limited reports wherne AV sensors have been

integrated in MPS systems for monitoring ishet secretion. An
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example is a microplysiometer chamber containing islets un-
der perfusion, which was coupled with an amperometric in-
sulin sensor composed of a multiwall carbon nanostube film
electrode '** This platform serves as a prood of concept for
LG devices, which can ke advantage of microfabrication
and electrode printing technologies to claborte probes with
high spatfo-temporal resolution.  Additionally, nanomaterial
modified electrodes with sufficient limit of detection [nbd]
fior single cell analysis are becoming robuse and hove made
inroads into the microfuidic domain, presenting opportuni-
ties to apply these sensors o islet research. However, ne
search needs o be expanded into multiplesed AV detection
of islet secretion products to allew screening of an islet 5F.

1.3 Impedance spectmoseopy

Impedance spectroscopy (15) (also called electrochemical im-
pedance spectroscopy] is a technique that measures changes
in the electrical impedance of a sample over a range of ap-
plied electrical regquencies. 15 biesensing s based on spec-
trum changpes that teke place in response © binding events
amd resetions associated with anabytes of interest. This tech-
nigue is subdivided into Faredic 15 amd non-Faradic 18
depending on whether a redox neaction is present or naot. Fa-
radic 1% involves an electrochemical reaction as o sensing
step. This reaction can come either from an external chermi-
cal compound [redox probe) added to the system or from the
sample ftself. In contrase, the redox probe is absent in non-
Faradaic 15. As a label free technique, 15 eliminates costly
and cumbersome sample preparation xtupe;."" Hinwewer, as
mentiomned in the previous section, the electrochemical detee-
tivnn of bdological molecules can be non-specific, reguiring
[antibodies,
affirmers, aptamers, e ). AlJrJiI!ilJnu|}_\-. irect detection of
analytes can have insufficient sensitivity, requiring catalytic
modification of the sensing interface.

Mon-Faradic 15 has many advamtages osver Faradaic 15,
Firstly, the absence of a redox probe in non-Farsdic 15 makes
thie experimental setup simpler and eliminates the nesd for
catalytic modification of the sensing interfsce. Secondly, the
redhom probe empleyed in Fardie 15 can be highly mxie for
cedls. Moreover, depletion of the redox probe can oeewr, so Fa-
radic 15 platforms need o be designed to avoid this issue.
Henee, non-Fansdic 15 is considered more appropriocte bor inte-
gration with LOC deviees, "™ especially for imestigation of
complex biological systems such as human pancreatic islets.

Faraclaie 15 has been wsed to detect  insulin using
133 ]

surface modifications with  biomolecules

immsbilized antibodies™ or silica :lulu:l|1urtir.'||.-.r|'||.al'u:l|:|."
These technologies can be adapted to deteet insulin from is-
let samples. A shared drawback of most electrochemical bio-
sensors is the non-specific interactions that are usually pres-
ent in complex samples such as blood serum or eell
secretiong. However, o recent repssrt dietected insulin with a
non-Farudaic  impedance  biosensor  using a chemically
adsorbed swittorionic polymer (polymer with net charge of
zern, but with negative and  positive charges within its

420 | Lab Chig, 2004, 18 208-431
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structure] with attached monoclonal insulin antibodies.*=

MNoteworthy, this functionalization confers high specificity o

the mentioned sensor, enabling it to detect insulin in the
femto-molar concentration in undiluted blood serum. In a
similar Fashion, the same grooup develoged a non-Fandic 15
detection awmay for proteing marker detection. " Thermally
cross-linked polyfethylene glycol] on the chip surface provided
a simple and robust interface with high antifouling proper-
thes. Here, insulin and C-reactive peptide were simultansously
measured in human seruom with little cross resctivity despite
similarities between the two peptides. The limit of detection
wink as low as 171 0 and 10 pM respectively.

However, despite the remarkable limit of the detection
and antifouling properties of the aforementioned biosensors,
a% with most biosensors, regeneration of the sensing: surfsee
for continuous monitoring of secretion products still remaing
an issue. A recent review by Goode ef ol '™ summarizes possi-
ble strategies o achieve Sucoesshul biosensor regenestion.
Nevertheless interesting research opportunities exist o ex-
trapolate this technigue for multiplexed measurement of isle
secretion products. In addition, thin flm electrodes modified
with robust polymer interfaces can be easily integrated on
micrefluidic devices with islet perfusion chambers.

1.4, Field effect transistors

A field effect transistor [FET) biosensor is buile by maodifying
the gate surface of a transistor with recognition elements ca-
piable of binding an analyte, such as antibodies, antibody
fragments, aptamers or DMA (Fig. 7-i). When binding evenes
oceur, the electric field is modified, resulting in a detectable
change in the transistor conductance.

The concept of FET biosensors has been developed for
more than two decades, but only recently has the interest in
them increased doe to the development of nosel namo-
materials. When FETS are couplsd with highly conductive
nanmaterials, such as nanowines eg. metal oxide, silicon
and carbon based nanowires) and graphene, a very sensitive
ool [pg mL ') for the detection of bismolecules can be
fabricated,' ="

Hinwever, all FET bissensors aperate on the principal dhae
the electric feld seen by the current carrying element is sen-
sitive to target bimding. When immersed in an electrolyte,
this reguires that binding occur within the onder of the De-
by lemgath. Beyond this distance the electric feld seen by the
surface becomes independent of solution composition and
bineling events." The Debye length is vpically restricted i
a few nanometers under physiobogical ionic strength comdi-
tiois and beeomes smaller as the jonie serength increages. "
Thus, any recognition element must be anchored within this
distanee, which presents a problem with large macromole-
cules, such as antibodies (~10 nm). However, it has been
demonstrated that recognition elements such as DNA and

M Alberna-

aptamer (1-2 nm) can eficiently work with FETs.
tively, dilution of analytical samples to low fonic strength

prior to analysis can be performed.

e Riowal Society of Chernising 20LE
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Fig. ¥ i A typiecal skructure of a FET sensing devce functionalized with antibodies. RE stands for reference electrode, W for gate voltage, VDS for
drain-source voltage and |0 for drain current. (i Multi parallel cornected {MPC) silicon nanowire FET. |A) Schematic representabon of a DMA-
aptameer medified MPC SINW-FET device for detecting dopamne from stimulated PC12 cells. |B) Microscope image of a SiNW-FET device where
5" stands for source, and “07 tor drain. (C) Schematc representation of the DRA-aptames mmobilization procedure on a SINWFET. APTME stands
tar (3 -aminoprogylitimethoxysilane, PTMS for propyltimetbouysilane and MBS for S-maleimedoberzaic acid N-hydrosysuconimide  ester
|IReproduced from ref. 150 with permission from Amencan Chemical Socety, Copyright 2005)

The aforementionsd limitations have not discourged the
application of this highly sensitive type of biosensor to stady
cell physiology, especially by coupling them with micro-
fluidics. For instance, Li et al " deveboped a highly specific
nanowire FET bigsensor embedded in o PDMES microdfluidic
channel [Fig. 7-ii] o detect dopamine secretion from living
chromaffin cells [PC12 cell). The biosensor specificity was
achieved using DNA-aptamers, which distinguishes  dopa-
mine from other anabogues such as catechol, phenethyl-
amine, tyrosine, among others. Although this deviee does not
reasune proteing, it s a proof of concept that real-time amd
label free guantification of secretion products can be
achieved with sufficient sensitiviey (<10 ' M) and selectivity
o pecform singde cell analysis with this echnology.

Inwvestigation into the use of FETS to monitor islet seene
tion products las been limited, Sakata er al'™ developed a
FET sensor b monitor the electrical activity of mt pancreatic
freells by culturing these cells on the FET gate surface. This
FET sensor monitored insulin secretion indirectly by measur-
ing pH changpes once the froells are stimulated with gluoose.
Sakata identified a correlation between H' jon accumulation
and insulin secretion theowgh the activation of fFeell respin-
L @ctivity.

The major advantage of FETs compare to other type of
bussensors 5 that they can be easily multiplexed, miniatur-
med and manufisctured on o lurge scale, which makes them a
good candidate for mass production. Additionally, their small
i enables detection of a large islet 5F and potentially allow

216
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on-chip sereening of several secretagogues. As the FET field
continues o evolve with  improvements in FET  muicne-
fabrication and nanomaterials development that inerease
their sensing capabilities, their potentisl rele in secretome re-
search will undoubtedby expamd.

1.5, Surface plasmon resonance

By allowing fast detection of binding interactions due to
changes in the surface plasmon of a thin gold film, surfsee
plismon resonance (SPR) sensing has beoome the gold stan-
dard to study biomolecular interactions, particularly affinitye
based intersctions such as DNA-RNA hybndization o anti-
pen—antibady.

The advantage af this technigue is s intrinsic dynamic,
label free amd realtime analysis capabilities, Additionally
high-throwghput and multiplesed analysis are possible by

making arrays of  different the sensing
133

mokecules  on
surbace.

However, the sensitivity of this technigue is insufficient o
detect highly diluted analytes or small mobecular weight bio-
molecules such as cancer biomarkers, hormomnes and antibi-
otics, To owvercome  this  challenge,
methods have been proposed such as integration of namo-
structures, erther as amplification tags or as enhancing sub-

strates." ™ As a result, this technigue has been able o reach
T+

sensitiviby-enhancing

limits of detection of picomolar and  attoemolar orler,
opening the pessibility to detect protein secretion from single

ab Chig, 2016 14 205431 | 4H
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cells. In addition, the single cell, high-throughput and
multiplexed capabilities of this technigquee can be greatly en-
hanoed by its coupling with microfluidic devices,

There are few reports that attempt to detset cell secretion

by the direct application of SPR bissensors. " Ol e al "
developed a nanoplasmonic device to study cvtokine secne-
tion From immune cells directly derived from human blood
[Fig. #-i). In order to separate the immuone cells from the
bload, antibody Functionalized microbeads argeting specific
cell surface biomarkers were employed. Later, these cellbead
conjugirbes were  Joaced  into the device where they wene
trapped around a micro-pillar array. The cells were then stim-
ulated and the cytokine secretion was detected on the SPR
surface. Another example is a SPR microfluidic device to
mnitor the dynamic secretion from human monocytic leuke-
i cells developed by Wu & ol The SPR chip was cofii-
posed of gold nane-slits with immobilized antibodies on a
palyearbonate flm [Fig, 8-i) The nano-slit amay was inte-
grated with a celltrapping microfluidic device, to allow for
examination of cell secretion dynamics. The cell-trapping

‘Wiww Articks Online

Laby on a Chig

gystermn was designed to allow a micrometer separation of tar-
et cells from the sensing surface to minimize aon-specific
signils from cell bodies. An interesting chanscteristic of this
device is the small number of cells required o detect seere
tion <10,

Of all analytical technigques mentioned, SPR has been used
to cletect the widest variety of islet secretion products. SPR
binsensors have been used to investigate binding interactions
of major secreted isket hormones, namely i.|:|:iuli|:|..I WML o
matostating ' pancreatic polvpeptide’ ™' and gheelin 'S
Thus, the simultanesus detection of several islet-secreted
products i a sngle device is feasible. However, as with mast
label free biosensors, specificity can be a challenge, particu-
larly For applications that ivolee measurements in a complex
mitrix such as o cell secretome. Thus, nowel anti-fouling
strategies are a central part of ongoing research in the feld.
For instance, Frasconi & al " were able to detect insulin in
huiman serum wsing SPR sensing with a sudfsee modified
with polvimeric dendrimers encapsulated gold nanoparticles.
This surfece preparation reduced noa-specific interaction

Fig. 8 il & microfluldic device wah integrated nanoplasmanes sensing for cellular functional immune analysis of human blood (A1 Schematic
representation of an integrated Lacalized surface plasman resonance (LSPR) optafuiic device. The bottom layer & composed of depesited gokd
nancparticies. The magnified image 2t the botbom left s an AFM Image of the gold nanostructured surface. The middie layer is composed of a
micrafiukdic chamber and channeds. The chamber was integrated with micre pilar arrays, as shown in the middie nght schematic, to tap target
cells. The oross-sectonal wew af the device is shown at the upper rght corner. (Bl The middie yer s composed of a microfluigic chamber and
channels. {Reproduced fram ref. 157 with pesmission from American Chemical Society, ACS AuthocrChaice 20040, (il An optofluide platdomm for
real-time monitoring of Uwe cell secrebon [C) Schematic representation of the experimental setup to measure cell secretion. The target cells are
immabilized n cell traps incorporated ina micrafuidic chanrel. Afeer stimulation, cell secretions bind to antibodies immaobilized on a gold ranosia
SPA sensor located abowe the cells. |00 Schematic representation of the entine microdfluidc chamber containing an array of cell traps. The
dimersions af the cell traps are shawn in the inset on the top ket comer. (2] Optical microscope images of the cell trap smay showing cells
captured imthe traps. Each red arrow points to one cell {Reprodeced from red. 138 weth permission from Johin Wiley and Sons).
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and provided a limit of the detection in the order of pM in
complex biological media. Additionally, a less than 5% loss
in performance was observed over 40 regeneration opeles,
Hiowever, the complex competitive immunoassay scheme, ne-
guiring several minutes to perform, redoced its real-time ca-
pabilities. Nevertheless, this report presented a strategy to ne
duee  non-specific  interaction  in SPR sensing  when
miesuring small peptides.

Commercial 5PRs are generally based on the traditional
prism-coupled SPR configuration. The approach is simple
and robast, but not amenable to miniaturization and integr-
tion."" However, SPR technobogies have mbken advantage of
new advances such as optical fbers and waveguide mano-
structures for miniaturzation, which have npl.-uurl new dave-
s for gasy fabrication of SPR LOC devices ™ With the lat-
ter setups, islets can potentially be immobilized in proper
microemvironments for secretion detection, similar to devices
developed for other cell types [see Fig. 8].

4. Applications of on-chip monitoring
of relevant islet secretory fingerprints
4.1, Quality of islet p
transplantation

ki bor

A promising therapeutic avenue for TID is pancreatic isbet
transplantation.™ " This therapy has provided prool of
concept that normoglycemia can be restored in patients with
TAD by isolating islets From a cadaveric donor's pancreas and
infusing them into the patient’s hepatic portal vein (Fig. 9).
Cme of the main limitations of this therapy is the need for
mire than one danor for each recipient, due o islet apoptosis

Wiwrw Artich Online
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following isolation.'™ [ was estimated that over 0% of the
tramsplanged] isbets are host within hours post infusion, 197

This has stimulated interdisciplinary research to increase
the long-term survival and functionality of grafied is-
fets. M LOC wechnelogy offers a memendous oppertunity
to assess islet guality for transplantation and islet Functional-
ity, all of which are part of emerging felds of research. These
opportunities ean be further increased by analysing the isle
secretome and by defining an islet secretory fingerprint thae
encompass biomarkers that rapidly measures s quality. For
the interested reader, other aspects and challenges invalved
in islet  transplantation are  thosoeghly
elsewhere, =1

Although there are current regulations from the U8, Food
and Dirug Admindstration [FDA) that state the minimum re-
guired characteristices for islet preparations, such as safety,
idemtity, purity, viability and potency;™' it is currently ac-
cepted that these specifications provide reasonable estimates
of safety, identity, and purity, but do not deliver meaningful
measures of viability or potency of the preparation "1

The current gobd standard testing for islet potency is the
nude mice bioassay. This bioassay is based on diabetes rever-
sal after ishets engraftment under the mouse's  kidney
capsule. "' Due to the nature of this assay (immune
inhibited mice], it is compatible with human islets. This
gives the assay o great sdvantage when predicting the out-
come of human engraftments. However, the nude mice bio-
assary involves a complex surgical procedure, and only works
in a retrospective manner, where results are interpretable
and sccurate only after diabetes reversal has oceurred, "™ De-
spite the drowbacks, whenever o new potency or viabiliey

reviewed

Fig. 9 Islet transplantation thrawgh the Edmonton protocol. First, iskets are isolated from a donor by colagenase digestion and then they are
assessed for identity and guality. Finally the islets are introduced nto the hepatic portal veins of the reciplent where they are trapped and are able
to respond to glucoss concentration changes by secreting insulim and glucagon (Reproduced from ref. 162 under the terms of the Creative

Commars Publc Doman Declaration].
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assay s proposed, the predictability of the method should be
tested with the nwde mice bioagsay.

