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Abstract

New microarray chip strategies that are sensitive and selective and that can measure low levels of
important biomarkers directly in a blood sample are significant for improving human health by
allowing timely diagnosis of an abnormal condition. Herein, we designed an antibody—aptamer
immunoarray chip to demonstrate simultaneous measurement of blood insulin and glycated
hemoglobin (HbAXc) levels relevant to diabetic and prediabetic disorders using a surface plasmon
microarray with validation by fluorescence imaging. To accomplish both surface plasmon and
fluorescence imaging on the same sample, we decorated magnetite nanoparticles with quantum
dots for covalent immobilization of aptamers for subsequent capture and isolation of the aptamers
specific for insulin and HbAlc markers from 20-times diluted whole blood samples. Direct
clinically relevant analysis, along with fluorescent imaging of the two markers, was achieved by
this new immunoarray platform. The limit of detection was 4 pM for insulin and 1% for HbAlc.
Examination of cross-talk using thrombin and platelet-derived growth factor confirmed that the
designed immunoarray was highly selective for insulin and HbAlc. Surface plasmon kinetic
analysis provided apparent binding constants of 0.24 (+0.08) nM and 37 (£3) 1M, respectively, for
the binding of insulin and HbAlc onto their surface immobilized monoclonal antibodies. Thus,
quantitative imaging of ultralow levels of blood biomarker levels with binding kinetics is uniquely
obtained in the designed immunoarray chip. In conclusion, this report demonstrates considerable
significance of the developed magnetite-quantum dot-bioconjugate strategy for clinical diagnostics
of whole blood biomarkers with characterization of molecular binding interactions.
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Diabetes is characterized by abnormally high blood glucose levels that can result from either
insulin deficiency (type 1 diabetes T1D) or insulin resistance (type 2 diabetes T2D). In
contrast to T1D, T2D is typically associated with unusually high levels of insulin secretion
by the beta cells within the pancreas. If left undiagnosed or untreated, diabetes can lead to
health complications such as cardiovascular diseases, kidney failure, and diabetic
retinopathy. A survey conducted by the World Health Organization indicated that the
incidence of diabetes is increasing at a constant rate. The latest statistics show nearly 8.5%
of the world’s population to be diabetic, with many children being affected in recent times.
Originally, type 1 diabetes was the most common form, but in recent years type 2 diabetes
has become a serious problem in both children and adults. In the United States, the Centers
for Disease Control and Prevention (National Diabetes Fact Sheet, 2011) reported that ~11%
of adults had type 1 diabetes and 35% of the population had a prediabetic disorder (a stage
before type 2 diabetes).!

Although glucose biosensors have been successful in diabetes management, considerable
attention is now focused on developing diagnostic devices that can detect nonglucose
biomarkers such as insulin and glycated hemoglobin (HbALc) to categorize the type of
diabetes and predict risks for development of cardiovascular, kidney, and vision
complications. Hence, timely identification of type 1 and type 2 diabetic disorders would
benefit from the ability to measure blood insulin levels under fasting conditions, and
assessment of associated complications by additionally measuring HbAlc levels in the same
sample.23

HbA1c is formed by the nonenzymatic reaction of glucose with the N-terminal valine amino
group of the B-chain of hemoglobin.# Recent studies highlighted the benefit of measuring
HbA1c instead of glucose levels for better prediction of risk of developing diabetes and
cardiovascular diseases.>~8 Hence, the American Diabetes Association has recommended
measuring HbA1c for diabetes screening and diagnosis.®10 In healthy adults, HbA1c is
within the range of 4.0-6.0%, whereas levels >6.5% indicate diabetes.1? Although HbA1c
levels are useful for predicting cardiovascular problems they cannot be used to categorize the
type of diabetes present.12-14 Hence, measuring both fasting insulin and HbA1c levels in
whole blood samples would be clinically significant for predicting diabetes type and other
diabetes related health complications.
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Compared to the millimolar glucose concentration present in whole blood, it is very
challenging to measure ultralow clinically useful levels of nonglucose diabetes markers.
High abundance of interfering components such as cell lysates or serum proteins in clinical
matrices (i.e., the matrix effect) can interfere with and influence the performance of the
assay in terms of robustness, sensitivity, and high false positive and false negative results.

