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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 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 quanti-
fication, making it an ideal candidate for detection of multiple
islet’s secretion products if arrays of hormones can be properly
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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 antifouling sensing surface comprised by a mixed self-assembly monolayer of CH;O-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 a combination of
human 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.

iabetes 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.'
Diabetes arises from secretory defects in the pancreatic islets of
Langerhans, which are endocrine clusters of cells with an
average diameter of 150 um.” The islets are vascularized micro-
organs with five different types of cells (a, §, 5, PP, and ¢) that
cooperate for hormone secretion in response to metabolic
changes.””’

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.* For instance,
secreted hormones from the different islets’ cells may exert
paracrine interaction on their neighbor cells,”° particularly
somatostatin whose inhibition has been shown to increase
glucose-induced insulin secretion.” Further understanding of
these paracrine effects may represent a therapeutic avenue for
T2D.>°

Up until now, most of the pancreatic islet research depends
on traditional bioassays for hormone quantification such as
patch clamp,®™"* capillary electrophoresis immunoassays
(CEI),"*'° and ELISA.'"*”'® Patch clamp has been used to
study the secretion from individual islet f-cells* '® and a-
cells.'"'* This technique provides quantitative information
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regarding exocytosis, by correlating the rate of capacitance
change with the number of granules released at a given time."”
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. 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
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.15 Finally, although 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 targets.

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 (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 (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 antigen—antibody.”* 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
biosensors have mostly been used to investigate fundamental
physiological aspects of the major secreted islet hormones,
namely, insulin,”>~%*” somatostatin,*® pancreatic polypep-
tide,””*° and ghrelin.‘}’1 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
antifouling surfaces using self-assembled monolayers (SAM)
that reduce interferences caused by nonspecific adsorption of
molecules on the sensor surface.”

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 antifouling
properties of a mixed SAM of a thiolated polyethylene glycol
(CH;0-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.

B EXPERIMENTAL SECTION

Materials and Apparatus. Absolute ethanol was pur-
chased from Fisher Scientific (Fair Lawn, NJ), and phosphate-
buffered saline (PBS) tablets, Tween 20, and glycine were
purchased from BioShop Canada Inc. (Burlington, Ontario,
Canada). Ethanolamine hydrochloride, N-(3-(dimethylamino)-
propyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-hydrox-
ysuccinimide (NHS), bovine serum albumin (BSA), hydro-
chloric acid (HCI), human glucagon, human somatostatin, and
lysozyme (LYZ) were purchased from Sigma-Aldrich (St. Louis,
MO). Tris-buffered saline (TBS) with 1% casein was purchased
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
(200 ug/mL each) were purchased from 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
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(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).

SPRi Measurements. For all experiments, the slope of the
plasmon curves was automatically computed by the instru-
ment’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 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 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 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 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 (ngg,, = 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.

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 CH;0-PEG-SH and 0.5 mM MHDA were prepared
and mixed at different molar ratios from 100% MHDA to 90%
CH;0-PEG-SH—10% MHDA. Substrates were immersed in
the above-mentioned ethanolic solutions overnight to allow the
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 1 M 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.” Briefly,
200 uL of an aqueous solution containing 2 mg/mL NHS, 2
mg/mL EDC, and 50 ug/mL of the desired hormone were
flowed over the sensor with a contact time of 1 h. Next, an
injection of 200 uL (contact time 10 min) of 1 M ethanolamine
hydrochloride pH 8.5 was performed to inactivate unfunction-
alized —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 a contact time of 30 min, and
subsequently, at least 3 injections of the regeneration solution
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were made to remove weakly bound proteins. Figure 1 shows a
graphical representation of a typical sensor functionalization.
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Figure 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 (CH;0-PEG-SH) as a spacer and antifouling 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
prism and incubated in a humidity chamber for 1 h.
Immediately after, the prism was rinsed with a copious amount
of DI water and subsequently immersed in 1 M 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.

Competitive Immunoassay. For multiplex assays, stand-
ard 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, S min buffer washing, and
2 injections of regeneration solution (1M-Gly) with a contact
time of 25 s with 3 min washing with buffer 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 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.”

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

the standard solutions containing hormones (C) by the
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response of the blank solution containing only a fixed
concentration of antibodies (C,). To generate calibration
curves C/C, was plotted against hormone concentration. The
calibration curves were fitted using a nonlinear 4 parameter
logistic (4PL) model. The lower limit of detection (LOD) 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 0.2C/C, and 0.8C/C,. All data is expressed
as the average of at least 3 independent experiments + standard
deviation (SD).

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 surface of biosensors.>”
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.”> 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.® 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 (CH;0-PEG-SH) that acts as a spacer and as an
antifouling agent.”” These compounds are used on a regular
basis for biosensor 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 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 2 shows the change in reflectivity for a fixed amount
of antisomatostatin antibodies (1 yg/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 the 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.”” Thus, a very little
amount of linker is left on the surface to covalently bind
somatostatin.

