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Gold nanoparticle amplification strategies for multiplex SPRi-
based immunosensing of human pancreatic islet hormones*

F. Rafael. Castiello® and Maryam Tabrizian®®

In this work, we demonstrate the potential use of SPRi for secretion-monitoring of pancreatic islets, a small micro-organ that
regulates glucose homeostasis in the body. In the islets, somatostatin works as a 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 insulin, glucagon and somatostatin, could help understand such
communication. Previously, the authors introduced an SPRi biosensor to simultaneously monitor insulin, glucagon and
somatostatin using an indirect competitive immunoassay. However, our sensor achieved a relatively high LOD for
somatostatin detection (246 nM), the smallest of the three hormones. For this reason, the present work aimed to improve
the performance of our SPRi biosensor using gold nanoparticles (GNPs) as a means of ensuring somatostatin detection from
a small group of islets. Although GNPs amplification is frequently reported in the literature for individual detection of
analytes using SPR, studies regarding the optimal strategy in a multiplexed SPR setup are missing. Therefore, with the aim
of finding the optimal GNPs amplification strategies for multiplex sensing we compared three architectures: 1) GNPs
immobilized on the sensor surface, 2) GNPs conjugated with primary antibodies (GNPs-Abi) 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 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.

Introduction

Pancreatic islets are small micro-organ that regulates glucose
homeostasis in the body!. Deficiencies in the islet’s secretory
pathways give rise to diabetes mellitus. However, little is
understood about the paracrine communication occurring
during glucose regulation®. 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? 3. In a healthy adult, somatostatin
secretion is normally stimulated by glucose, however this
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* 5. 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
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ELISA®8, patch clamp?®14, and capillary electrophoresis (CE)1>-17,
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 biosensorsé. 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 to use, non-invasive and
label-free nature!®. Surface plasmon resonance (SPR)
biosensors present an additional advantage for the multiplex
screening of biomolecular interactions when combine with
imaging capabilities (SPRi)2. For instance, H. J. Lee et al.2!
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
quantification of insulin, glucagon, and
somatostatin by performing three simultaneous competitive
assays with monoclonal antibodies?22. In this work an innovative
surface chemistry was introduced and optimized for the

simultaneous
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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 and glucagon as demonstrated by
previous reports where these hormones were detected
individually from secretions of a small group of islets within a
microfluidic devicel> 16, However, there are no available reports
regarding the required LOD for somatostatin within a similar
islet 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 cells23.

Considering the important role of somatostatin in regulating
insulin and glucagon secretion? 3, and before moving to
precious and scarce human islets studies, the aim of this work
was to improve the performance of the previously developed
SPRi biosensor to ensure that somatostatin secreted from a
group of effectively, accurately and
simultaneously be detected with other towed hormones.

Since its introduction by L. Lyon et al.24, gold nanoparticles
(GNPs) have been the most 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?> 26- Both GNPs amplification
strategies have been frequently reported in the literature for
individual detection of hormones such as insulin??,

small islets can

progesterone?8, testosterone?® and other small analytes26 30,31
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
sequences3? or cancer biomarkers by means of localized SPR
using microscopy33. 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
configuration for the multiplexed sensing of an 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-Ab;) and 3) GNPs
conjugated with a secondary antibody (GNPs-Ab,). 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
simultaneously.
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Experimental section
Materials and methods

20 nm gold nanoparticles (GNPs) in citrate buffer, ethanolamine
hydrochloride, N-Hydroxysuccinimide (NHS), N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC), hexa(ethylene glycol) dithiol (HEGD), bovine serum
albumin (BSA), hydrochloric acid (HCI), glycerol, sodium
hydroxide (NaOH), human glucagon and human somatostatin
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
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). (3,3'-dithiobis(sulfosuccinimidyl
propionate)) (DTSSP) was purchased form Thermofisher
Scientific. Tris-buffered saline (TBS) with 1% casein, goat anti-
mouse IgGland goat anti-rat 1gG2a 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
(200pg/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 (Tibingen, Germany).
16-mercaptohexadecanoic acid (MHDA) from ProChimia
Surfaces Sp. (Zacisze, Sopot, Poland). Borate buffer 0.5 M pH 8.5
was purchase was purchased from Alfa-Aesar (USA).

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 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.

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
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Fig. 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).

to determine the average AR values. All experiments were
performed using an injection loop with a fixed volume of 200 pL
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).