Methods such as the chemiluminescence assay, radioactive immunoassay, enzyme linked
immunosorbent assay (ELISA), and column chromatography have been used to detect
insulin and HbA1c levels in buffer and serum.15-17 For HbA1c the current gold standards
are ion-exchange chromatography,8 boronated affinity chromatography,1® and
electrophoresis.2? Based on the affinity of the diol groups of HbA1lc to the boric acid
surface, electrocatalytic detection of HbAlc on a boronate affinity modified surface,2122 a
disposable amperometric sensor,23 and an impedimetric sensor on 3-aminophenylboronic
acid-modified egg shell membranes?4 have been demonstrated previously. All these prior
assays/sensors had good sensitivity and selectivity, but they cannot offer real-time binding
kinetics analysis with an image output of biomarker levels as in surface plasmon resonance
(SPR) microarray imager.

Real-time binding kinetics helps in understanding the structure and function of proteins, the
strength of interactions between biomolecules, and that with nonbiological entities such as
drugs and aptamers. Different proteins with the same affinities may not exhibit the same
kinetics. Therefore, without knowing the association and dissociation rates, the true nature
of an interaction cannot be known. As a result, real-time kinetic analysis has become
important and useful in providing clear quantitative insights into interactions for early phase
drug development,2® genetic screening,28 understanding molecular mechanisms,27:28
biosensor development,2? disease diagnosis,3° and other related applications.

SPR measures changes in refractive index for up to ~200-300 nm upon binding of
molecules onto the metal surface that is in contact with a dielectric medium (e.g., buffer
solution).31:32 These changes are imaged by a charge-coupled device (CCD) camera within
30 s in an SPR imager (SPRi). SPR bioassays for detection of analytes can be a label-free
format,33 although various nanoparticle based signal amplification labels are often required
to enhance detection sensitivity.34-37 Studies have shown that the surface plasmon field
effects can be increased several-fold by interaction of quantum dots (QDs) with propagating
surface plasmons (SP-QD coupling).38 Taking advantage of this phenomenon, there have
been reports of SPR based biosensors that have incorporated near-infrared (NIR) QDs to
achieve high sensitivity in detection of single analyte biomarkers such as C-reactive protein
in 1% serum with a limit of detection (LOD) of 43 aM,3° and a femtomolar LOD of prostate
specific antigen in buffer.0

Herein, we describe a novel SPRi immunoarray that incorporates SP-QD coupling for
sensitive and combined detection of insulin and HbALc in unprocessed 20-times diluted
whole blood. We show that by designing appropriate surface chemistry and bioconjugation
strategies, it is feasible to measure clinically relevant levels of two biomarkers of diabetes in
whole blood samples with binding Kinetic insights and an array image output. Additionally,
we demonstrate fluorescence imaging of the markers on the same array surface. Such a dual
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independent detection method for evaluating the same biomarker sample adds better
reliability to the results.

The designed sensor incorporates aptamers as the capture probes attached to magnetic
nanoparticles (MNPs) decorated with two distinct QDs to selectively isolate insulin and
HbA1c from blood and detect their presence upon binding to surface immobilized
antibodies. This study not only demonstrated the ability to image two biomarkers in whole
blood, but also led us to perform the kinetic analysis to estimate the binding affinity
interactions between the MNP-QD-aptamer-insulin or MNP-QD-aptamer-HbAlc biomarker
conjugates and their respective monoclonal antibodies immobilized on the SPRi array
surface. This study is significant for the clinical diagnosis of nonglucose diabetes
biomarkers to accomplish better treatment outcomes, prediction of complications, and
management of type 1 and type 2 diabetes.

EXPERIMENTAL SECTION

Reagents and Materials

Polyethylene glycol amine functionalized magnetite (Fe304) nanoparticles (MNPs, 115 + 2
nm hydrodynamic size) were purchased from Chemicell GmbH (Berlin, Germany). Qdots
800 and 565 ITK carboxyl quantum dots (QDggg and QDsgs) were bought from Life
Technologies Corporation (Carlsbad, CA, USA). Aptamers for insulin, HbAlc, thrombin,
and platelet-derived growth factor (PDGF) were purchased from Integrated DNA
Technologies (Coralville, IA, USA). Recombinant human insulin was obtained from
Kerafast, Inc. (Boston, MA, USA). Monoclonal mouse anti-insulin antibody (Abinsulin), 3-
mercaptopropionic acid (MPA), 1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide
hydrochloride (EDC), A-hydroxysuccinimide (NHS), bovine serum albumin (BSA),
Generation 4 polyamidoamine (PAMAM) dendrimer, glutaraldehyde, cyanmethemoglobin
reagent, and human blood hemolysate were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Monoclonal mouse antiglycated hemoglobin antibody (Abnpaic) Was purchased from
Fitzgerald (Acton, MA, USA). Normal whole blood and type 1 and type 2 diabetic whole
blood patient samples were from Bioreclamation IVT (Westbury, NY, USA).
Cyanmethemoglobin standard (80 mg/dL) was purchased from Stanbio Laboratory (Boerne,
TX, USA). The ultrasensitive insulin ELISA kit was purchased from Mercodia (Uppsala,
Sweden), and the HbAlc assay kit was purchased from Crystal Chem, Inc. (Downers Grove,
IL, USA). All other chemicals were analytical grade.