Some promising isket potency and viability assaes devel-
oped in the last decade include cell membrane integrity tests,
cell death, mitochondrial health assaws and ooogen consump-
tion rate."™ Tests that assess mitochondrial function, partie-
ularly those measuring oxygen consumption rates of islets,
seem to be the most promising and correlate best with trans-
plantation outcomes in the nude mice bisassay. Nevertheless,
pancreatic  islets  are  complex
multiparametric approach can be more accurate than individ-

uil assays.

micro-organs, and  a

There are few examples of multiparametric tools for
assessing islet quality, and the majority of them are based on
MPS. SO Ry instance, the Eddington and Obecholwer
group developed a microfluidic device where islets are
trapped in a well array at the bottom of @ micro-chamber.
There, mitochondrial membrane potential and Ca'? ascilla-
tions were simultaneously measured ™™ This device was im-
proved by adding dynamic osygen oontrol during glecose
stimulation.™ Later, the group deveboped a microfluidic isbet
array with hydrodymamic trapping for islet immobdlization
and an improved mogen oontood in order to assess the oe-
sponse of microencapsulated islets to hypoxic conditions.™
With this configuration, simultaneous amalysis of Ca™ oscil-
latsons, mitochondrial potential and NAD{PJH of human pan-
creatic  islets  was  achieved. The advantages of  such
multiparametric MPS for islet guality assessment and fune-
thomiality are numerous. 1t enables precise control over the is-
let microenvironment, it has high spoto-temporal resolution,
and it avoids damaging the isles durng measurements.

Similar multiparametric MPS could potentially become a
new godd stamdarnd for islet guality assessment. However, in
order o fully establish a new standard, it is still necessary
corroborste the device outcome of islet guality assessment
with the nude mice bioassay. Funthermore, these kinds of
MPS still rely on elaborste imaging technigues that require
trained personnel, complicating their wse as point-of-cane de-
vices amd compromising their commercialisation  potential.
The development of fully sutormated LOC devices with inge-
graved sensors that reduce the human factor from the mea-
surements is needed to allow surgeons o immedicbely assess
islet quality prios to transplantation.

By defining a §F for viable and functional islets, it should
be possible to develop novel LOC devices to assess in real-
timee a complex 5F ol islets in an awtomated manner. This SF
can be eomprised of different protein biomarkers for cell
demth [apoptesis, anoikis, e ), mitochoncdrial health and sec-
reted  hormones, Moreover, assessment of other criteria
suggested by the FD, such as sofety and purity, may be also
integrated and performed on swch LO(C devices,

4.2 Isbet regeneration

Regeneration of functional pancreatic endocrine tissue in the
form of sles, |5-|:E|Ix or other hormone secreting cells, s a

424 | lab Chip 2006, 18, 40
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potential method to address the issue of donor islet short-
ages for treating Ti0'79 In additien, understancding re-
peneration pathwiays could unbsck n vive mechanisms bor re-
plenishment of pancreatic endocrine tissue.

The activation of transcription factors during fetal pancre-
atic development has generated interest in their potential ap-
plications in [i cell regeneration.' ™" Through better under-
standing of these transcrption fctors, new strategies to
penerte islet tisswe From existing [foells or from pancreatic
duet and acinar tissue can be developed."”™ Another strategy
is trams-differentiation of cells within islets, for exarmple from
ot freells'™ Some members of the Reg family have been
shown to affect focell regeneration andior nesgenesis,'” '™
Amother family of proteins, namely the increting, have also
been shown to have implications in regeneration of pamere-
atic endoerine ssue ™7 dany of these factors have

shown regenerative potential both in wivo and i witro.

MPS can enable screening of a large number of transcrip-
tion Factors involved in islet differentiation and thereby im-
prove existing islet regeneration strategies and unoover new
rejencration pathways and agents. Sech devices would allow
the control of the physical and biochemical environment
neecled to induce differentiation, support long term culture
of islets and their differentiation processes [which last sev-
eral days), and enable the evaluation of the inital state and
result of islet differentiation. The microfluidic devices can

ilso serve as a pre-sereening tool for regenerating agents, be-
fore testing nowvel strategies fn vivo.

In anddition, the on-chip microenvironment can be @ilored
to mimic ir vie conditions. For instance, incorporation of
0 extracellular matrices that maintain ishet-mateix ingerae-
tion would provide a more optimum environment for isket re-
peneration. An example of such a platform is reported by
Wan o al, where e:l:lhl].'uir] bodies were differentiated on-
chip during long term cultures in 30 eollagen matrces. '™
Immunotluorence staining wis then atilized to assess the dil-
ferentiation of embryoid bodies within 3D extracellular ma-
trix cultures.'™ These types of platforms have been recently
upgraded by adding microflwidic well arrays to capture em-
bryodds, exposing them to stimulstion gradients and allowing
easier imaging and more reproducible resules.'™ Swuch plat-
forms can be easily transkated for isbet studies where immobi-
stirmulation and imaging of islets can be perbormed.

Since islets have been shown to be harmed by shear stress
in microdlusdie ml.'l.'imulnL".lltx.“' PSS devices can be desigmed
to reduce fluid-induced shear stress on cells. For instance,

such devices have been developed to facilitate cell differentia-
tion in sheltered regions away  from main flow chan-
nels " 1y addition, the perfusion environment can be i-
kel w0 control media delivery across cells, Fung et al '
showed that by exposing both halves of a single embryodd
body to different fows, expression of differentiation markers
varbed across the emboyoid body. Such a setup would be very
usetul to examine the long term effects of stimulation grsdi-
ents across different regions of the islet. Some o
devices have been developed  for delivery of stimualagion

icrofluidic
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gradients o isbets™ and fecells,™ These can be adapted
obgerve the effect of grodients on islet regenerntion.

Evaluating the expression and secretion of islet proteing
emables tracking of the differentiation process and determi-
mation of the regenerated tissue functionality. For instance,
when Hui et af. "™ induwced pancreatic ductal cells to differen-
tiate into insulin secreting cells using an increting these cells
were tested for insulin gene expression, imtrscellular insulin
content and insulin secretion. Zhou e ol "™ differentiated a
pancreatic duoct cell lime inte endocrine cells, and used
staining for insulin, glecagon and pancreatic palypeptide o
evirluate this transformation. Another stody demonstrated
that islets could be differentiated towards highly proliferative
duct-like structures, and then back it isket-like structures,
through the sction of a Rep fumily  protein'™  Here,
immunadetection of  insuling, jrlucapon, somatostatin and
pancreatic polypeptide on different days allowed the differen-
tiation process to be trcked. In addition, immunostaining
these hormones within e islet-like structures established
their islet-like phenotype. Furthermone the functionality of
the islet like stroctures was demonstrsted  based on their
comparable glucose stimulated insulin release o freshly iso-
lated iglets. These studies provide proot of coneept for using
the SF o monibor and assess islet regenenstion. Multiplesed
detection of key islet proteing comprising a relevenat 5F can
provide & more comprehensive evaluation of the isbet regener-
ation prsoess.

Integrated on-chip biosensing twools For an islet 5F, as ome-
eried in previous sections, can provide ools to assess the suc-
cess of an islet regemeration Strategy. An established SF bor
freshly isolated islets can be used as a baseline for assessing
the functionality of regenervted pancreatic endocrine tssue,
The real time capability of cell secretion bissensors can pro-
vide continuous assessment of the multiple phases of regen-
eration processes. In addition to SF biosensing, multiple cell
parameters can be measured wsing other technigues, for ex-
ample by coupling with fuoreseence imaging for differentia-
tion markers. Hence, MPS coupled with real time monitoring
of & relevant SF have the potential to provide powerful tools
to enhance understanding and eontrol over islet regeneration
strategies and Furthermore provide gquality assessment of reg-
emerated endocrine tissue,

4.3 Drug development and se ing for diabetes

Type 11 diabetes (T2D) is uswally characterioed by insulin ne-
sistance in ar]:ipuxl.' tissue, skeletal muscles and liver tissue,
and by a reduction in insulin production by the pancreas. In
order to treat this disease, different therapeatic agents are
used to stimulate insulin production [eg sulfornylureas and
mieglitinicles), or to reduce insulin resistinee in Ginget tissases
[eg thiazolidinediones and metformins].

The process for developing new anti-diabetic drugs usually
starts with da vive and fa vitre models. These models are used
b assess the :thIJI."H.iIJI:I., dlistribbution, metabolism, excretion
and toxicity (ADMET] of the nowvel therapeutics. Current
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models for diabetes drug diseovery and research include:
chemically induced in v models (streptozotocin and al-
losan) and genetic models of diabetes such as the fatfa mat,
Goto-Kakizaki rats, the db/db mouse, and the obleb mouse.
The advantages and dissdvantages of these models have been
extensively  reviewed elsewlere, 71 Aadclitionally, in witro
models include: islet preparations from humans and other
species along with insulinsecreting cell lines [RIN, HIT,
F-TC, MING and INS-1 cells), to assess compounds that en-
haneoe insulin secretion; hepatocytes, muscle cells (L6 and
C2C12) and adipocytes (3T3-L1 cells) for compounds that re-
duce insulin resistance. The interested resder is redirected o
relevant reviews of these fn wire models, 555

Despite the demonstrated value of these 0 wro and
i vitre models to beter understand diabetes, as in isher
transplantation, there is a lck of prediciability when resules
are extrapolated to humans. This predictability challenge
iy hawe its origin in vital anaton

I and plysiclogical dit-
ferences that are rarely taken into account.'® Evidemce of
these differences can be found in a recent work whene re-
agrregted human pancrestic isbets wene assessed and com-
pared to native human islets and rat iglets for secondary drug
sereenimg."™" The response of the different islets wene signifi-
canthy different when tested against a varsety of compouncds
durm channel  agonist Bay K 86dd,
H;|i|:||.".|||.'lmni|.l|:, tolbatamide, caffeine, earbaclol, splucigon-
like peptide-1, among: others. As the authors pointed oo, is-
let re-aggregates may represent a more homogenous model
for druyg screening sinoe native islers present sioe and compo-
sitiomal heterogeneity. As a result, they can improve assay re-
peatability and quality and due to their enhanced response o
thenypeutics and secretagosues, islet reaggregates may also
prowvide an important alternative source for ransplantation.
However, caution may be needed when studving ADMET in
climical trials, simee oltimately isbet re-agrregates will not e
flect the response of mative islets due o possible alterations

such  as  the o

of important cell-cell contacts (juxtacrine signaling) or par-
A Thig iy have important consegquences for

crine effects.
e arbeomee of hurman trials,

In a distorted metabolic disese such as T2D, glocose ho-
misstasis is achieved through systemic signaling betwsen
different cells and tissues. Thus, an fa witro metabolic net-
work comprising human primary cells represents a mone ac-
curate macel of T2D pathophysiology. However, long term
ulture is a key consideration when designing such network
platforms for drug screening (ADMET), particularly for toxic-
ity stuclies where 28-90 days culture is usually required. '™
Bloreover, interconnected cell networks bring adcditional chal-
lenges beeause contamination or death of one cell line within
the network will compromise the entire network. Despite the
challenges, thise networks hove promise o replace animal
models and to provide a more reliable elinical model for drug
sereenimg, as shown by the emerging concept of body-om-a-
chip. "™

Tar date, there is no report of a pancreas-on-chip and there
are fiew reports of metabolic networks aiming to assess the
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pathophysiology of T2D and the effect of therapeutics. One of
such reports is a setup that incorporates a 3D culture of pan-
creatic iskets and adipecytes derved  from Sprague-Denwdey
rats.'™ A pedfusion systermn was used to stimulate glueose de-
pendent insulin secretion from the islets within a 30 scaffold
seeded with adipocytes. After long térm expasure 0 high glu-
cose, the adipeeytes started behaving like obese adipocytes
secreting more leptin and resistin, This in time decreased
and delayed the insulin secretion from the islets,

Another report shows a 3D tissue i witro model where he-
patoeytes, adipocytes and endothelial cells were cultured in
modular bioreactors with a common medium fowing be-
tween them™ [Fig. 100 The goal of this work was 1o prolbe
crosatalk between tissues and determine how each tissue con-
tribtes to the entire body metaboelic profile. In this system,
inflammatory markers [IL-6, THL-n, and E-selecting and e
tabslites (glucose, FFA, triacylglycerides, alanine, lactate, glye-
eral, and albumin) were monitored over time in response o
energetic substrate imbalances such as glucose excess or ne-
duced insulin within the system. Noteworthy, the system was
developed using human cells exclusively. It also demon-
strated how an imbalance of energetic substrates changes the
overall equilibrium of the model system, just as it occurs ina
complex in vive model. If isbets are incorporated in such a

A D=
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gystem, it could provide a uwseful model for isbet response ina
metabolic network.

By defining a meaningful 5F of healthy pancreatic islets
and monitoring it in real-time for ADMET, it may be possible
to monitor a futune @ witre pancreas model that replaces the
equivalent animal model. Likewise, the concepts of a sec-
retommee signature and a SF can be extended o other cells ina
metabolic network such as the aforementioned. Thus, differ-
ent subpopulations of cells with the potential to become the
target of novel T2D therapeutie agents might be identified.
Additionally, a plathorm with real-time capabilities will be
able to simultanecusly monitor many aspects of ADMET
within these networks, comprising a high-throughput screen-
ing system. These platforms should minimise nesource con-
sumption and increase the correlation between clinical trials
and fa vitre models, hence reducing oosts from drug disco-
ery o commercialization.

Thus, different subpopulations of cells with the potential
to become the target of novel T2D therapeutic agents might
b identified. Additionally, a platform with real-time capabili-
ties will be able to simultaneously monitor many aspects of
ADMET within these networks, comprising a high-throughput
sereening systerm. These platforms should minimize resource
consumpiion and incnsse the correlation between  clinical

=1 -
e ——— "
L —

FFa

—_— Ay
[+ ]

ALK LAC

Fig. 10 Al Schematic representation of a 30 tsswee network (ref. 198 In the guasi-wive {OY) chambers, hepatocytes [HEP) and adipacytes {4T) are
cultured in 2 bow shear laminar flow regimen. In the Bminar flow chamber {LFC|, endathelial cells [EC) are cuttured under a high shear laminar flow
regimen. |B) Fractioral vasation in metabolite concentrations for 1-way dynamic cultures of AT, EC and HEP. (C] Fractional vanation in metabobte
concertratiars far & 2-way (AT#EC) cell culture netaark and S-way |AT+EC+HEF) cell culture networne GLU (ghucose), GLY |glyceroll, LAC flec-
tated, ALA (L-alanine), E-2EL [E-selectind |Reproduced from ret. 196 under the terms of the Creative Commans Public Domain Declaration].
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trials and de witro models, benoe reducing oosts from doeg dis-
covery by commencialietion.

5. Conclusion and future perspective

In this review, we have provided a peneral sverview of the sec-
retinme and the potential determination of it for pancreatic
wlets. We presented the state of the art of analytical tonls
and microfluidic platforms for monitoring a relevant islet SF.
We have also proposed that defining a particular 5F for
healthy islets, diseased iskets and viable islets can be used as
a baseling to dynamically monitor isbet functionality and via-
bility. Thus, SF monitoring has applications in islet guality
assessment before transplantation, islet regeneration studies
and drug sereening. In the case of tnsplantation, monitor-
ing a 5F can provide an assessment of islet viabili

ty amd po-
teney from both human and alternative sources. For islet ne-
peneration, the 5F can be used to assess the guality amd
functiomality of pancreatic endocrine tissue after testing the
outcome of a regeneration strategy. LOC platforms can pro-
vide tools to more easily sereen a wide variety of biochemical
environments and reagents as candidates for improved ne-
peneration strategies in oa repeatable manner. For doog
screening, SF monitornng can be integrated with a pancreas
organ-on-chip  deviee to assess ADMET.  Moreaver, by
extending this concept to a cell network, it will be possible o
mode] a complex metabolic disease such as T20, where novel
mechanisms for therapeutics based on the cross talk within
the cell network can be discovered. This in time may replace
the expensive use of animal maodels and increase the correla-
thom between in witro musdels and homan trials. Notewoarthy,
due to the challenges and complexity of maintaining iskets in
loang termn cultwre, to date there s no reports of o pancreas-
on-chip for drug screening. In addition to these applications,
nowel physiological aspects of human pancreatic islets, such
as islet paracrine and autocrine eftects in native and  ne-
aggregated islets can be studied. This may lead o the disoov-
ery of novel therapeutic agents able to regulate these effeces.
Binmedical prohlems often regpuine
multidiseiplinary approaches, especially in the case of pan-

creative

creatic ishers. Interest in secretomics has increased in recent
wvears, becouse it has the potential @0 provide new librures of
diagnostic biomarkers and o dentily novel therapeutic tar-
gets. Increasing collaboration between different fields such
as enmgineering, biology, medicine and analytical chemistoy
iy contribute in developing functional echnologies to in-
vestigate the secretome of a wide variety of cells and to define
and dynamically monitor relevant 5Fs.