Surface immobilization of hormones

Following a protocol previously developed by authors??, an
ethanolic solution of 0.5 mM 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 N,.

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 34, Briefly, an aqueous solution containing 2mg/mL
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NHS, 2mg/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 1M-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.

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 1h. 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 1M-Gly solution was injected at least three times to
obtain a stable baseline before starting with the experiments.

Immobilization of GNPs on the gold-coated sensor’s surface
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In this work, 20 nm commercial GNP were selected since it has
reported in literature as an optimal size for SPR
amplification when either immobilized in the sensor’s surface
or for antibody modified GNPs immunoassays of small
molecules?? 35 36,

The immobilization of commercial 20 nm GNPs on the gold-
coated sensor’s surface was achieved according to a protocol
developed by Taufik et al.3?” 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 (ODsy = 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.

been

Antibody-GNP functionalization

The functionalization protocol for commercial 20 nm GNPs
(ODs30 = 1) with primary and secondary antibodies was adapted
from a previous report by J. D. Driskel et al.38 using DTSSP as a
bifunctional crosslinker. Briefly, 134 uL 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. Then, the supernatant
containing excess DTSSP was removed and the GNPs were
resuspended in 1 mL of 2 mM borate buffer. Imnmediately after,
20 pg of the desired antibody was added to the DTSSP-GNPs
suspension and incubated for 1.5 hours. 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 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 pL (ODs3s = 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. S2
provided in supporting information).

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
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Fig. 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 amplification using GNPs conjugated with a polyclonal
secondary antibody (GNPs-Ab,) after a primary competitive assay.

hormones, it was used as the “reference” hormone in all
individual hormone assays. The optimal primary anti-
somatostatin antibody, GNPs-Ab1 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 assays3°.

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 ug/mL of antibody for the assay with
GNP-Ab; conjugates or a 1:50 dilution (from ODs32s5 = 4) GNP-Ab;
conjugates. All mixtures were incubated for 2 min with gently
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
secondary antibody conjugates assays, immediately after anti-
somatostatin antibody injection, GNPs-Ab, conjugates were
injected (1:50 dilution from ODs25 = 4). The optimal primary
antibody, GNPs-Ab;, and GNPs-Ab,
concentration were defined as the concentration that could

anti-somatostatin

generate a small but detectable SPR signal of AR=1, previously
reported as a reliable AR for this type of assays3°.

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 MgCl2.
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

This journal is © The Royal Society of Chemistry 20xx



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 1gG1 (1:100 dilution from ODs325 = 4) and anti-rat
Ig2a (1:50 dilution from ODs25 = 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.

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 using
OriginLab 2018 (b.9.5.5.409). The 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/Co and 0.8 C/Co. All data are expressed as the average of at
least 3 independent experiments * standard deviation (SD).

Results and discussion

GNP amplification strategies 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
allowed anchoring of the GNPs to the gold-coated sensor’s
surface through the thiol group on each end of the molecule 37.
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 S1 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 25,

For all GNPs-antibody conjugates, functionalization was
confirmed by a shift observed in the maximum absorption peak
from 520 to 525 nm (Fig. S2 in supporting information). In the

This journal is © The Royal Society of Chemistry 20xx

0.01 0.4 1 10 100 1000 7001 04 1 10 100 1000
Concentration (ng/mL) Concentration (ng/mL)
C 10] =— ——R’=0.999 D 10] — —R’=0.996
~_ ~i
\ ~
0.8 \ 0.8
0.6 X 0.6
o =] V= NN
8 8”1 ¥
Opa] == ~(" Ooa4 (i
1T & 111l
0.2 S~ 0.2 ‘
0.0 0.0
0.01 100 1000 0.01 0.1 1 10 100 1000

%anentration (ng/mL) Concentration (ng/mL)

Fig. 3 Somatostatin sensing calibration curves in PBS-T for competitive immunoassays
involving A) only primary antibodies, B) GNPs on the sensor’s surface, C) GNPs
conjugated with monoclonal primary antibodies (GNPs-Ab,) and D) an assay with 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).

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 shift26. 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 GNPs localized SPR26,
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?®.

Figure 3 the
somatostatin detection where the mean relative binding values
(C/Co) 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.