Instrumentation

Dynamic light scattering (DLS) and zeta potential measurements were performed on
ZetaPALS (Brookhaven Instruments Corporation, Holtsville, NY, USA). The fluorescence
spectra for quantitating QDggp and QDsgs in the conjugates were generated using a Cary
Eclipse Fluorescence Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA),
and fluorescence images were taken using a Nikon Eclipse 80i microscope (Nikon
Instruments Inc., Melville, NY, USA). The UV-vis absorbance for estimating the amount of
total hemoglobin in the standards was measured using a Cary 5000 UV-vis-NIR (Agilent
Technologies, Santa Clara, CA, USA). Residual insulin and HbAlc levels in normal whole
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blood were estimated using a BioTek Synergy H1 Plate Reader (Winooski, VT, USA). The
real-time binding kinetics study was conducted using a surface plasmon resonance imager
(GWC, SPRimager-I1, Horizon SPR imager model, Madison, W1, USA) operating at a SPR
source wavelength of 800 nm. Pico Plus Elite Pumpll was purchased from Harvard
Apparatus (Holliston, MA, USA), and a dual injector valve for injecting phosphate buffered
saline (PBS, running buffer) and samples was from IDEX Health & Science LLC (Rheodyne
model 9725i PEEK injector, Rohnert Park, CA, USA).

Preparation of MNP-QD-Aptamer-Insulin or HbAlc (MNP-QDgggo-Aptamer-Insulin and MNP-
QDsgs-Aptamer-HbAlc) Conjugates

To 20 gL of amine terminated MNPs in separate vials, 400 £ of 100 nM QDsggs5 or QDggg in
borate buffer, pH 9.5, were added and rotated for 2 h in the dark for effective electrostatic
interaction. The unbound QDs in the supernatant solution were then removed by applying a
magnetic field via a small magnet to separate the QD-bound MNPs. The —COOH groups of
QDs in the prepared MNP-QD samples were activated by a freshly prepared solution of 150
uLof 0.2 M EDC and 0.05 M NHS for 10 min and were subsequently treated with 40 w4l of
20 /M amine terminated insulin or HbAlc aptamers in pH 7.5 Tris-EDTA buffer for another
2 hin the dark (MNP-QDsg5 was treated with HbALlc aptamer and MNP-QDggq was treated
with insulin aptamer).

The unbound aptamers in solution were removed by magnetic field, and the aptamer-bound
MNP-QD conjugates were washed twice with 1% BSA in PBS to prevent nonspecific
binding by blocking the free carboxylic acid groups of QDs. The washed conjugates were
then incubated with 100 zL of different spiked concentrations of insulin or HbAlc in whole
blood (20-times diluted in PBS) for 15 min. The prepared MNP-QDggp-aptamer-insulin and
MNP-QDsg5-aptamer-HbALc conjugates were again washed twice with 1% BSA in PBS
and resuspended in 500 L of PBS buffer, pH 7.4.

The standards for insulin and HbA1c in whole blood were prepared by the standard addition
method to reduce matrix interference. These standards were prepared by adding 50 /L of 10-
times diluted whole blood and 50 gL of 2x concentrations of insulin and HbAlc, whereas
the controls were prepared by mixing 50 gL of 10-times diluted whole blood and 50 L of
PBS, pH 7.4, to give a total volume of 100 zL. Using ELISA and the HbA1c assay kit, we
estimated that the 20-times diluted control blood had 2.2 pM insulin and 0.3% HbAlc,
which was taken as the zero signal reference for the spiked samples, as this was the only
way we could mimic the blood sample matrix for controls and also obtain spiked samples.
Patient samples and conjugates for thrombin and PDGF (negative control) were also
prepared in a similar fashion. The aptamers for insulin,*! HbA1c,42 thrombin,*3 and
PDGF*4 were C6 amino modified (AmMCS) at the 5” end and HPLC purified.