Available plaforms for single islet analysis and drug
sereening do not yet offer muoltiplesed technigues and are
burdened by highly complex operation. The ability 0 easily
monitor several functional parameters from a single human
ilet would offer a significant technical advantage over cur-
rent bechnbgues.

MPS are wellestablished tools and their echnobogy con-
tinues o evohe. Once more advanced micro- and  mane-
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anmalytical technolsgies are incorporated imto MP5, entine
metabolic networks or a body-on-chip can be achieved. Fur-
thermore, these platforms can combine 5F monitoring tech-
nigues with traditional techniques employed in the “-omic™
feebds such as mass spectrometry of BNA segquencing to oom-
prise a robust tood for systems biology. The potential of these
platforms is enormous, but many challenges still remain o
be addressed. Herein lays considerable opporunities  for
interdisciplinary research teams, particularly in secretion bio-
sensing and in coupling and automatizing “-omics™ tool with
MPS. This in time may provide relevant applications in sys-
temic or metabolic diseases such as diabsetes, lowering the
economic burden on health systems and inereasing the qual-
ity of life of diabetic patients.

Acknowledgements

The authors acknowledge the financial support from the Nat-
ural Science and Engineering Research Council of Canada
[MSERC), the Fonds de recherche nature et technologies-
Team Grant, the NSERC-CREATE in 155, and FRC scholarship
from Consejo Macional de Ciencia y Teconologia de México
[CONACYT] and Secretaria de Educaidn Pablica de México
[SEP). The authors are also thankful to T Johns, M. Mekhail,
for their insightful comments and editing of this manuseripe.

Motes and references

1 G K. agrawal, M. 5 Jwa, M. H. Lebrun, D. Job and R
Rakwal, Profeoorics, 2010, 10, T99-427.
P. Mukherjee and 5. Mand, Slochfe. Biophps. Acte, Proteins
Proveoutics, 1834, 2003, 2226-2232,
¥. Hathout, Expert Rev. Proteamics, 2007, 4, 239248,
Bl Miepel, 5 L. Spencer and P. K. Sorger, Carr. Qpin. Chems
Hial., 200%, 13, 556-561.
A, A Cohen, N Geva-Zatorsky, E Eden, M. Fremkel
Morgenstern, L Issseva, A Sigal, R Milo, C. Cohen-Saidon,
W, Lirom angd Z. Kam, Sededce, 2008, 322, 1511-1516.
G K. E. Gascoigne amd 5. 8. Taybor, Cancer Cell, 2008, 14,
111-122,
T ). G Yook, Nchefes Res. Ol Proct., 2001, 93, 525-526.
& T. Otonkoski, M. Banerjee, O, Korsgren, Lo E. Thomell and
1. Virtanen, Naberes, Obes, Metab, 2008, 10, 119-127.
% P. Rorsman and M. Braon, Admie Sewr. Physiod | 2003, 75,
155-174.
in K. P'|.1|u|:|skj. B. Given amd E. Van Cauter, i frevesn.,
1988, 81, 442,
11 P, Lefebvre, G. Paolisse, A Scheen and | Henguin,
Digbetologia, 1987, 30, 443-452
12 P Gilon, B M. Shepherd and )-C. Henguin, L Sl Chem,
1993, 268, 2X265-22 168,
13 A Go Jones amd A T, Hattersley, Diabetic Med,, 2013, 30,
B03-817.
14 P, Woesterrnark, A, Andersson and G, T, Westermark,
Pirpsiol. Rew., 2011, 91, T95-826.
15 D. Brandenburg, Exp. éabetes Rea, 2008, 2008, 576062,

bt

[y

w

tak Chip, 016, 16, 405431 | 427

190




Published om 15 December 20035, Downloaded by MeGill University on 00002016 17:54:43.

Coritical rewiew

16

17

18
1%

pa

i |

213

|

25

26

2

]

i}

i)

31

L
)

33

eS|

a5

I

a7

38

428

C. J. Easley, ]. V. Rochelexn, W. 5. Head and D. W. Piston,
Anal, Chew, 2009, 81, SUEE-90495.

0. Cabrera, I M. Berman, N. 5 Keovon, C. Bicondi, B, Q.
Bergprem and A Caicedn, Proc. Natl Aced, 5e L 8 A
2006, 10E, 2334-2335.

A, Caicedo, Semin, Cell Dew, ol 2013, 24, 11-21.

0. Bogon, M. Armanet, P. Morel, M. Niclausg, A Sgrod, Y. DL
Muller, L. Giovannoni, G. Pamasd and T. Berney, Déabefes,
2010, 59, 1202-12140.

5 T. Hanna, G. M. Pigeau, ] Galvanovskis, A Clark, P.
Rorsman and P. E. MacDonald, Pflaegers Arch., 2008, 457,
1343-12500

. Broun, K. Ramracheya, 5 Amisten, M. Bengptsson, Y.
Maoritoh, €. Zhang, P R Johnson amd P Rorsman,
Dicbetmlogta, 20049, 52, 15661578,

2 M. Braun, R. Ramracheya, M. Bengisson, €} Zhang, J.

Karnauskaite, C. Partridge, P R Johnson and P Rorsman,
Diebetes, 2008, 57, 1618-1624.

M. Brounm, in Pencrectic Sefn Celf, ed. G. Litwack, Elsevier
Academic Press Inc, San Diego, 2004, vol. 95, ppo 1651935,
W, Wierup, F. Sundler and B % Heller, § Mol Endocrimal,
2014, 52, R315-R49.

5 . Le Marchand amd D W. Piston, J 8ol Chen,
2010, 285, 14389-14398.

X Wang, L. i, C. Guille and M. G. Roper, Electrophoresis,
2015, 36, 1172-1174.

E. G_l.lll‘u aml A Tengholm, Dichetes, s Metab., 2014, 16,
102-110.

K. Dezaki, B. Damdindor, H. Sone, 0. Dyachok, A
Tenghodm, E G_\'|f!, T. Kurashima, M. Yoshica, M. Kakei
ane T. Yada, Wabetes, 2001, 60, 2315-2324,

T. Aawa, T. Kaneko, K. Yamauchi, H. Yajima, T.
Mishizawi, T. Yada, H. Matsukawa, M. MNagai, 5. Yamada
ancl ¥, Sato, Life Sci, 2001, 69, 2627-2639,

B. Farhat, A, Almelkar, K. Il:l:luu.'llalldran, & ]- Williams,
H. H. Huang, [ Zamierowksi, Lo Movikova and L. Stehno-
Bivtel, fslers, 2013, 5, A7-04.

H. H. Huang, L. Nowikova, 8. . Williams, L ¥. Smimova
anel L. Stehno-Bitvel, Tefets, 2011, 3, 6-13.

M. Ahmed, ]. Forsberg and P. Bergsten, [ Proteome Res.,
2005, 4, 931-940.

P. Bergsten, [Nabetes, Obes. Metab, | 2009, 11, 97-117.

M. Ahmed, in The itz of Loagerhans, Springer, 2010,
Pp- 36E-3900

L Yousefi, J. Sarvari, B Makomuors, Y. Kuramitso, A,
Ghaderi and 2. Mojtahedi, Folie Higfocherm.  Cpobial
2012, 50, 368-374.

E. Imperling, 1. Coloita, M. Caterino, P Mirabelli, .
Pagmaezi, Lo Del Vecchio, B Di Noto, M. II'lmppulu amd 5.
Orru, J. Cell. Biocfem., 3003, 114, 2577-2587.

C.oA. Formola, R Williams, H. Gordish-Dressman, T. .
MacDomald, M. H. Lee and Y. Hathout, J. Profeome Res.,
2011, 1, 3149-31549.

LK. Jha, B Seo, |-H. Kim, BoG. Kim, [SY. Cho oand K.
Suk, Biochin Riophye Acta, Profeias Proteanmics, 1834, 2013,
2418-2428.

Lak Chip, 2016, 16, 4005-431

35

40

41

42

A

44

45

4

47

48

4%

50

51

52

53

54

5%

S

57

58

5%

6l

61

62

Wi Artich Online

Lab on a Chap

J. H. Yoo, ] Kim, P Song, T. G, Lee, PG Sub and 50 H.
By, Adhv. Bl Regud, 2012, 52, 340-350.

J. Thang, 5 A Kroweovk, B Chaerkady, H. L. Huang, R.
el -5 Bacder, G. W. Wong, B, E. Corkey and A Pandey,
- Priweowne Res., 2000, 9, 3228-3234,

B Chevallet, H. Diemer, A Van Doessealer, C. Villiers and
T. Rabillowd, Prdecmics, 2007, 7, 1757-1770.

G, Kulkami and C. MeCulloch, L Cell Sei, 1994, 107,
V169-1179,

1. Charles, & E:Ila|_'f!':], 0. B Eumar, R Krialulanuu.lrth_l,-.
K. 5 Rogue, N, Cooper and M. Agarwal, fmvest. Oofcholmol
Viswal 57, 20005, 46, 13M-1314,

5 Pirkmajer and A, V. Chibalin, As. 0 Physiol, 2011, 301,
C272-C279.

A, Gallotta, E Orzes and G, Fassina, Ol Lab Med,
2012, 32, 3345

J. 8 Daniels and M. Pourmand, Electrvamalpsis, 2007, 19,
1ZI9-125T.

C-H. Lin and S-M. Hwang, Cpokine+, 2005, 32, 270-275.
W. A LaFrambasise, D Healise, P. Stoodley, 5. Graner, B D,
Guthrie, J. Magovern and M. Becich, Am [ Phygpsiol,
2007, 292, C17T95-C18048,

Y. La, J. J. Chen, LY. Mu, 0. Xoe, Y. W, P. H. W, ]. 14,
A 0o Vortmeyer, K. Miller-Jensen, Do Winz ond R, Fan,
Amal. Chent., 2003, 85, 2348-2356.

E. K. Sackmann, A. L Fubon and Do . Beebe, Notwre,
2014, 507, 181-18%,

B Fan, (. Vermesh, A. Sovastava, B, K. Yen, L. Qin, H.
Ahmmad, Go A Kwong, C.AC. Lin, | Goubd and L. Hood, Nat
Hiotectomal., 2008, 26, 1371-1375,

0. Chen, J. Wu, Y. Ihﬂll.:.: amd J-M. Lin, Aacl Chem,
2012, 84, 1695-1701.

. Ma, B Fan, H. shmad, ). shi, B, Comin-Anduix, T.
Chodan, R O Ko, CAC. Liw, G A, Kwong and C. G, Radu,
N, Med, 2011, 17, 738-T43.

K. Galler, K. Broutignm, €. Grosse, ] Popp and U
Meugelauer, Aralpst, 2014, 139, 1237-1273.

¥. Lin and A K. Singh, fald, 2013, 18, 446—-454.

¥. Wany, J. F. Lu, ). E. Mendorss-Elias, A F. Adewnly, T. A,
Harvat, K. P. Kinwer, I Lee, M. i, Do T. Eddington and ).
Oberhadzer, Bfomaalysis, A0, 2, 17249-1744.

J. G. Shackman, G. M. Dahlgren, ]. Lo Peters and R T.
Kennedy, Lak Chip, 2005, 5, 56-63.

P, N, Silva, B. ). Green, 5 M. Altarsentoea and [ W,
Rochedean, Lab Chip, 2013, 13, 4374-4384.

M. Mourmohammadesdeh, . F. Lo, M. Bochenek, ]. E.
Bendica-Elias, (. Wang, 2. Li, L. Y. Zeng, M. G. Qi, D. T.
Eddington, ] Oberholeer and ¥, Wang, Amal Chem,
2013, 85, 11240-11249,

A, Fo Adewola, D Lee, T. Harvat, ]. Mohammed, [ T.
Eddington, . Oberhalzer and ¥, Wang, Broomed
Microdevives, 2000, 12, 409-417.

J. & Mohammed, Y. Wang, T. A. Hanat, |. Oberholzer and
0. T. Eddimgton, Lab Chip, 2009, 9, 97-106.

M. G. Roper, ]. G. Shackman, G. M. Dahlgren and B T.
Kennedy, Anel. Cher, 2003, 75, 47114717

The pumal & B The Roval Socleby of Chemising 20LE

191



Published am 15 December 2005, Downloaded by BeGill University on 01002016 17:54:45,

Lab on a Chip

LE]

il

L]

6l

67

6

64

a1

J. G. Shackman, K. B Reid, C. E Dugan and K. T. Kenmedy,
Anal, Féovemal, Chem, 2002, 402, 2797-2803,

5. B Cheng, C. D Skinner, ]. Taylor, 8. Attiya, W, E. Lee, (5.
Picelli and . ] Harrison, el Chee, 2000, 73, 1472-147%
A, Bromberg and R A Mathies, El'ecr.n.lgp.fmrﬂ.l'.'a 2004, 25,
15551 S0

J. F. Dishinger and R. T. Kennedy, Amal Cheni., 2007, 79,
G47-954.

J. F. Dishinger, K. B Reid and B T. Kennedy, Aol Chenr,,
2009, 81, 3119-3127.

A B Lomasney, Lo Yl amd M. G. Roper, Arml Chest,
2013, 45, 7919-T928,

J. V. Rochebeau, G. M. Walker, W. 5 Hesd, 0. P.
MeGuinness and D, W. Piston, Proc. Neil dced, Sci 1) 5 A,
2004, 101, 12H599-12503.

L. ¥i, X. Wang, R Dhunlp:!. A 8. Schrell, N Mukhitov and
M. G. Roper, Lab Chip, 2014, 823-832.

A. Takahashi, P. Camachio, J- D Lechleiter and B. Hermamn,
Pfrpaiol. See, 19949, 79, 108%-11k5

K. Fhanmg and M. G, Roper, Amad Chewe, 200%, H81,
1162-1 165,

B Dhumpa, T. M. Truong, X Wang, R Bertram ane M. G.
Ropert, Stophys. [, 2004, 106, 2275-2282.

EL Terao, M. Gel, A, Okonogd, A, Fuke, T, Ckitsu, T, Tacda, T.
Suzuki, 8. Najpamatsu, M. Washizo and H. Kotera, 50 Rep,
2014, 4, .

J. ¥. Rochebean, M. 5. Remedi, B, Granada, W. 5. Head, . C.
Kaoster. ©. G Michols and 0. W, Piston, PloS Sl , 2006, 4,
e,

0. Chen, W Du, ¥, Liu, W Lin, A Kuznetsow, Fo E. Memdez,
L. H. Philipson and B. F. Ismagiloy, Proc. Naif, Acod. Sci
LS A, 2008, 106, 1684316840

C. 5 Nunemaker, J. F. Dishinger, 5 B Dula, B Wu, M. J.
Merrins, Ko R Beid, A Sherman, BT, Kennedy and Lo S,
Satin, MLoS One, 2009, 4, 8428,

E. K. Beid amd R T. Kennedy, Amal Chewi, 2009, 81,
GAIT-6E42

XK. Zhang, A Grmley, B Bertram and M. G, Roper, Amal
Chem., 2010, 82, 6704-6711.