Noteworthy, the concentration of the control assay (Fig. 3A)
and the strategy using a GNPs-modified surface (Fig. 3B) was set
to 2pg/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 (Fig. S3 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 31 40, A possible explanation is that the
performance of an indirect competitive immunoassay highly

shows sensor calibration curves for

J. Name., 2013, 00, 1-3 | 5



Please do not adjust margins

ARTICLE

20

Journal Name

—Insg
—Gluy
—Sem
~— Control
— Surf

A 20

1.8+
1.6+
1.4+
1.2
1.0+
0.8
0.6

1.84
1.6+
1.44
1.2

AR(%)
AR(%)

—Ins
—Glu
—Sem
—— Control
— Surf

c 20

1.84
1.6+
1.44
1.24
1.04

AR(%)

-0.2 T T T T
0 2 4 6 8

Time (min)

10 12 1

Time (min)

T T T

8 10 12 14

14

— NS
1= Glu
— Som
]— Control
e Surf

—Ins
—Glu

[y

T T T T T u T

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

6 8 1
Time (min)

T T v T T T T T T T T

0 12 14 0 2 4 6 8 10
Time (min)
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depends on the affinity constant of the immunoreaction 31,
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 31.

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.

Table 1 SPR Sensing Performance for somatostatin using different immunosensing

strategies
Dynamic
LOD LOD
Strategy AR (%) (Co) (ng/mL] (] Range
ng/m n
[ng/mL]
Primary
i . 1.10+0.03 450 275 754-40002
antibodies
GNPs on surface 1.72 +0.05 404 247 626-40002
GNPs-Ab: 1.26 £+ 0.02 0.24 0.15 1.54-780
GNPs-Ab; 0.93+0.04 1.75 1.07 7.5-4000°

a Highest concentration tested.

GNP-amplified multiplex hormone sensing

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.

6 | J. Name., 2012, 00, 1-3

Moreover, there was a negligible response on the control spots,
indicating good antifouling properties.

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 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*- 42 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-Ab,) 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 affinity3!, however this did not
seem to hinder the possibility for multiplex sensing as later
demonstrate in this section.

This journal is © The Royal Society of Chemistry 20xx
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GNPs-Ab, conjugates and B) the specific binding effect of GNPs-Ab, conjugates after
primary antibody injection (blank injection Cy). Immobilized BSA and the bare SAM
surface identified as “Control” and “Surf” were used as negative controls.

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
lgGland GNPs-goat anti-rat IgG2a over the sensor surface. As
seen in Figure 5A, 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-Ab, conjugates
to the different surface spots.

Figure 5B shows a typical sensor response to a blank
solution (mix of all antibodies) and the subsequent
amplification effect of the GNPs-Ab, conjugates. First, 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?28 43,

It is noteworthy the fact that the Coy signal obtained for
somatostatin during individual GNPs-Ab, was smaller (AR =

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. 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/C,) 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 (n=3) corresponding to the reported
SD.

0.93, Table 1) compared to that obtained during the multiplex
assay (AR = 1.51, Table 2). This difference in 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 S1 in
supporting information. It was found that the adsorbed amount
of LYZ was =100 pg/mm?2 for all spots assuming that 1RU = 1RIU
= 1pg/mm?2 of surface mass shift for a fixed wavelength of 800
nm44, This was very consistent with the definition of an
antifouling surface>. 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 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 sensor chips. The calculated LOD and dynamic
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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 However, our sensing
approach has the advantage of multiplexing, a larger working

hormone quantification.

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.

Table 2 SPR sensing performance for a GNP-Ab, multiplex immune assay for insulin,
glucagon and somatostatin. The presented AR (%) (Co) is the sensor’s response to the
GNPs-Ab, conjugates.

Dynamic
LOD LOD
Hormone AR (%) (Co) Range
[ng/mL] [nM]
[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?

a Highest concentration tested

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
amplification22. 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*6. 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; conjugates (Fig. 5).

The LOD achieved in this study is in accordance with
previous studies where detection of insulinl> and glucagon®é
secreted from 10 islets was achieved at 15 mM glucose.
Therefore, the somatostatin this
population of islets could be effectively and accurately detected

secreted from small
by our proposed approach, opening the possibility of gaining
better understanding of its paracrine communications
associated with abnormal islets’ function in diabetes.

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 an immunoassay with

8 | J. Name., 2012, 00, 1-3

secondary antibodies conjugated to GNPs as amplification. We
successfully achieved multiplex detection of three pancreatic
islet related hormones with an LOD of 0.15 nM, 0.39 nM and
1.22 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 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 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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