Aptamer for insulin: 5° AMMC6/GGT GGT GGG GGG GGT TGG TAG GGT GTC TTC
3/

Aptamer for HbAlc: 5° AmMC6/GGC AGG AAG ACA AAC ACA TCG TCG CGG CCT
TAG GAG GGG CGG ACG GGG GGG GGC GTT GGT CTG TGG TGC TGT 3’
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Aptamer for thrombin: 5° AmMMC6/GGT TGG TGT GGT TGG 3’

Aptamer for PDGF: 5 AmMMC6/CAG GCT ACG GCA CGT AGA GCA TCA CCA TGA
TCCTG3'.

RESULTS AND DISCUSSION

Design of the SPR Dual Immunoarray Surface

The complete microarray fabrication and interaction of the blood insulin or blood HbAlc
captured MNP-QD-aptamer conjugates with the surface immobilized antibodies was
monitored real-time on the SPRi. The immunoassay strategy is shown in Figure 1.

We incorporated two different carboxyl terminated QDs (QDggg With emission peak at 800
nm and QDsg5 with emission peak at 565 nm) to monitor and image the binding of insulin
and HbA1c in whole blood using the SPRi followed by distinction of the QDs by
fluorescence imaging characterization of the same microarray spots. Different
concentrations of insulin and HbA1c in whole blood were prepared using the standard
addition method to yield MNP-QDggg-aptamer-insulin and MNP-QDsgs-aptamer-HbAlc
conjugates. The number of molecules of QDggg and QDsgg bound to 0.5 mg of MNP was
estimated by taking the difference in fluorescence intensity of the QD solutions before and
after the electrostatic adsorption onto MNPs. This estimation yielded 2.4 (+0.1) x 1013 of
QDgpp and 2.3 (+0.2) x 1013 of QDsg5 molecules bound to MNPs.

Characterization of Conjugates

Table S1 shows results of particle size analysis and surface charge analysis of the prepared
conjugates. Because of the longer single-stranded oligonucleotide sequence of the HbAlc-
aptamer and the higher molecular weight of HbAlc compared to those of the insulin system,
the MNP-QDsgs-aptamer-HbAlc conjugate was ~190 nm greater in size than the MNP-
QDgpp-aptamer-insulin conjugate. The negative zeta potential confirmed the attachment of
QDs to the positively charged MNPs. Further conjugation of the QDs to the amine
terminated aptamers shifted the zeta potential toward more positive values. The final step of
capture of insulin and HbA1c from 20-times diluted whole blood showed slighlty more
negative zeta potential values.

Real-Time Monitoring of the Binding of Conjugates to the Antibody Immobilized SPR
Immunoarray

SPR gold (Au) microarray chips were initially thiol functionalized by immersion in
mercaptopropionic acid (MPA) overnight. Fourth-generation polyamidoamine (PAMAM)
dendrimer was then covalently bound via carbodiimide linkage by immersion for 2 h. The
dendrimer was incorporated to reduce nonspecific binding, to prevent leaching, and to
provide a stable surface for homogeneous immobilization of biomolecules.*® The thiol-
dendrimer fabricated chips were then used to immobilize anti-insulin (Abjnsylin, 0.2 mg/mL
in PBS, pH 7.4) or antiglycated hemoglobin (Abypaic, 0.2 mg/mL in PBS, pH 7.4)
antibody.
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Injection of 100 4L of 0.5% glutaraldehyde for 30 min activated the amino groups of the
dendrimer by forming Schiff’s base and linked the antibodies to the sensor surface. The
microarray was divided into two halves with eight array spots in each half to immobilize
Abinsulin and Abppaic. Immobilization took place for 40 min and was followed by a
blocking step in 100 zL of 0.1% BSA in PBS for 30 min. Each step of immobilization
included a washing step of 5 min in PBS at a flow rate of 50 x/min to remove any unbound
molecules and obtain a steady-state response. SpotReady 16 chips from GWC Technologies,
with each spot 1 mm in diameter, were utilized for the immunoassembly fabrication and
detection of diabetes biomarkers. The construction of the sensor surface and the dual
analysis were performed at room temperature (23 °C). Figure 2 shows the real-time data in
PBS, pH 7.4 delivered at a flow rate of 50 xL/min. Table 1 presents the percent change in
reflectivity at every step of array fabrication.