K. H. Mam, W. Yong, T. Harvat, A. Adewola, 5. Wang, ].
Oberhobeer and [n T, Eddington, Biomed  Microdevices,
2010, 12, 865874,

L. A. Godwin, M. E Pilkerton, K. 8. Deal, D, Wanders, R. L.
Judd and C. . Easley, Amal Chem., 2001, 83, 7166-7172

2 Morris, D. ). Banks, L. Gaweda, 8. Scott, X, X Zho, M.

Panico, P. Georgiou and C. Toumazow, Comferemee
proceedings ;.. Anmanal Interaationad Conference of the IEEE
Engimeering in  Medicine  and  Stology  Society.  JEEE
Engimeering in  Mediciee  amd  Biology  Soclely Armucl
Comferemde, 2011, vol. 2001, pp. B412-8415.

EL 5 Sankar, B. ]. Green, & R Crocker, . E. Verity, S5, L
Altamentova and ). V. Rocheleas, PLof One, 2011, 6,
224504,

J. F. Lo, ¥. Wang, A. Blake, G. K. Yu, T. A, Hanat, HL Jeon,
] Oberhaleer and D, T. Eddington, Asal Cheme, 201F, 84,
1987-1991.

This joaamal is & The Hoyal Socicty of Chemisinge 8115

a5

Al

|7

a8

a5

an

a1

92

43

a

9%

s

47

a8

a5

100

101

2

LIk}

104

105

106

LIk

108

109

Wiww Artich Online

Critical resiew

0. Lee, ¥. Wang, |. E. Mendoza-Elias, A. F. Adewaola, T. A.
Harvat, K. Kineer, I Guiserrez, M. O, D T, Eddington anc
). Oberhobeer, Biovmed. Microdevices, 2012, 14, 7-16.

Ao Ko Lam, P. M. Silva, 8 M. Allamentova and V.
Rochebeau, frefege. Binl, 2012, 4, 838-846.

¥, Wang, D. Lee, Lo Zhang, H. Jeon, J. E. Mendoza-Elias,
T. A. Hapvat, 5. Z. Hassan, A, Zhou, D, T. Ed.d.il'l;[l.sm and J.
Oberhoboer, Biomed. Microdevices, 2002, 14, 419-426,

¥. X. Hiang, [n Cai and P. Chen, dAnol Chewm, 2011, B3,
A3GI-4406.

5 Misler, D. W. Barnett, B. Do Gillis and D M. Presse],
Dicbetes, 1992, 41, 1221-1228.

M. Braun, K. Ramracheya, P. R. Johnson and P. Rorsman,
Ama. N Y Acmd, Fer., 2005, 1152, 187-1%3,

5 Hanna, G. Pigeaw, |. Gahanovskis, &, Clark, P. RBorsman
and P, MacDonald, Flueges Arch., 2009, 457, 1343-1350,
0. 5 Lociani and ). D. Johnson, Mol Cell Endoceirol. |
200K, 241, B854,

M. Braun, R. Ramracheya, M. Bengisson, A, Clark, ]. N.
Walker, . B_ Juhnson and P Rorsman, Diebetes, 2000, 59,
ThG4-1 700,

B Ramracheva, C0 Warnd, B Shi-_qrtu. J. M. Walker, 5.
Amisten, ). Ihull.:.:. P R Johnson, P Rorsman and M.
Braun, Diebetes, 2010, 59, 21982208,

P, Proks, L. Eliasson, © Ammiils, P. Rosman and F. M.
Asheroft, . Brg Phys., 1996, 496, 235-264.

A Y. Lau, P |. Hung, & R Wo amnd Lo P. Lee, Lab Chip,
205, 6, 1510-1515,

B. B Bruhn, H. ¥. Liu, 8 Schuhlsden, A. J. Hunt, A
Mordovanakis and M. Mayer, Lob Chip, 2004, 14,
2410-241T.

B Pamtoja, |. M. Nagarah, Do M. Starace, N. A Melosh, R
Blunck, F. Bemnilla and ], B Heath, Biosens Sioelectrom
20Mk4, 20, S09-517.

X Li, K. G. Klemic, M. A Rewd and F. ). Sigworth, Nano
Lett, Dlish, 6, 8150149,

J. Dunlop, M. Bowlly, B Ped, D. Vasilyev and B Arias, Nat
Bev. Drug Discovery, 2008, 7, 358-368.

C. Farre, M. George, A Brioggemann and N Fertig, Drugy
Discovery Today: Tecknol, 2008, 5, e2i-e28

5 Gopel, T. Kanno, 8. Bang and P. Rorsman, | Emp Phys
2000, 5XH, 497-507.

5 Giipel, T. Kanno, 5. Barg, X G. Weny, |. Gromada and P.
Roraman, [ Eng Pl 2000, 528, 509-5H.

S5 Giipel, T. Eanme, 5 Barg, ]. Gohanmskis angd P
Roesman, [ Pipsfol., 1999, 521, 717-7240.

C. . Paras, W. Qian, J. B Lakey, W. Tan and B T.
Kennedy, Cell Biochem, Rioplps, 2000, 33, 227-240.

A Salimi, M. Roushani, 5. Soltanian and R Hallaj, Anal
Cheme, 2007, 79, 7431-7438.

B. Rafiee and A. R Fakhari, Siosens. Sfoelectron,, 2003, 46,
130135,

M. Amini, M. B. Ghalivand and M. Shamsipur,
- Electroanal, Chem, 2004, 714-715, 70-7h.

J. Y. Gerasimow, C. 5 Schaefer, W. Yang, B L. Grout and
B Y. Lad, Sioseres. Htoefeciron, 2013, 42, 62-68.

Lat Chig, 2004, 16 al6-431 | 429

192



Published on 15 Decenber 2015, Downloaded by MeGill University on 01022006 | 7:54:45

Lab or & Chip

162
163

164

1635

171

172

173

174

173

176

177
178

M. A Naftanel and D M. Harlan, PLoS Med., 2004, 1, ¢38.
K. K. Papas, T. M. Susgynski and C, K. Colton, Cure, Opir
Organ Transphiat., 2009, 14, 674-682.

T. Yamamato, A Horiguchi, M. Ite, H. Nagata, H. Ichii, C.
Ricordi and 5 Mivakawa, | Hepefobiliory Pancremt. Surg,
2009, 16, 131-136.

C. K. Colton, K. K, Papas, A. Pisania, M. ]. Rappel, D. E.
Posers, . ], O'Neil, A, Omer, G. Weir, 5. Bonner-Weir and
C. Halberstadt, Charecterization of fslet  preparations,
Elsevier, Amsterdam, 2007,

G, Loganathan, M, L. Graham, D, M. Badasevich, 5. M. Soltani,
M. Tiwarl, T. Anszawa, K. K. Papas, D. E. it Sutherdand, B. J.
Hering and A, N. Balamumgan, Transplomimion, 2013, 95,
1439-1447.

C. HRicordi, ]. Lakey and B. Hering, Tronsplamt Proc,
2004, 33, 1709,

F. Hertuezi and . Ricordi, Dichetes Care, 2007, 30, 410-417,
M. London, 5. Thirdborough, 5. Swift, P. Bell and B James,
Transplat. Proc., 1991, 23, 749,

C. Ricordi, D, W, Scharp and P. E LACY, Transplantation,
L9RS, 45, 994996,

F. W. Pagliuca, J. R. Millman, M. Gartler, M. Segel, A, Van
Dervort, | Ho Byu, @ P, Peterson, D, Greiner and D, A,
Melton, Cell, 2014, 159, 428-439,

A, Jamal, M, Lipsett, B, Sladek, 5. Laganiere, 5, Hanbey and
L. Rosenberg, Cell Death Differ., 2005, 12, 702-712.

M. Ben-thman, M. Counney, A, Vieira, Ao Pleifer, N,
Druelle, E. Gjernes, B, Faurite, F. Avolio and P. Collombat,
Digbetes Res, Cfin, Pracs, 2003, 104, 1-%

5. Puri and M. Hebrok, Dev. Cell, 2010, 18, 342-356,

H. Kaneto, T. Miyatsuka, Y. Fujitani, H. Noguchi, K-H.
Song, K-H. Yoon and T.-A. Matsuoka, Digbetes Res. Clin
Prict., 2007, 37, S1E7-5137.

] M. Mellado-Gil, M. Cobo-Vailleumier and B, B, Gauthier,
I Transplarr,, 2012, 2012, 5.

L. €. Murtaugh, Development, 2007, 134, 127438,

Jo-Lo Liw, W. Cui, B, Li and Y. Lo, Endecr., Metab, Tmmune
Dizard.: Drug Targets, 2008, & 1-10,

ThHis journal is © The Foyal Soceby of Chamistry 2016

179

180

181

182

183

184

185

186

187

188

18%

1an

19

192

193

194

195

196

Wit Artiche Online

Critical review

A, Migliorind, E. Bader and H. Lickert, Mol Meteb,, 2014, 3,
26R-274.

H. Hui, C. wright and R. Perfeiti, Diebetes, 2001, 50,
TRE-TUEG,

] Zhou, M. A Pineyro, X, Wang, M. E Doyle and J. M.
Egan, f. Cell Plyaiol, 2002, 192, W04-314,

C. R Wan, 5 Chung and B D. Kamm, Arn, Slomed, Erg,
2011, 39, 18401847,

E. Cimetta and G. Vunjak-Novakovie, Expo Biol Med,
2014, 234, 1255-1263.

T. Cambicr, T. Honegger, ¥, Vanncaus, ], Herthier, D.
Peyrade, L. Blanchoim, J. Larghers and M. Thery, Lab Chip,
2015, 15 77-85.

W. T, Fung, A. Heyzavi, P. Abgrall, N. T. Nguyen and H. Y.
Li, Lab Cikip, 2009, 9, 2591-2595,

J. Zhou, M. A. Pineyro, X. Wang, M. E Doyle and J. M.
Egan, . Cell Physiol, 2002, 192, MH-314,

M. ]. Reed and K. A, Scribner, Duebetes, Obea Mefab,
1999, 1, 75-66,

M. Sakata, GG, Yoshimatsu, H. Tsuchiya, 5. Egawa and M.
Unno, Exp. Nabefes Res., 2012, 2012, 256707,

V. Dave, . Sharma, 5. Sharma, P, Jain and 5. Yadav, Tet. L
Adtv, Pharm, 5., 2013, 4, 1-8,

V. Poitout, L. K. Olsen and R P, Robermsom, Diebetes
Metmh,, 1996, 22, 7-14.

K. Ramachandran, X Peng, K. Bobvist and L. Stehno-Bittel,
Ar. J. Pharmacel, 2004, 171, 3010-3022,

A, Chowdhury, 0. Dyvachok, A Tengholm, 5, Sandler and P,
Bergsten, Mebetodogia, 2013, 56, 1557-1568,

Oecd, OECD Guidelines jfor the Testing of Chemicals,
Organization for Econonric, 1994,
% M. Bhatia and 1. E.
2004, TEO-T7 2.

M. G, ¥u, ¥, M. Yan, X. H. Wang and leee, Modeling insulin
secretion dpsfimction in a three-dimensional cuiinre system by
reli-aasembly rechnigue, leoe, New York, 2009,

E. lor, B. Vinei, E. Murphy, M. C. Marescodti, A, Avogane
and A, Ahluwalia, Fros ome, 2012, 7, c34704.

Ingber, Nat Fiotechrol,

Lab Chap. 2006 16 400-431 | 431

193




Rightslink® by Copynght Clearance Center https-/f=100 copynght com/AppDispatchServlat

. Copyright X _ ._
dgg=== RightsLink =

ACS P Ubl 1Cd l_ 10NS Tite: Multiplex Surface Plasmon Logged in as:
U ost inasted Most CLed inast Rea, Resonance Imaging-Based Eranckcn Castisls Flores
Biosensor for Human Pancreatic  McGill University
Islets Hormones Quantification Account #:
Author: F. Rafael Castiello, Maryam 3000511160
Tabrizian LoGOWT

Publication: Analytical Chemistry
Publisher: American Chemical Society
Date: Mar 1, 2018

Copyright € 2018, American Chemical Soclety

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because ne
fee is being charged for your order. Please note the following:

» Permission is granted for your request in both print and electronic formats, and translations.

» If figures and/or tables were requested, they may be adapted or used in part.

m Please print this page for your records and send a copy of it to your publisher/graduate
school

» Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.

» One-fime permuission 15 granted only for the use specified i vour request. No additional
uses are granted (such as derivative works or other editions). For any other uses. please
submit a new request.

BACK CLOSE WINDOW

Copyright & 2018 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. Terms and Conditions.
Comments? We would Ike te hear from you. E-mall us at customercaredcopyright.com

194



Crowendoaded via MOGILL UNIY on Movember 5, D018 at 170738 (UTC)
See hiips:pubs.pes.org'sharingguidelines for aptions on how 1o legitimately share published articles,

-
analytjcal.
emIStry & Cibe This Anel. Chenr. 2008, 50, 31132-313%

pubs.acsorgiac
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ABSTRACT: Diabetes arises from secretory defects in
vascularized micro-organs known as the islets of Langerhans,
Recent studies indicated that furthering our understanding of
the paracrine effect of somatostatin on glocose-induced insulin
secretion could represent a novel therapeutic avenue for
diabetes. While many research groups are interested in insulin
and glucagon secretion, few are particularly focused on
studying the paracrine intersction in islets’ cells, and none
on monitoring a secretory fngerprint that contemplates more
than twe hormenes. Surface plismon resonance imaging can
achieve high-throughput and multiplexed biomolecule quanti-
fication, making it an ideal candidate for detection of multiple
islet’s secretion products if arrays of hormones can be properly

SPRi Chip

implemented on the sensing surface, In this study, we introduced a multiplex surface plasmon resonance imaging-based biosensor
for simultaneous quantification of insulin, glucagon, and somatostatin, Performing this multiplex bicsensing of hormones was
mainly the result of the design of an antifouling sensing surface comprised by a mived self-assembly monelayer of CH,O-PEG-
SH and 16-mercaptohexadecanoic acid, which allowed it to operate in & complex matrix such as an islet secretome. The limit of
detection in multiplex mode was 1 nM for insulin, 4 oM for glucagon, and 246 oM for somatostatin with a total analysis tme of
21 min per point, making owr approach the frst reporting a label-free and mulliplex measurement of such 1 combination of
human hormones. This biosensor holds the promise of providing us with 3 mean for the fusther understanding of the paracrine
effect of somatostatin on glucose-induced insulin secretion and consequently help develop novel therapeutic agents for diabetes,

iabetes mellitus affects 12.9% of the adult population in

Morth America and the Caribbean region, from which
type 2 diabetes (T2ZD) accounts for 90-93% of the cases.'
Diabetes arises from secretory defects in the pancreatic islets of
Langerhans, which are endocrine clusters of cells with an
average diameter of 150 gm.” The islets are vascularized micro-
organs with five different types of cells (w, & & PP, and £) that
cooperate for hormone secretion in response to metabolic
changes.™’

Recent studies indicate that the pancreatic islet's anabomy
and physiology are species-dependent and that the unique
cytoarchitecture of human islets has significant consequences
for cell-to-cell communication within the islets.” For instance,
secreted hormones from the different islets” 1_.:|.~'|L'. may exert
paracrine interaction on their neighbor cells, ™" particularly
somatostatin whose inhibition has been shown to increase
glicose-induced insulin secretion.” Further understanding of
these paracring effects may represent a therapeutic avenoe for
T

Up until now, most of the pancreatic islet research depends
on traditional bioassays for hormone gquantification such as
patch clamp,”™"" capillary electrophoresis immunoassays
(CED, 7" and ELISA.'™ Patch clamp has been used to
study the secretion from individual islet focells™™"" and -
cells.' "' This technigue provides quantitative information

=gz ACS Publications =201 mercan Chemcal Sockey 3132

regarding exocytosis, by correlating the rate of capacitance
change with the number of granules released at 2 given time,"”
However, the patch cdlamp technique requires highly skilled
operators to trap and manipulate individual cells, s low
throughput, it only provides an indirect mexsurement of
secretion, and it lacks specificity for individual secretion
products. On the other hand, CEI has been used for direct
detection of insulin'® and glucagon’ from pancreatic islets,
During CEI experiments, islets are placed in a chamber and the
efffuent is mixed with the targeted hormone antibodies and
fluorescent-labeled hormones. The secreted hormones from the
islets then compete with fluorescent-labeled hormones for
binding sites on the antibody, This misture is then passed into
an electrophoresis channel where bound and unbound
fluorescent hormones are separated, Hormone secretion is
then quantified fluorescently by establishing the ratio between
bound and free hormone. As with patch clamp, CEl requires
skilled operators to work effectively, precise temperature
control, overcoming channel dogging, and the integration of
lasers with differant w:n-elmglhg.' " Funally, althougl operation-
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ally simpler, ELISA is difficult to use for simultaneous
quantification, is time-consuming, and is expensive. Moreover,
all the mentioned techniques face many challenges when trying
to expand them for simultaneous analysis of multiple targes.