For 70% and 90% PEG molar fractions, it was necessary to
increase 20—30 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 a competitive immunoassay, a large amount
of antibodies will be poorly inhibited by a small amount of
analytes.*® (2) Each data point in this type of assay requires the

DOI: 10.1021/acs.analchem.7b04288
Anal. Chem. 2018, 90, 3132—3139


http://dx.doi.org/10.1021/acs.analchem.7b04288

Analytical Chemistry

2.8 ——M100 (%)

2.4

P60:M40 (%)
——— P70:M30 (%)

2011 poo:m1o0 (%)

1.6+
1.2

AR(%)

0.8
0.4

0 200 400_600 800 1000 1200
Time (s)

Figure 2. SPR reflectivity change response of 1 ug/mL of
antisomatostatin antibody for different SAM compositions. P and M
stand for CH;0-PEG-SH and MHDA, respectively.

injection of a fresh antibody solution; hence, a high amount of
antibodies will increase reagent consumption and operational
costs.

On the other hand, 100% and 50% MHDA surface
regeneration proved to be challenging when compared to
40% MHDA (Figure S1). 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
relative low antibody concentration.

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.*’
Compared to typical two-step NHS/EDC processes where
buffer 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 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 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 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 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 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).

Biosensor Performance for Individual Immunoassays.
Direct immunoassays of small molecules by SPR can be
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Table 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

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 3).

I
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§] _J’= Antibody

ty Shift
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Figure 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 (C,) follows due to binding occurring with hormones
in solution (C/C,). 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.”® 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 ug/
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
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 mixing
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 (Figure 4B), and somatostatin (Figure
4C). For each hormone, mean relative binding values (C/C,)
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) insulin, (B) glucagon, and (C) somatostatin. For each hormone, mean relative
binding values (C/C,) 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 (C,). Solid lines
correspond to the fitting of a nonlinear 4PL model. Error bars represent the standard deviation from 3 independent experiments (n = 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 SD. The
LOD and dynamic range for individual immunoassays are
shown in Table 2.

Table 2. SPR Sensing Performance for Single Hormones®

LOD LOD dynamic range
hormone AR (%) (C,)  (ng/mL) (nM) (ng/mL)
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"

“All values were calculated from the nonlinear 4PL fit equation derived
from individual calibration curves. The reported LOD was calculated
as the response of the blank (C,) minus 3 times the standard deviation.
“High i

ighest concentration tested.

Additionally, we tested different sensor regeneration
solutions including 10—50 mM NaOH, 10 mM NaOH 1-
20% (v/v)—acetonitrile, 0.1—1 M glycine (pH 2-3), 0.1-1 M
glycine—1% (v/v) DMSO, and 2 M MgCl,, 0.1—1 M glycine—
1% (v/v) DMSO, and 2 M MgCl,(data not shown). From
these solutions, 1 M glycine with a pH = 2.5 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
reflectivity was measured after 10 min of contact time and 5
min 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
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Figure S. Spot specificity on a multiplex sensing surface for (A) anti-insulin, (B) anti-glucagon, and (C) anti-somatostatin. (D) Typical blank
solution response (C,) 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.
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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 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.”” 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 SI in the Supporting Information shows
the mean (n = 3) SPR response to BSA and LYZ immediately
after buffer washing

Biosensor Performance for Multiplex Immunoassays.
Multiplex hormone detection was achieved by simultaneously
performing three immunoassays. Once the different hormones
were immobilized 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 SA), anti-glucagon (Figure
SB), and anti-somatostatin (Figure SC). The typical sensor
response to a blank solution (mix of all antibodies) is shown in
Figure SD. 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 SA—C) and the injection of the antibody
mix (Figure SD). 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.

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 S. As it can be seen in Figure 5D, there was a negligible
response on the BSA and “Control” spots when exposed to the
blank solution, indicating the high antifouling properties of the
Sensor.

To further determine the antifouling properties 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/mm?). The mean SPR response of the multiplex sensor
for BSA and LYZ immediately after buffer washing is reported
in the Supporting Information (Table S2).

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 6 shows the calibration curves for
multiplex sensing 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). 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 6
represent the corresponding SD. The LOD and dynamic range
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Figure 6. Multiplex hormone calibration curves in PBS-T for 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). 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 (C,). Solid lines correspond to the
fitting of a nonlinear 4PL model. Error bars represent the standard
deviation from 3 independent experiments (1 = 3).

for multiplex immunoassays are shown in Table 3. Typical SPR
curves for the multiplex detection mode can be found in the
Supporting Information (Figures S3—S6).

Table 3. SPR Sensing Performance for Multiplexed
Immunoassays”

max AR (%) LOD LOD dynamic range
hormone (Gy) (ng/mL) (nM) (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°

“All values were calculated from the nonlinear 4PL fit equation derived
from individual calibration curves. The reported LOD was calculated
as the response of the blank (C,) minus 3 times the standard deviation.
by .

Highest concentration 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 1 order of magnitude higher than their
corresponding ELISA assays (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 glucagon'* secreted
(LOD) from 10 islets was 10 and S nM, respectively, at 15
mM glucose.

Since the number of somatostatin secreting cells within the
islets is usually smaller than that of insulin or glucagon secreting
cells,* 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 enhancin% agent to increase the LOD of the present
SPR immunoassays.”

DOI: 10.1021/acs.analchem.7b04288
Anal. Chem. 2018, 90, 3132—3139


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b04288/suppl_file/ac7b04288_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b04288/suppl_file/ac7b04288_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b04288/suppl_file/ac7b04288_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.7b04288

Analytical Chemistry

B CONCLUSIONS

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 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
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 micro-
fluidic 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 secretory
fingerprint, allowing further understanding of the paracrine
effect of somatostatin on glucose 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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