While many research groups are interested in insulin and
glucagon secretion,” " few are particularly focused on
studying the paracrine interaction in islets’ cells,” and none
on monitoring & secretory Gagerprint (SF) for more than two
hormones. Hence, to monitor an islets” 5F, implementation of
multiplexed analytical tools is required.

In this context, surface plasmon resonance imaging [SPRi)
could be a useful tool to measure a pancreatic islet’s SF, SPRi is
now established as the gold standard to study biomolecular
interactions such as antigcn—antibod}r.“ In addition to label-
free and real-time analysis, SPRi can achieve high-throughput
and multiplexed measurements through arrays of different
molecules on the sensing surface.” In the past decade, SPR
bissensors have mostly been wsed to investigate fundamental
physiological aspects of the major secreted slet hormones,

namely, insulin,” ™7 soematostating™
tide,”™ and ghrelin.’’ However, there are no reports of a
SPHi multiplex biosensor aiming to dynamically quantify more
than two of the major secreted hormones. SPRi biosensors
present an additional advantage for this particular application
that involves measurements in a complex matrix such as the
islet secretome. This advantage is provided by designing
antifouling surfaces using self-assembled monolayers (SAM)
that reduce intedferences caused by nonspecific adsorption of
molecules on the sensor surface.”™

Here in, we introduce an SPRi-based biosensor for
mulﬁplcxﬂ] detection of insulin, g{ulagun, and somatostating
First, we studied the effect of composition on the antifouling
properties of a mived SAM of a thiolated polyethylene ghrool
[(CH,0-PEG-SH) and 1lé6-mercaptohexadecanoic acid
(MHDA). The antifeuling properties of the biosensor were
investigated by injecting two proteins: bovine serum albumin
[BSA) and lysozyme (LYZ). Next, a competitive immunoassay
protocol for imsulin, glucagon, and somatostatin was
implemented, and the bisensor performance for dividual
hormones was determined. Finally, the biosensor performance
was tested in multiplex mode performing  simultaneous
competitive immunoassays for the three hormones, and the
limit of detection (LOD) and dynamic range were determined
for cach hormone in the mixture.

pancreatic Fol:r_pzp-

B EXPERIMENTAL SECTION

Materials and Apparatus. Absolute ethanol was pur-
chased from Fisher Scientific {Fair Lawn, N_[:I, and phosphate-
buffered saline (PBS) tablets, Tween 20, and glycine were
purchased from BioShop Canada Inc. (Burlington, Ontario,
Canada). Ethanolamine hydrochloride, N-(3-(dimethylamina)-
propyl}-N-ethylcarbodiimide hydrochloride {EDC), N-hydrox-
yauccinimide (MWHS), bovine serum albumin (BSA), hydro-
chloric acid (HCI), human glucagen, human somatostatin, and
Iysozyme (LYZ) were purchased from Sigma-Aldrich (St. Louis,
MO). Tris-bufered saline (TBS) with 1% casein was purchased
from BIO-RAD. Anti-insulin antibody (6.2 mg,."rn[.] and
human insulin were purchased from PROSPECT (Ness,
Ziona, Tsmael), Anti-glucagon and anti-somatostatin antibodies
(200 pg/mL ecach} were purchased frem Santa Cruz
Biotechnologies, Inc. (Mississauga, ON, Canada). CH,O-
PEG-SH (MW 1200 Da) was purchased from Rapp Polymere
GmbH {Tiibingen, Germany). 16-Mercaptohexadecanoic acid

iy

(MHDA) was purchased from ProChimia Surfaces Sp.
(Zacisze, Sopot, Poland).

5PRi detection was performed using a scanning-angle SPRi
instrument (model SPRi-Lab+, Horiba, France). The SPRi
apparatus, equipped with an 800 nm LED source, a CCD
camera, and a microfluidic Aow cell, was placed in an incubatos
at 25 “C (Memmert Peltier, Rose Scientific, Canada),

5PRi Measurements. For all experiments, the slope of the
plasmon curves was antomatically computed by the instru-
ment’s software to facilitate the selection of the working angle
for kinetic analysis. This slope comesponds to the point of the
plasmon curve at which the slope was maximum. Reflectivity
shift (AR (%)) for all experiments was acquired upon
stabilization of the baseline. Measured values were the average
of at least three spots for each sample including controls, and
each experiment was repeated at least three times. At each step,
the substrate was wached with the running butfer PBS-T (PBS
with 0.002% Tween 20), and the difference in the reflected
intensity was mexsured by taking into account the difference
betwesn the initial and final buffer Rign.:L An injection |u|:u]1
with a fixed volume of 200 gl was used during the experiments,
A flow rate of 20 yL/min was used for all experiments, with the
exception of functionalization steps where the flow rate was
adjusted depending on the required contact time.

Substrate Preparation. For single hormone-sensing,
cleaned microscope glass shides (12 mm %0 25 mm 2 | mum,
"= I..S'I&}I substrates were coated with 2 nm Cr ag an adhesion
layer, followed by the deposition of a thin Au layer of 48 nm
using electron-beam  physical vapor deposition under high
vacuurm, Microscope glass slides were then coupled to an SF11
equilateral triangular prism (nge, = L765) using a refractive
index matching liquid. For multiplex sensing, similar gold-
coated prisms (v = 1.765) purchased from Horiba Scientific-
GenOptics, France, were wsed as received,

Surface Functionalization. Substrates were ceaned by
subsequent immersion in absolute ethanol and deionized (1)
water and dried with a stream of nitrogen. Ethanolic solutions
of 0.5 mM CH,O-PEG-5H and 0.5 mM MHDA were prepared
and mived at different molar ratios from 100% MHDA o 90%
CHJO-PEG-SH—IH% MHDA., Substrates were immersed i
the above-mentioned ethanolic sohations overnight to allow the
self-assembly menolayer (SAM) formation. Finally, the
substrates were thoroughly rinsed with absolute ethanol and
D water and dried under a stream of nitrogen.

Microscope  slides with freshly prepared SAM:s were
immediately placed on the SPRI system for subsequent
functionalization, Fin.‘r, Quniliﬁmi'r:g Wik p:rfm‘m:d b}' 4 serial
injections (contact time of 2 min each) of a regeneration
solution containing 1 M glycine pH 2.5 {1M-Gly). Then, the
surface was rinsed with PBS-T until the baseline was stable,
Mext, NHS/EDC chemistry was used to covalently bind insulin,
glucagon, or somatostatin as reported by Gobi et al.” Briefly,
200 wL of an agqueous solution containing 2 mg/ml. NHS, 1
mg/mL EDC, and 30 pg/mL of the desired hormone were
flowed over the sensor with a contact time of 1 h. Mext, an
injection of 200 uL {contact time 10 min) of 1 M ethanolamine
hydrochloride pH 8.3 was performed to inactivate unfunction-
alized —COOH groups on the sensor surface. Then, two serdal
injections of regeneration solution {contact time | min each)
were performed to remove weakly bound hormones. Finally, a
blocking solution containing 1% casein and 5% B5A in THS
buffer was injected with a contact time of 30 min, and
subsequently, at least 3 injections of the regeneration solution

Dk 101031 Jagianalkharm Feiadis
dngi Chem, 2070, B2, 15-315
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were made to remove weakly bound proteins. Figure [ shows a
graphical representation of a typical sensor functionalization,

--'“\..\;Mmam
ﬁm.. -
‘ Hamsii

Figure 1, Schematic representation of the surface Ranctiosalization of
thin A fAlms wsed in this study, The surface is compesed of a mix
SAM of 16-mercaptolesadecancie (MHDA) & a linker and a thiclated
PEG (CHyO-PEG-SH) as a spacer and antifouling agent incubated
overnight, Targeted hormones are covalently immobilzed 1w the
surface wiing EDC/NHS chemistry in an aquesus solution,

For the fundtionalization of gold-coated prisms i mulaplex
measurement mode, the procedure described for microscope
slides was followed with some minor changes, After
conditioning, 4 individual solutions containing NHS/EDC (2
mg/mL each) and 30 prg/mL of insulin, glucagon, somatostatin,
or BSA were spotted (150 nL) in triplicate on the surface of the
prism and incubated in a humidity chamber for 1 h.
Immediately atter, the prism was rinsed with a copious amount
of DI water and subsequently immersed in 1 M ethanolamine
hiydrochloride pH 85 for 10 min. Next, the prism was
immersed in the blocking solution for 30 min, subsequently
ringe with DI water and placed i the SPR Aow chamber, Then,
the regeneration solution was injected at least three times to
obtain a stable baseling before beginning with the competitive
immunoassays.

Competitive Immunoassay. For multiplex assays, stand-
ard solutions containing insulin, glucagon, and somatostatin
were prepared in PBS-T buifer at a concentration range of 1=
4000 ng/mL and mized with a cockeail of antibodies containing
anti-insulin (1 gg/mL), anti-glocagon (2 pg/mL), and anti-
sormatostatin (2 pg/mL). These mivtures were incubated for 2
min under gently mixing and serally injected over the spotted
sensor chip from highest to lowest hormone concentration
{contact time of 10 min) starting with a blank sohution
containing only the antibody cocktail. Each sensing cycle
comprised: sample injection 10 min, 5 min buffer washing, and
2 injections of regeneration selution { 1M-Gly) with a contact
time of 25 s with 3 min washing with butfer in-between. For
individual immunoassays, the same conditions were used, with
the exception of somatostatin, for which the assay concen-
tration ranged from 50 to B000 ng/ml. For all competitive
immunaassays, the uptim:| :n!ib:rﬂ:.’ concentration was defined
as the concentration that could generate a small but detectable
SPR signal of AR = 1, which has I:lcm previously reported as a
reliable AR for this type of assays.”

Statistics. For all competitive immunoassays, relative
binding (C/Cy) was calculated by dividing the response of
the standard solutions containing hormones (C) by the

EREE]

response of the blank solution containing only a fixed
concentration of antibodies {C,). To generate calibration
curves C/Cy was plotted against hormone concentration. The
calibration curves were fitted wsing a nonlinear 4 parameter
logistic (4PL) model. The lower limit of detection (L) for
all immunoassays was calculated from the calibration curves as
the blank signal {C,) minus 3 times the standard deviation. The
dynamic range for the competitive immunoassay was
established between 020/ and 0.8C/C, All data is expressed
as the average of at least 3 independent experiments + standard
deviation (510

B RESULTS AND DISCUSSION

Effect of SAM Composition on the Sensor Response.
SAMs are typically used as a linker layer for immobilization of
biological components at the transducer susface of biosensors.”
A necessary procedure when developing a competitive
immunoassay i limiting the amount of competing antigen
and antibody in order to maximize the assay's sensitivity,
Typically, commercial SPR chips achieve this by fixing the SAM
compesition and controlling the surface density of the analyte,
cither by changing the contact time or the concentration of the
analyte during functionalization. ™ However, in a mass-sensitive
technigue such as SPR, the detection of small molecules (such
a8 the target peptides i this study) is challenging. requiring
careful dzgugn of the aurface chemistry to ensure eptimal
sengitivity.” T}mg the linker to spacer ratios must be studied in
detail on a case basis.

In this work, a mixed SAM comprised of a linear thiol with a
carboxyl end group {MHDA) was used for hormone
immobilization, along with a low molecular weight thiolated
PEG {LHﬂJ—P‘E.{.. SH) that acts as a spacer and as an
antifouling agent.”” These compounds are used on a regular
basis for bicsensor development; however, this work presents
the first report using them in combination. Additionally,
contrary to the majority of the reports in the literature,™ our
study presents a long chain compound as a spacer and a short
chain as an anchor. Thus, the results obtained could be
counterintuitive when compared to previons reports. In
addition, SAM composition plays an important role on the
final surface density of immobilized biomolecules; thus, a
preliminary study was performed to evaluate its effect on the
SENS0r's response. Since somatostatin was the smallest of the
targeted hormones, it was used as the “reference” hormone for
this study.

Figure 2 shows the change in reflactivity for a fzed amount
of antisematostatin antibodies (1 pg/ml) over different SAM
compaositions. With 100% and 50% MHDA, a |argg s.ignﬂ can
be ohserved. Interestingly a change occurred after 0% PEG
malar fraction, the signal abruptly diminished and it was barcly
present for the 70% and 90% PEG molar fractions. This could
be explained by the fact that mixtures of n-alkanethicls of
different chain lengths tend to form SAMs with a composition
enriched with the longer alkanethiol ** Thus, a very little
amount of linker is left on the surface to covalently bind
somatodtatin,

For 70% and %% PEG molar fractions, it was TECEREATY o
increase 2030 times the antisomatostatin antibody concen-
tration to obtain a measurable SPR signal. This presents some
disadvantages for the sensor operation for the following
reasons: (1) for & competitive immuncassay, a large amount
of .mt‘hodles will be poorly inhibited by a small amount of
analytes,”™ (2) Each dara point in this type of assay requires the
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Figure 1. SPR reflectivity :h:mse responge of 1 ﬂs_-"mL of
antmomatostatin antibedy for different SAM compositions. P oand M
stand for CH,O-PEG-SH and MHDA, respectively,

injectson of a fresh antibody solution; hence, a high amount of
antibiadies will increase reagent cor and op
costs,

On the other hand, 100% and 300 MHDA surfase
regeneration proved to be challenging when compared to
40% MHIYA {Figure 51}, Thus, we set the final composition of
SAM as 60% PEG=40% MHDA to incorporate the maxirmum
arnount of PEG and still get a detectable signal, even with a
relative low antibody concentration.

Single-5tep Hormone Immobilization. The hormones
used in this work are small peptides possessing an N-terminal
group which could be used for immobilization on the sensor
surface, through an amide bond formation with the carboxyl
group on the MHDA, The surface functionalization was
performed in a single step as reported by Gobi et al®
Compared to typical two-step NHS/EDC esses where
butfer solutions with a variety of pH are required,”™"” the single
step functionalization offers the advantage of reducing the
functionalization time and pH adjustments for all hormones
since the reaction is pedormed in agueous solution. This is
particularly advantageous when preparing SPR surfaces using
several hormones solutions,

After chip conditioning, individual hermones and  the
immaobilization reagent (a mixture of NHS/EDC) were injected
ower the sensor chip. Once the selution reached the surface, the
SPR angle decreased slightly followed by a steady angle increase
to nearly reach a plateau representing surface saturation. At the
end of the injection, the surface was washed with running butfer
until a stable baseline was obtained. Finally, in order to make
the sensor surface homogeneous, a blocking agent containing
A% BSA and 1% casein (w/w) in TBS buffer was injected with a
total contact time of 30 min. At the end of the injection,
mnning buffer was allowed to wash the surface until
stabilization of the SPR signal occurred. After this point, at
least 2 injections of regencration solution were used to remove
any weakly adsorbed BSA and casein. Once the baseline was
stabilized, the difference in SPR angle before and after the
blacking step was measured.

Table | shows the corresponding mean reflectivity change
abserved after the individual hormone functionalization and its
corresponding blocking step (r = 3). Interestingly, since the
available functionalization sites are fived, the reflectivity change
values for each hormone functionalization proved to be
propertional to their differences in molecular weight (MW
insulin > glucagon = somatostatin},

Biosensor Performance for Individual Immunoassays.
Direct immunoassays of small molecules by SPR can be

nas

Table 1. SPR Mean Reflectivity Change after Individual
Hormone Functionalization and Their Corresponding

Blocking Step

honmone AR {li} functonalization AR (%) blodking
insulim 8.26 + 0.57 03+ 007
whacagon 457 £ 0.52 D26+ D
somabostatin 356 & 066 DAY + 017

challenging since the SPR signal is directly related to the change
in mass at the sensor surface. Cr‘ms‘u:quzn!l:f, the immunnu.Wa}lﬁ
in the present work were performed in 3 competitive manner
where inhibition of antibody binding is due o binding
occurring with hormones in solution. Thus, the higher the
concentration of hormones in solution, the smaller the SPR
signal and vice versa {Figure 3).

l-.l.‘ﬂw—r-r
*= antibasy

Reflectivity Shift

Figure 3. Graphical representation of a competitive immunoassay over
the sensor surface, After formation of & mized SAM and
functionalization with the targeted hormoene covalently linked to the
SAM, inhibitien of the Mank selotion with optimal antibody
congentration () follows due to binding occurring with hormoenes
I solution (/Gy} Thas, the higher the concentration of hormones in
salation, the smaller the SPR. signal and wvice wersa,

In general, competitive immunoassays resuire the vse of a
small antibody concentration so that slight amounts of the
analyte can inhibit antibody binding to the surface.”™ For this
reason, the optimal antibody concentration for each hormone
was defined as the concentration of the antibody that could
generate a small but detectable SPR signal of AR = 1."' This
corresponded to an antibody concentration of 1, 2, and 2 pg/
mL for anti-insulin, anti-glucagon, and  anti-somatostatin,
respectively.

To study the sensor performance, standand  solutions
containing cither insulin, glucagon, or sematostatin were
prepared in PBS-T. Then, the optimal amount of antibody
was added to the standard solution and gently mixed for a
predefined period of time before injecting into the SPR system.
Somatostatin was particularly sensitive to incubation conditions
during this step. After testing different times and miding
conditions, it was found that 2 min incubation under gently
manual agitation provided optimal conditions for sensing (data
not shown ),

Figure 4 shows the sensor calibration curves for insulin
{Figure 4A), glucagon (Figere 4B}, and somatostatin {Figure
4C), For cach hormone, mean relative binding values (C/Cy)
were plotted as a function of hormone concentration (ng/mL}.
For each experiment, the entire sensor surface was function-
alized, and the mean SPR shift was measured on at least 10
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Figure 4, Individual hormone calibration curves in PBS-T for (A} insalin, (B) glucagon, and (C) somatostatin, For each hormone, mean relative
binding values {C/Cy) were plotted a5 a function of hormone concentration {ng/mL}. Relative binding was calculated by dividing the response for
each concentration (C) by the response from a solution contalning only the optimal concentration of individual antibodies (C,). Solid lines
correspond to the fitting of 3 nonlinear 4PL model. Error bars represent the standard deviation from 3 independent experiments (1 = 3).

spots from different regions of the chip. Then, an average of
these SPR shifts from three independent sensors was calculated
and the bars in Figure 4 represent the corresponding 5D The
LOD and dynamic range for individual immuncassays are
shown in Table 2.

Table 2. 5PR Sensing Performance for Single Hormones™

LODx LoD dymamic range
hormione AR (%) (Cy)  {ng/mL} {nM) (rg/mL]
inssdin LAT £ D 12 2 15338
ghicagon 125 + B2 4 1 72—2000"
somatostatin LIL + (B3 AR 250 1257 —A000"

“all values were calculated from the nonlinear 4PL At equation derived
from individual calibration curves. The reported LOD was calculated
a5 the response of the blank () minus 3 times the standard deviation.
I'Highest concentration tested.

Additienally, we tested different sensor regeneration
solutions including 10—50 mM NaOH, 10 mM NaOH 1-
20% (v/vj—acetonitrile, 0.1=1 M glycine {pH 2-3), 1-1 M
glycine=1% (v/v) DMSO, and 2 M MgCl,, 0.1=1 M ghycine—
1% {v/v} DMSO, and 2 M MgCl{data not shown). From
these solutions, 1 M glycine with a pH = .5 provided the more
efficient conditions for surface regeneration.

Finally, the sensor's resistance to nonspecific absorption of
proteins was determined by separately injecting BSA and LYZ
with a final concentration of 1 mg."ml_.. The injection of these
solutions was performed at the end of each calibration curve
experiment under the same experimental conditions as the
standard solutions used during hormone sensing. The shift in
reﬂ:l:riril:}' was measured after 10 min of contact time and 5
min PEST wash, For all cases, during BSA injection the SPR
angle increased abruptly and later returned to a slightly smaller
baseline value, likely due to the high bulk refractive index
change during the injection. This can be mterpreted ac 2

A 244

B s
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Figure 5. Spot specificity om 1 multiplex sensing surface for (A} anti-insulin, (B} anti-glocagon, and (C} anti-somatostatin, (D) Typical blank
solution response (5) for multiplex immunoassays, Inmobilized BSA {Hﬂ.‘!l‘l |ir.|::l amdd the bare SAM surface, identified in the sruphs as “Contral”

[pinl |.ir|:}l. were used as negative controls.
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negligible accumulation of BSA on the sensor surface. In the
case of LYZ injection, the sensor registered a positive increase
in the baseline value immediately after the buffer washing step.
The adsorbed ameunt of LYZ was less than 100 pg/mm’ for all
hormone-functionalized surfaces. This value is consistent with
the definition of an antifouling surface.’” Moreover, a single
injection of regeneration solution for 25 s returned the baseline
to its original vahee, indicating a weak interaction of LYZ on the
sensor's surface, Table 51 in the Supporting Information shows
the mean {n = 3} $PR response to BSA and LYZ immediately
after buffer washing

Biosensor Performance for Multiplex Immunoassays.
Multiplex hormone detection was achieved by simultaneously
pc'rfnrming threa immunoassays. Once the different hormones
were immohilized on the surface and the chip blocked, the spot
cross-reactivity was investigated. Figure 5 shows the sensor
response to individual injection of the optimal antibody
concentration of anti-insulin (Figure 5A), anti-glocagon (Figure
5B), and anti-somatostatin (Figure 5C). The typical sensor
response to a blank solution {mix of all antibodies) 15 shown in
Figure 50Y. Each injection caused an increase in SPR signal on
the relevant spot, indicating specific binding and low cross-
contamination between the spots. A certain level signal
variation was observed between individual injections of
antibodies (Figure 5A=C) and the injection of the antibody
mix (Figure 5D, This signal variability may arse due to
subsequent injection and regeneration of the sensor’s surface
since the multiplex sensor presented a similar performance to
that of the individual sensors, as shown later in this section.
This did not represent a major drawback during the sensor
operation, as we recorded consistent and reproducible
measurement during all of our experiments,

For this experiment, two negative controls were used: the
bare SAM surface and spots functionalized with BSA, as
identified by “Contrel” {pink color) and BSA (green color) in
Figure 5. As it can be seen in Figure 50, there was a negligible
response on the BSA and “Control” spots when exposed to the
blank selution, indicating the high antifeuling properties of the
SN,

To further determine the :nlifuu]ing plup-erlies of the sensor
in multiplex mode, separate injections of BSA and LYZ with a
final concentration of 1 mg/ml were performed. As with
individual sensing experiments, BSA injection resulted in a
small decrease of the baseline while LYZ lead to a slight
increase in the baseline value measured after buffer washing.
Similarly to individual assays, the adsorbed amount of LYZ was
well within the definition of an antifouling surface”” (less than
100 pg.-frnm!). The mean 3PR response of the multiplex sensor
for BaA and LYE immediately after buffer washing is reported
in the Supporting Information (Table 52).

For the multiplex assays, freshly prepared standard solutions
(PBS-T) containing a mixture of insuling glecagon, and
somatostatin were prepared, The optimal amount of antibodies
was then added and gently mixed for 2 min before injecting
into the PR system, Figure & shows the calibration curves for
multiplex  sensing of insulin {blue], glocagon {red), and
somnatostatin (black). For each hormone, mean relative binding
values {C/C)) were plotted as a function of hormone
concentration (ng/mL). During experiments, the mean SPR
shift was measured in at least 3 spots for each hormone and the
controls, Then, an average of these SPR shifts from 3
independent sensors was calculated, and the bars in Figure &
represent the corresponding SIv The LOD and dynamic range

nay

1.24 W
T
T

1 0 o0 1000

Concentration (ng/mL)

Figure &, Multiplex hormone calibration curves In PRS-T for insulin
(blue), ghicagon (red), and somatostatin (Black), For each hormone,
mean relative binding values (C/C;) were plotted as a function of
Iermone concentration (ng/ml), Relative inding was caloulated by
dividing the response of a range of standard solutions containing a mix
Irermones {C) by the response of the blank selution containing only a
fied concentration of antibodies (Cy). Solid lines correspond to the
fitting of a nonlinear 4PL model. Error bars sepresent the standard
deviation from 3 independent experiments (4 = 3).

for multiplex immunoassays are shown in Table 5. Typical SPR
curves for the multiplex detection mode can be found in the
Supperting Information (Figures $3—56).

Table 3. SPR Sensing Performance for Multiplexed
[mmunoassays”™

max AR (%) LoD LoD chynamic range
harmene ({9 [ng.l'ml'..] {nM) I:n;:"ml.-]
imsulin 168 + 00 B 1 34—633
plucagen 152 £ 001 14 4 Bi—1552
somatostatin 093 + 003 13 Lifi 7 18—di”

“All values were calculated from the nonlinear 4PL fit equation derived
from individual calibration curves. The :rcpm'lﬂl LOY was calculated
as the respanss of the blank ;] minus 3 times the standard deviation.
*Hinhlrt comcentration tested.

The LOD of the sensor in multiplex mode was very similar to
that of individual sensors. However, it can be noticed that the
dynamic range for each hormone is different from each other,
This could be as a result of variations in the hormones' surface
density caused by the surface functionalization of the gold-
coated prism outside of the SPR system_

Interestingly, the LOD of the SPR immunoassays in the
multiplex mode were | onder of magnitude higher than their
corresponding  ELISA assaps {pg/mL). However, the high
sensitivity of the ELISA method is not necessarily required for
the detection of hormones directly secreted by a population of
islets, For instance, previous reports demonstrated the
individual detection of insulin' and glucagen'’ secreted
(LOD) from 10 islets was 10 and 5 nM, respectively, at 15
mM glecose.

Since the number of somatostatin secreting cells within the
islets is usually smaller than that of insulin or ghicagon secreting
cells,” further protocel optimization could be required.
Nevertheless, if the future detection of islet secretion products
requires signal amplification, this could be readily addressed
using gold nanoparticdles, either within the sensing surface itself
or as signal enhancing agent to increase the LOD of the present
SPR. immuncassays.'
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B CONCLUSIONS

In this work, we introduced a strategy for label-free and
multiplex detection of pancreatic islet hormenes with 2 LOD of
1 oM for insulin, 4 oM for glecagon, and 146 oM for
somatostatin with a total analysis time per point of 21 min
uging a SPRi-hased biosensor. The sensor showed l,'llm]']:lrﬂh]l:-
performance to previous reports where direct secretion of
insulin and glucagon from a population of islets have been
studied. The sensor exhibited excellent antifouling properties
and specificity due to the design of a mixed SAM of a thiolated
polyethylene glycol and 16-mercaptohexadecanoic acid show-
ing a negligible response to a concentration of 1 mg/mL of
B5A and a very little response to LYZ. This show promise for
the future operation of the sensor in a complex matrix such as a
pancreatic islet secretome. The present SPRi-based biosensor
could be easily integrated with previously developed micro-
fluidic perfusion devices, which trap and reproduce the natural
in vive conditions of the islets, allowing real-time secretion
analysis of pancreatic islet secretion. Such biosensing platform
holds the potential to menitor a small islet’s secretory
fingerprint, allowing further understanding of the paracrine
effect of somatostatin on glocose inducing insulin secretion as
well as comprising a drug screening platform for the discovery
of novel therapeutic agents for the treatment of diabetes
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In this work, we demonstrate the potential use of SPRI for secretion-monitoning of pancreatic islets, small
micra-organs that regulate glucase hameastasis in the body. In e slets, somaltostatin warks as a para-
crine inhibitor of insulin and glucagon secretion. However, this inhibitory effect is lest in diabetic individ-
wals and little is knawn abaut its contribution to the pathalogy of dizbetas, Thus, the simultanecus detec-
tion of insulin. glecagon and somatostatin could help understand such communications. Previously, the
authors introduced an SPRI biosensor to simultanecusly maonitor insulin, glucagon and somatostatin wsing
an indirect competitive immunadssay. However, our sensor achieved a relatively high LOD for samato-
statin detection (246 nM), the smallest of the three hormones. For this reason, the present work aimed to
improve the performance of our SPRI biosensor wsing gold nanoparticles (GHPS) as a means of ensuring
somatostatin detection from a small group of islets. Although GNP amplification is frequently reported in
the literature for individual detection of analytes using SPR, studies regarding the optimal strategy in a
rrultiplexied SPR setup are missing. Thessfore, with the aim of finding the aptimal GMP armplification steat-
eqgies for multiplex sensing we compared three architectures: (1) GNPz immabilized on the sensor
surface, [2 GNPs conjugated with primary antibodies [GHNP-Aby ) and (3} GNPs conjugated with a second-
ary antibody IGHP-Ab:). Among these strategies an immunoassay using GMP-Ab; conjugates was able to
achieve multiplex detection of the three hormones without cross-reactivity and with 3-fold LOD improve-
ment for insulin, 10-Told for glucagon and 200-Told for somatostatin when compared to the SPRI bio-
sensor without GNPs. The present work denctes the first report of the simultaneous detection of such
normones with a sensitiity level comparable to ELISA assays, particulary for somatostatin
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ing a secretory fingerprint (SF) of pancreatic islets including
the three most abundant seereting cells in the islets could

Introduction

Pancreatic islets are small micro-organs that regulate glucose
haomeostasis in the body.' Deficiencies in the islet's secretory
pathways give rise to diabetes mellitus. However, lictle is
understood about the paracrine communications occurring
during glueose regulation.’ For instance, it has been shown
that somatostatin, secreted by the third most abundant cell
type in the islets, is a potent paracrine inhibitor of the
secretion of both insulin and glucagon.™ In a healthy adult,
somatostatin secretion is normally stimulated by glucose;
however, this triggering effect is lost in type 1 and type 2 dia-
betes, This has been proposed to contribute to the impaired
regulation of glueagon secretion in diabetes.™ Thus, monitor-

“Higmedival and Fiolegicel Engineening Department, MoGill University, Mamtneal,
Q0 Conada, £mail: marpam. seiviziargmogil o

Yraculty of Dentistry, MGl University, Montreal, QC, Conada

tElectronic  supplementary  information (E51] asailable: Gold naneparicle
functicnalization characterization: including surfaces and GMP-Ab conjugates,
See T 10,103 cSandn140s

help to better understand such paracrine communications.
Pancreatic islet research o date has involved mostly the use
of traditional bicassays for hormone quantification such as
ELISA,"™ patch clamp,”™" and capillary  electrophoresis
[CE).""" However, these techniques have a low throughput,
are time-consuming, are labor intensive and can detect only
one hormone at a time, Moreover, they face several challenges
when attempting their implementation for multiplex analysis.
Muost of these shortcomings could be addressed using
optical, electrical, mechanieal or magnetic biosensors,"
Among these biosensing technologies, sensors based on the
optical excitation of surface plasmons have increased in popu-
larity in the last decade due to their simple, casy to use, non-
invasive and label-free nature.'® Surface plasmon rescnance
[SPR] biosensors present an additional advantage for the mul-
tiplex screening of biomolecular interactions when combined
with imaging capabilities [SPRi).Y For Instance, H. ]. Lee
et al.™ demonstrated the simultancous detection of 3 low
maolecular weight protein biomatrkers using SPRI, by creating a
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high-density antibody microarray achieving multiplex detec-
tien of the three protein markers down to 1 aM concen-
trations. This makes SPRi a wery desirable technigque for
secretion-moenitoring of pancreatic islets.

In a recent work reported by the authors, a multiplex SPRi-
based biosensor was introduced as a viable tool for simul-
taneous quantification of insulin, glucagon, and somatostatin
by performing three simultancous competitive assays with
manoclonal antibodies.™ In this work an innovative surface
chemistry was introduced and optimized for the detection of
the three targeted peptides in a competitive immunoassay
format with high antifouling properties, obtaining limits of
detection (LODs) of 1 nM for insulin, 4 nM for glucagon, and
246 nM for somatostatin in multiplexed mode with a total ana-
Iysis time of 21 min per point. These LODs are satisfactory for
the detection of insulin and glucagon as demonstrated by pre-
vious reports where these hormones were detected individually
from secretions of a small group of islets within a microfluidic
device, """ However, there are no available reports regarding
the reguired LOD for somatostatin within a similar islet popu-
lation. Moreover, it is known that the number of somatostatin
secreting cells within pancreatic islets is usually lower than
that of insulin or glucagon secreting cells®

Considering the important role of sematostatin in regulat-
ing insulin and glucagon secretion,™ and before moving to
precious and scarce human islet studies, the aim of the
present work was to improve the performance of the previously
developed SPRi biosensor to ensure that somatostatin seereted
from a small group of islets can effectively, accurately and sim-
ultaneously be detected with other towed hormones,

Since their introduction by L. Lyon ef al,** gold nano-
patticles (GNPs) have been the most commonly used method
for improving the performance of SPR immunosensors. Two
configurations are ypically considered for the use of GNPs in
SPR signal amplification: (1) the sensor surface modification
with GNPs and (2] the labeling of a recognition element with
GMPs. These strategies rely either on the coupling of the local
plasmon resonance of the GNP with the surface plasmon reso-
nance of the system or on the increased mass attached to the
recognition element for signal enhancement.*™" Bath GNP
amplification strategies have been frequently reported in the
literature for individual detection of hormones such as
insulin,*” progesterone,™ and testosterone®™ and other small
analytes;™™ ™" however, studies regarding the application of
these strategies for multiplex hormone detection are scarce.
Moreover, few reports exist regarding the use of GNP amplifica-
tion in a multiplex setting and they focus on the detection of
DNA scq_ucnc'cs"'z or cancer biomarkers by means of localized
SPR using microscopy.™ Although these reports demonstrated
the detection of target analytes in femtomolar levels in multi-
plexed mode, there is a lack of formal studies regarding the
optimal GNP amplification strategy for SPRI systems.

Thus, te establish the optimal signal amplification con-
figuration for the multiplexed sensing of a SF of pancreatic
islets with SPRI, three GNP amplification strategies were inves-
tigated including (1) GNPs immaobilized on the sensor surface,

Wi Artiche Online

Analyst

(2] GMPs conjugated with primary antibodies (GNP-Al,) and
(3] GNPs conjugated with a secondary antibody (GNP-Ab,). For
thiz study, somatostatin was used as the ‘reference’ hormone,
as it is the smallest among the three SFs of pancreatic islets, to
first test the performance of the aforementioned SPR signal
amplification strategies in an indirect competitive assay. Then,
the biosensor performance was assessed in multiplexed mode
to determine the LOD and dynamic range for the three tar
geted hormones simultanecusly.

Experimental section
Materials and methods

20 nim gold nanoparticles (GNPs) in citrate buffer, ethanaol-
amine hydrochloride, N-hydrogysuceinimide [NHS), N{3-di-
methylaminopropyl FN"-ethylcarbodiimide hydrochloride
[EDC), hexafethylene glyeol) dithiol (HEGD), bovine serum
albumin (B%A), hydrochlorie acid (HC1), glveerol, sodium
hydroxide (NaOH]), human glucagon and human somatostatin
were purchased from Sigma-aldrich (5t Louis, MO, USA).
Absolute ethanol was purchased from Fisher Scientific (Fair
Lawn, NJ, USA}, and phosphate-buffered saline [PBS) tablets,
Tween 20 and glycine were purchased from BioShop Canada
Inc. (Burlington, Ontario, Canada). 3,3 Dithiohis{sulfosuceini-
midyl propionate) (TSSP] was purchased from ThermoFisher
Seientific, Tris-buffered saline [TBS) with 1% casein and goat
anti-mouse IgG1 and goat anti-rat [G2a secondary polyelonal
antibodies were purchased from Bio-Rad. The anti-insulin
antibody (6.2 mg mL™") and human insulin were purchased
from PROSPECT [Ness, Ziona, Isracl). Anti-somatostatin mono-
clonal antibodies (200 pg mL™" each) were purchased from
Santa Cruz Biotechnology, Inc. [Mississauga, OM, Canada).
Anti-glueagon monoclonal antibodies were purchased from
Abcam (Cambridge, MA, USA) CH.O-PEG-SH (MW 1200 Da)
was purchased from Rapp Polymers GmbH (Titbingen,
Germany), 16-Mercaptohexadecanoic acid (MHDA) was pur-
chased from ProChimia Surfaces Sp. (Zacisze, Sopot, Poland).
Borate buffer (0.5 M, pH 8.5) was purchased from Ala-Aesar
[USA).

Substrate preparation

Cleaned microscope glass slide (12 mm = 25 mm = 1 mm, n =
1.518) substrates were coated with 2 nm Cr as an adhesion
layer, followed by the deposition of a thin Au layer of 48 nm
using E-beam vapor deposition under high vacuum, The slides
were then coupled to an SF11 equilateral triangular prism
[RSF-11 = 1,763) using a refractive index matching liquid, Gold-
coated prisms (8 = 1.765) were purchased from Horiba
Scientific, France, and used as received,

SPRI measurements

SPRi detection was performed using a scanning-angle SPRi
instrument [model SPRi Lab+, Horiba, France). The SPRi
apparatus is equipped with an 800 nm LED source, a OCD
camera, and a microfluidic flow cell. All experiments were per-
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formed at 25 °C by keeping the instrument inside an incubator
[Memmert Peltier, Rose Scientific, Canadal,

To select the working angle for kinetic analysis, the slope of
the plasmon curves was computed automatically using the
instrumnent’s software. The selected angle corresponds to the
point of the plasmon curve at which the slope was maximum.
Reflectivity shift (AR (%)) was measured upon stabilization of
the baseline. After each analyte injection, the substrate was
rinsed with mnning buffer PRS-T (PES with 0,002% Tween 20),
and AR was caleulated by the difference between the buffer
signals before and after the analyte injection, The signal was
recorded at least on three spots for each analyte and controls
oo determine the average AR values. All experiments were per-
formed using an injection loop with a fixed volume of 200 uL
and a constant flow rate of 20 pL min ™", with the exception of
functionalization steps where the flow rare was adjusted
depending on the required contact time,

All SPR plots are presented as a function of reflectivity shift
(AR (%)) ws time. A Savitzky-Golay smoothing polynomial
funetion of second order was applied to all plots using
OriginLab 2018 (b.%.5.5.409),

Surface immobilization of hormones

Following a protecol previously developed by the authors,™ an
ethanolic solution of 0.5 mM CH;0-PEG-SH and 0.5 mM
MHDA was prepared and mixed at a molar ratio of 40% MHDA
and 60% PEG (60-PEG/40-MHDA). Gold-coated prisms and
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slides were immersed in the ethanolic solution overnight to
allow self-assembled monolayer (SAM) formation. Finally, they
were thoroughly rinsed with absolute ethanol, DI water and
dried under a stream of N;.

For individual somatostatin sensing experiments, SAM-
funetionalized slides were placed on the SPRi system for sub-
sequent functionalization. An initial conditioning step was
performed by four serial injections of a 1 M glyeine [pH 2.5) (1
M-Gly] solution (contact time of 2 min each]. Then, PBST was
allowed to ran untl a stable baseline was obtained. Next,
covalent immaebilization of insulin, glucagon or somatostatin via
NHS/EDC chemistry was performed  following  the  protocol
reported by Gobi et al ™' Briefly, an aqueous solution containing
2 mg mL™! NHS, 2 mg mL ™! EDC and 50 pg mL ™ of the desired
hormone was injected into the system with a contact time of 1 h,
Mext, an injection of 1 M ethanclamine hydrochloride (pH 8.5)
[contact time of 10 min) was performed to inactivate any unfune-
tionalized ~COOH groups. Then, two serial injections of 1 M-Gly
solution (contact time of 1 min each) were performed to remove
weakly bound hormones. Finally, a blocking solution containing
5% BSA and 1% casein in TBS buffer was injected (contact time
of 30 min) and subsequently, at least 3 injections of the 1 M-Gly
solution were made to remove weakly bound proteins. Fig, 1A
shows a schematic representation of a typical surface hormone
functionalization.

For multiplex measurements, gold-coated prisms were fune-
tionalized using the procedure described for glass slides

MHDA

W™ HS-PEG-CH,0

A Hormone

HEGD

. GNP
Gold-coated
Substrates

Fig. 1 Schematic representation of the typical surface functionalization of [A) gold-coated substrates functionalized with a self-assembled mana-
layer [SAM] of 16-mercaptoherxadecancic acid IMHDAL CHaO-PEG-5H (PEG) and subsequently with the targeted hormone, (Bl gold-coated substrate
surface functionalized with a 5AM of hexalethylene glycol] dithiol (HEGD), GNP and subsequently with the targeted hormaone and (C] covalent anti-
body functionalization for the formation of GNP-conjugates using (3,3 -dithiobis(sulfosuccinimidyl propionate)] [DTS5P),
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ourside of the SPR system, After conditioning, four individual
solutions containing NHS/EDC and each targeted hormone
[insulin, glucagon, and somatostatin] or a control (BSA] were
spotted (150 nL) in triplicate on the prisms and incubated in a
humidity chamber for 1 h. After incubation, the prisms were
rinsed with DI water and exposed to 1 M ethanolamine hyedro-
chloride {pH 8.5) for 10 min. Next, the prisms were exposed to
the blocking solution for 30 min and subsequently rinsed with
PBS-T. Finally, the prisms were placed in the SPR system and a
1 M-Gly solution was injected at least three times to obtain a
stable baseline before starting the experiments.

Immobilization of GNPs on the gold-coated sensor’s surface

In this work, commercial 20 nm GNPs were selected since it
has been reported in the literature as an optimal size for SPR
amplification either when immobilized in the sensor's surface
or for antibody medified GNP immuncassays of small
mlecules #5

The immobilization of commercial 20 nm GNPs on the
gold-coated sensor's surface was achieved sccording to a proto-
col developed by Taufik et al™ with minor modifications.
After cleaning, gold-coated slides were immersed in an ethano-
lie solution of 2 mM HEGD overnight to allow SAM formarion.
After rinsing with ethanol and DI water, the slides were
exposed to an agueous solution containing 20 nm GNP
[0y = 1.0) and incubated for one hour, Next, the slides were
rinsed with DI water and placed in a 60-PEG/40-MHDA ethano-
lic solution for 3 hours. Finally, hormone functionalization
was performed according to the procedure described in the
previous section. Fig. 1B shows a schematic representation of
the surface functionalization with GNPs and hormones.
Antibody-GNP functionalization
The functionalization protocol for commercial 20 nm GNPs
(0D = 1) with primary and secondary antibodies was
adapted from a previous report by J. D. Driskell er al™ using
DTSSP as a bifunctional crosslinker. Briefly, 134 pL of 50 mM
borate buffer (pH £.5) was added to a 1 mL suspension of
20 nm GNPs to adjust the pH. Next, 26 pL of 20 uM DTSSP was
added to the GNPs and incubated for 30 min to form a thiolate
maonolayer through cleavage of the DTSSP disulfide bond. The
suspension was then centrifuged at 17 500y for 30 min. Then,
the supernatant containing excess DTSSP was removed and
the GNPs were resuspended in 1 mL of 2 mM borate buffer,
Immediately afterward, 20 pg of the desired antibody was
added to the DTSSP-GNP suspension and incubated for
1.5 hours, The suspension was then centrifuged at 17 5002 for
30 min, the supernatant was removed, and the GNPs were
resuspended in 1 mL of 2 mM berate buffer containing 1%
(miv) BSA and incubated for 30 min to allow the BSA to block
any unreacted DTSSP and nonspecific binding sites. The cen-
trifugation/resuspension cycle was repeated two additional
times using 2 mM borate buffer for resuspension o remove
excess antibedy and BSA. The final volume of the selution
after  the centrifugation/resuspension eycles was  fixed to
approximately 200 pL (0Dy.. = 4) and the solution was stored at
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4 °C, The functionalized GNPs were diluted to the desired con-
centration in PBS-T prior to use in immunoassays. Fig, 1C
shows a schematic representation of antibody-GNP functionali-
zation, Successful GNP functionalization for all antibodies was
confirmed by the shift in the absorbance maxima of the GNPs
from 520 to 525 nm (Fig. 52 provided in the ESI¥),

Competitive immunoassays

The four configurations used for indirect competitive immumno-
assays consisted of a surface with (Fig. 24) and without GNPs
(Fig. 2B), primany antibody-GNP  (GNP-Ab,] conjugates
[Fig. 2C) and secondary antibody-GNF [GNP-Ab;) conjugates
[Fig. 2D). Since spmatostatin was the smallest of the targeted
hormones, it was used as the “reference” hormone in all indi-
vidual hormone assays. The optimal primary anti-somatostatin
antibody, GNP-Ab, and GNP-Ab; concentraticns were defined
as the concentration that could generate a small but detectable
SPR signal of AR = 1, previously reported as a reliable AR for
this type of assay.*”

Standard somatostatin solutions were prepared by serial
dilutien in PBS-T buffer with concentrations ranging between
0,01 and 4000 ng mL™". These solutions were then mixed with
2 pg mL™" of anti-somatostatin antibody for assays involving
only primary antibodies, 0.6 pg mL™" of antibedy for the assay
with GNP-Ah, conjugates or a 1: 50 dilution (from ODg;; = 4)
of GNP-Ab, conjugates. All mixtures were incubated for 2 min
with gentle mixing by inverting upside down and then injected
into the system from the highest to the lowest hormone con-
centration [eontact time of 10 min) starting with a blank solu-

Fig. 2 Schematic representation of the four configurations of competi-
tive immunoassays used for this worlk: (A) an assay Involving only
primary antipodies and the hormone immobilized on a gold surface
used as the control, [B) an assay where GMPs are present on the surface
and the hormone is immebllized on top of the GMPs, (C) an assay where
GhPs are comjugated with monoclonal primary antibodies (GNP-Ab,)
and (D) an assay (nvolving amplification using GMPs conjugated with a
polyclonal secondary antibody (GMNP-Ab,) after a primary competitive
assay.
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tion containing only anti-somatostatin antibodies or GNP-Ab,
conjugates. For secondary antibody conjugate assays, immedi-
ately after anti-somatostatin antibody injection, GNP-Ab; con-
Jugates were injected (150 dilution from 0D, = 4}, The
optimal primary anti-somatostatin antibody, GNP-Ab, and
GMP-Ab, concentrations were defined as the concentration
that could generate a small but detectable SPR signal of AR =
1, previously reported as a reliable AR for this type of assay. ™

During calibration curve experiments, different sensor
regeneration solutons were tested including 10-50 mM NaOH,
50 mM MNaOH with 5-50% [(viv) glycerol, 0.1-1 M glycine (pH
1.5), 0.1-1 M glveine (pH 1.5) with 1% (wv) DMS0O, and 2 M
MgCly. From these solutions, 50 mM NaOH with 25% glyeerol
provided the most efficient conditions for regeneration and it
was used throughout all the experiments.

For multiplex assays, standard solutions having a mixture
of insulin, glucagon, and somatostatin were prepared in PBST
buffer in a concentration range of 0.01-4000 ng mL™" and mixed
with a cocktail of primary antibodies containing anti-insulin
(0.2 pg mL™"), anti-gluecagon (005 pg mL™") and anti-somato-
statin (0,6 pg mL™"), Similar to individual somatostatin assays,
the mixtures were incubated for 2 min with gentle mixing and
serially injected aver the spotted sensor chip from the highest oo
the lewest hormone concentration [contact time of 10 min) start-
ing with a blank solution containing only the antibody cocktail.
Subsequently, a GNP-Ab, mixture containing GNPs conjugated to
anti-mouse TgGl (1:100 dilution from ODy;; = 4] and anti-rat
Iir2a (1 : 50 dilution from OD;,; = 4) was injected into the system.
Each sensing cycle comprised: hormone primary  antibody
mixing and incubation for 2 min, eockeail injection for 10 min,
3 min buffer washing, 10 min injec'tion of a GNP-Ah, mixure
and 2 injections of a regeneration solution with a contact time of
30 5 with 3 min washing with buffer in between.

Statistics

Relative binding [C7C,) was caleulated for all competitive
immunoassays, by dividing the response of the standard solu-
tions containing hormones (] by the response of the blank solu-
ton containing only a fived concentration of antibodies (). To
generate ¢alibration curves C/C, was plotted against the hormone
concentration. The calibration curves were fitted using a non-
lincar 4 parameter logistic (4PL) model using Originlab 2018
(h.9.5.5.409), The LOD for all immunoassays was caleulated from
the calibration curves as the blank signal [C5) minus three times
its standard deviation, The dynamic mange for the competitive
immunoassay was established between 0,207, and 0.8C/C,. All
data are expressed as the average of at least 3 independent expern-
ments + standard deviation [SD).

Results and discussion
GNP amplification strategy comparison for competitive
immunoassays

First, the formation of a chemically linked layer of GNPs was
performed using a SAM of a dithiol alkane (HEGD). HEGD
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allowed anchoring of the GWNPs to the gold-coated sensor's
surface through the thiol group at each end of the molecule. ™
AFM analysis indicated the successful immobilization of the
GNPs by a significant change in surface morphology from a
clean gold surface to a GNP-modified surface as clearly
observed in Fig. 51 provided in the ESIL§ This was further con-
firmed by a change in surface RMS roughness from 0,68 nm to
2.41 nm and later to 5.36 nm from a clean surface to a SAM-
functionalized surface and to a GNP-functionalized surface,
The signal amplification rationale here is that the activation of
the GMP localized SPR due to the proximity of the immobilized
GNPs to the sensors surface can lead to different resonance
properties of the overall SPR system with additional resonance
shifts, resulting in an enhanced sensitivity of the biosensor,™

For all GNP-antibody conjugates, functionalization was
confirmed by a shift observed in the maximum absorption
peak from 520 to 525 nm (Fig. 52 in the ESIT). In the case of
GNP-Ab; conjugates, the rationale behind this strategy is that
the increased mass of the antibody due to the linked GNPs
will result in a higher refractive index change on the SPR
surface, thereby producing a larger SPR shife.” additionally,
due to the close proximity of the GNPs to the SPR surface
(=15 nm) signal enhancement is also linked to electromagnetic
field coupling between surface SPR and the GNP localized
SPR.™ Regarding the use of GNP-Ab, conjugates, the signal
amplification is only expected from the increased mass of the
antibody due to the linked GNPs, as the GNPs are quite far
from the surface.™

Fig. 3 shows the sensor calibration curves for somatostatin
detection where the mean relative binding values (C/Cy) are
plotted as a function of hormone concentration for all sensing
strategies. For these experiments, detection without GNPs was
used as a control assay (Fig. 34). Additionally, the entire
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Fig. 3 Sarmatodtatin sencing calibration curves in PBS-T lor competitive
immurcassays involving [A) enly primary antibodies, (B) GNPs an the
sensors surface, (C) GHPs conjugated with monoclonal primary anti-
bodies [GMP-Abyl and [DF an assay with GNPs conpugated with a poly-
clonal secondary antibody (GNP-Abg). Solid lines correspond to the
fitting of a nenlinear 4PL model Error bars represent the standard devi-
ation frorm 3 independent expeariments (a = 31
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Table 1 5FR sensing performance for somatostatin using different
immunosensing strategies

LoD LOD Dynamibe range
Steategy AR ([%)(Cy) [ngmL™'] [nM] [ngmL™")
Frimary antibodies 110 + 0,03 450 275 7 34-4000"
GHPs on surfice 1.72 4 005 A 247 GE—2000"
GNP-ib, 1.26 1 002 .24 13 1.54-780
GNP-Ab, 0.93 + 0 175 L.ov 7.5-4000"

“ Highest coneentration tested.

sensor surface was functionalized with somatostating, and the
SPR shift for all sensing events was obtained as the mean of at
least 10 spots from different regions of the chip. Then, an
average of AR of three independently prepared chips was calcu-
lated representing their corresponding standard  deviation
[SD). The LOD and dynamic range for each sensing strategy ane
shown in Table 1.

It is noteworthy that the concentration of the control assay
(Fig. 3A) and the strategy using a GNP-modified surface
[Fig. 3B] was set to 2 pg mL™" to facilitate comparison and to
casily ohserve SPR signal enhancement. Interestingly, these
wo sensing strategies presented similar LODs. However, the
GNP-modified surface showed a higher SPR signal (Fig. 83 in
the ESI¥) compared to the signal obrained for the surface
without GNPs as clearly observable in the AR (%) (Cy) values in
Table 1. Indeed, this scems consistent with recent repores
where the LOD of the calibration curve of an indirect competi-
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tive immunoassay using GNP-moedified sensors did not change
even when the SPR signal was enhanced. " A possible expla-
nation is that the performance of an indirect competitive
immunoassay highly depends on the affinity constant of the
immunoreaction.” Therefore, only strategies affecting the
affinity of the antigen-antibody system such as the GNP-Ab
conjugation could improve the LOD of the SPR sensor. ™

Finally, from all immunosensing strategies, the competitive
immunoassay using GNP-Ab, conjugates presented the best
performance decreasing the LOD by three orders of magnitude
compared to the contral assay from 450 ng mL™' to 240
pg mL~", Hence, this immunocassay amplification strategy was
selected for further development of the multiplex hormone-
SENSINE assay.

GNP-amplified multiplex hormone sensing

Fig. 4A-C show the assessment of cross-reactivity for primary
antibodies. Individual injection of each antibody caused an
increase in the SPR signal only on its relevant spot, demon-
strating  specificity and low cross-contamination  between
spots. Moreover, there was a negligible response on the control
spots, indicating good antifouling properties.

However, when a similar experiment was performed using
GNP-Ab, conjugates [(Fig. 4D-G), high cross-reactivity was
observed, This effect was particularly large for GNP-anti-insulin
conjugates which generated a non-specific signal increase in all
the functionalized spots including the two negative controls
[Fig. 4D). When GNPantiglucagon conjugates were injected,
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Fig. 4 Comparison of the sensar specificity in multiplexed mode, The first row shows the specificity of the sensor without signal amplification for
(A} anti-insulin, (B) anti-glucagon, and (C) anti-sormatostating The second row shows the specificity of the sensor on the same surface with signal
amplificatian for (D) GNP-anti-insulin, |[E) GMP-anti-glucsgon and (F) GMP-anti-somatastating Immobilized BSA ("Contral’] and the bare SAM

surface {"5urf”) were used as negative contrals.
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cross-reactivity with insulin and somatostatin spots was not
observed; however some degree of non-specific interactions was
detected for the negative control spots (Fig. 4F). For GNP-anti-
SOMAtoSLAtin  conjugates, cross-reactivity was  also  observed
maostly with insulin spots (Fig. 4G). Additional antibodies from
different species and companies were used for GNP-Ab, conju-
gates for anti-insulin and anti-somatostatin, However cross-
reactivity was always present (data not shown). This has been
reported in the literature as a recurring problem for multiplex
imm unuaﬁsays“"u particularly for GNP conjugates since it has
been shown that such conjugations can modify the activity of
the antibodies. In theoty, a combination of GNP-Ab, conju-
gates with little or null eross-reactivity for our system could be
achieved; however testing a library of antibodies would be
time consuming and cost-ineffective. Due to this dilermma, the
second-hest amplification strategy (GMP-ab.) was selected for
further development of our multiplex Immunosensor,
For this strategy, some degree of eross-reactivity could occur
singe the secondary antibodies are similarly conjugated to
GMPs. In general, antibody conjugation is known to affect the
antibody’s affinity;” however this did not seem to hinder the
possibility for multiplex sensing as later demonstrated in this
section.

The nonspecific binding effect of the GNP-Ab, conjugates
on the analyte spots was determined prior to the multiplex
assay through the injeetion of a mixture of GNP-goat anti-
mouse IgGl and GNP-goat anti-rat IgG2a over the sensor
surface. As seen in Fig. 54, a minimum SPR angle shift was
detected during the injection with the signal returning to
similar baseline levels after a few minutes of PBST washing,
indicating a negligible nonspecific binding effect of the
GNP-Ab, conjugates to the different surface spots.

Fig. 5B shows a typical sensor response to a blank solution
[mixrure of all antibodies) and the subseguent amplification
effect of the GNP-Ab; conjugates. First, the injection caused a
small increase in the SPR signal on the relevant hormone
spots while an almost no response for the control spots, indi-
cating specific binding. For these experiments, the initial con-
centration of primary antibodies (€,) was fixed to 0.2 pg mL™"
for anti-insulin, 0,05 pg mL™" for antiglucagon and 0.6 pg
mL™" for anti-somatostatin, This Ab, concentration produced
a small signal of =0.154R lor all hormone spots. The sub-
sequent injection of GNP-Ab; conjugates gencrated an SPR
signal enhancement of =10 times, which was consistent with
previous literature reports where 20 nm GNP-Ab, conjugates
have heen used for signal amplification, "

It is noteworthy that the ©, signal obtained for somato-
statin during individual GNP-Ab, was smaller (AR = 0.93,
Table 1] compared to that obtained during the multiplex assay
[AR = 1.51, Table 2). This difference is likely due to some
cross-reactivity between the different species of secondary anti-
badies in GNP-Ab,, However, due to the absence of non-
specific interactions with the hormone spots and the controls,
it was possible to use these conjugates for multiplex detection
since the sensor response (AR) was always consistent and
reproducible for all targered hormones.
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Fig. 5 Real-time SPR angle shift sensorgrams of [4) the noncpecific
binding eMect of GNP-Ab, conjugates and [B) the specilic binding effect
of GMP-Ab; conjugates after primary antibedy injection (blank njection
Col. Immobilized BSA and the bare SAM surface identified as “Control”
and “Surl” were used as negative contrals.

Table 2 SPR sensing performance for a GHP-Ab; multiplex immune
assay for insulin, glucagon and somatostating The prasented AR (%] (Cgl
is the sensor’s response to the GNP-Ab; conjugates

Ly LA Drn:'mliu
Hormone AR%)(C,)  [ngmL7"]  [nM]  range [ng mL7Y]
Imsulin 1.32 + 0.03 .5} 15 3.9=270
Glucagon 140 + 0,03 1.35 0.9 5.0-1977
Somatostatin 1.51 4 0.04 P 1.22 G.6-4000"

“ Highest concentration tested.

To further assess the sensors resistance to nonespecific
adsorption of proteins, at the end of each calibration curve,
two solutions containing either BSA or LYZ, both with a final
concentration of 1 mg mL™", were injected to the system fol-
lowing the same protocol as that for the hormene immuno-
assay. After an abrupt increase in the SPR signal during the
injections due to the high bulk refractive index of the solution,
the shift in reflectivity was measured after 10 minutes of
contact time and 5 minutes of PEST wash. Since LYZ pre-
sented the largest AR among the two tested proteins, it was
used as a reference to quantitatively evaluate the antifouling
properties of the sensor. The mean (7 = 3) AR response to BSA
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and LYZ from the hormone-functionalized sSpois and controls
is shown in Table 851 in the ESLY It was found that the
adsorbed amount of LYZ was =100 pr mm™" for all spots
assuming that 1 BU = 1 pRIU = 1 pg mm™* of surface mass
shift for a fixed wavelength of 800 nm.™ This was very consist-
ent with the definition of an anrit’nuling surface ™ Moreover, a
short (30 s) injection of a regeneration solution returned the
baseline to its original value, indicating a weak interaction of
LYZ and BSA on the sensor’s surface,

Fig. 6 shows the average calibration curves for the multiplex
sensing of serially diluted mixtures of insulin, glucagon, and
sormatostatin in PBS-T obtained from three independent sensor
chips. The caleulated LOD and dynamic mange obtained
[Table 2] for the three hormones in multiplexed mode were
somehow comparable to those of ELISA kits (0.001-40 ng mL™
depending on the hormone targeted) assessing individual
hormone quantification. However, our sensing approach has
the advantage of multiplexing, a larger working range and a
relatively low analysis time of 32 min per point. Moreover, each
multiplex SPRI immunosensing surface showed good stability
on which over 21 binding/regeneration cycles were performed.

The use of GMNPs for SPR signal amplification led to a
remarkable LOD improvement for all tested hormones. An
increase of 9-fold for insulin, 10-fold for glucagon and
200-fold for somatostatin detection was obtained as compared
to the multiplex sensing approach without using GNP conju-
gate amplification.”” Noteworthy is the fact that somatostatin
showed a dramatic improvement in the LOD. This could be
explaingd by the fact that somatostatin is the smallest of the
targeted hormones in this study (MW = 1637.88 Da). Thus,
under the same immobilization conditions, the maximum

s+  Ins (R*=0.998)
+  Glu (R'=0.995)
Som (R°=0.989)

001 01 1 10 100 1000
Concentration (ng/mL)

Fig. 6 Calibration curves for & multiples immMUnoassay using GMP-Ab;
conjugates as the armplification strategy in PES-T. Selid lines correspond
to the fitting of a nonlinear 4PL model for different concentrations of
ingulin [blue), glucagon (red), and somatostatin (black). For each
harmane, mean relative binding values (€S, were plotted as a function
of hormaone concentration (ng mL™"). The mean SPR thift was measured
in sets of triplicate spots for each hormone and the controls, Then, the
aversge SPR chiflt was calculated using 3 independent multiples sensors
(nn = 3} correspanding to the reparted SO,

Wi Articla Online

Analyst

amount of immobilization is expected to be lower than that of
the higher MW hormones.™ This could lead to less steric hin-
drance for binding of the large GNP-Ab; conjugates. This is cor
roborated by the fact that despite showing a similar response
for primary antibody injection, somatostatin produced a slightly
larger SPR shift for GMNP-Ab, conjugates (Fig. 5).

The LOD achieved in this study is in accordance with pre-
vious studies where detection of insulin’® and glucagon'®
secreted from 10 islets was achieved at 15 mM glucose,
Therefore, the somatostatin secreted from this small popu-
lation of islets could be effectively and accurately detected by
our proposed approach, opening the possibility of gaining
better understanding of its pamacrine communications associ-
ated with abnormal islets' function in diabetes,

Conclusions

To address the challenges in the detection of low molecular
weight hormones secrcted in very low concentrations by human
islets such as somatostatin, we investigated three GNP amplifi-
cation strategies osing an SPRi-based biosensing approach.
Although the amplification method involving the conjugation
of primary antibodies with GNPs showed the best performance
for sensing of individual hormones, it presented large cross-
reactivity during multiplex experiments. This cross-reactivity
was successfully circumvented using an immunoassay with see-
ondary antibodies conjugated to GNPs as amplification. We sue-
cessfully achieved multiplex detection of three pancreatic islet
related hormones with LODs of 0,15 nM, 0.39 nM and 1.22 nM
for insulin, glucagon and somatostatin, respectively, with a total
analysiz ime of 32 min per point. This perfformance is compar
ahle with the previously reported detection sensitivity of insulin
and glucagon secreted from 10 islets as well with the individual
hormone sensing using conventional ELISA kits.

The possibility of working with a small pancreatic islet
population combined with the advantage of multiplexing, a
wide working concentration window and a low analysis time
makes our sensor very suitable for its future application in
secretion-monitoring  of pancreatic  islets, particularly for
understanding the paracrine effect of somatostatin on glucose-
induced insulin and glucagon secretion. Furthermore, inte-
grating a microfluidic perfusion platform with the proposed
sensing approach could allow one to perform multiparametric
analysis of a SF of pancreatic islets in the context of discovery
of novel drugs for diabetes treatment,
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