The antibody-immaobilized microarray was used to selectively monitor the binding of
different concentrations of MNP-QDggg-aptamer-insulin and MNP-QDsgs-aptamer-HbAlc
conjugates. The sandwich assay was conducted such that the conjugates of insulin and
HbA1c, which were suspended in 500 £ of PBS buffer, pH 7.4, were mixed at 1:1 v/v ratio
and used as the sample for detecting both markers simultaneously and for dual and cross-
reactivity analysis. The binding of the mixed conjugates on the sensor surface was
monitored at a flow rate of 100 z_/min for 10 min, which included a 5 min washing step.
Figure 3A-C shows the sensograms for simultaneous detection of insulin and HbAlc
present in one sample mixture and the corresponding difference images and line profiles.
The control samples (Figure 3A) correspond to 20-times diluted unspiked whole blood
(having a residual 2.2 pM insulin and 0.3% HbA1c) treated with either MNP-QDggp-insulin
aptamer or MNP-QDsg5-HbALc aptamer conjugates.

Thus, we examined the specificity of the sensor by mixing the two conjugates in one
solution for the assay (Figure 3). Additionally, a negative control experiment utilizing
thrombin and PDGF aptamers was run to assess any nonspecific crosstalk on the sensor
surface (Figure S1). Thrombin and PDGF were chosen because they are normally present in
whole blood. MNP-QDggg-aptamer-thrombin and MNP-QDsgs-aptamer-PDGF conjugates
were prepared in a manner similar to that of the insulin and HbAlc conjugates and were
mixed at 1:1 v/v ratio to conduct the cross-talk study. These conjugates did not show any
increase in reflectivity, which confirmed the selectivity of the designed aptamer
immunosurfaces toward insulin or HbAlc. In fact, a negative SPR reflectivity change was
observed for the thrombin and PDGF conjugates. The exact reason for this negative shift is
not clear and could result from a shift in SPR angle minimum to a higher angle causing a net
negative reflectivity change, or an induced desorption of BSA from the sensor surface
caused by the nonspecific interaction of thrombin and PDGF aptamer conjugates.*6:47

Figure 4 shows the insulin and HbA1c SPR sensograms and the respective calibration plots
for the dual detection. Using the equation LOD = mean * 3 x standard deviation of blank,
we calculated an LOD of 4 pM insulin and 1% HbA1c in the designed immunoarray strategy
(Figure 4C,D). These detection limits are comparable to other competing methods presented
in Table S2.
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To perform the kinetic analysis, concentrations of HbAlc expressed in % were converted to
molar concentrations by performing the cyanmethemoglobin (hemoglobin) assay.48
Absorbance spectra of the cyanmethemoglobin complex formed at 540 nm were recorded
(Figure S2) for the prepared HbA1c standards and were converted to molar concentrations
using the following equation:

x 100| = % HbAlc

Concentration of HbAlc
Concentration of total hemoglobin

The experimentally obtained SPR sensograms in Figure 4 were fit into a 1:1 bimolecular
interaction model (Figure S3).4° The equations provided in the Supporting Information were
used to calculate the kinetic parameters, association rate constant (&), dissociation rate
constant (4y), and binding constant (Kp). All data processing and kinetic model fitting was
performed using the software provided by GWC Technologies, Inc., which gives Agpg (rate
constant “observed” in the experiment) based on the association curve and the &y from the
dissociation curve following the point of wash in buffer.

Kops values for each concentration of biomarker displayed good linearity (Figure S4). The
slope and the intercept values correspond to &, and Ay, respectively (Table 2). The kinetic
parameters determined from the linear plot were in close agreement with the binding
constant (Kp) values generated by individual simulated sensograms (Figure S4). The low
nM and (/M Kp values obtained for the respective aptamers captured blood insulin and
HbA1c on the MNP-support suggest reasonably strong binding interactions with the
corresponding surface immobilized insulin and HbA1lc antibodies (Table 2). The determined
Kp value of insulin in the designed aptamer-insulin-antibody sandwich assay format is on
the similar order to that reported for insulin affinities with insulin-receptor or anti-insulin
antibody.>%1 In the case of HbA1lc, the measured Kp is higher than that reported for 5000-
fold diluted blood samples by an ELISA method (Kp = 75 nM).52 A possible reason for the
observed difference could arise from the lower dilution factor of the whole blood samples in
our study and the associated presence of the greater amounts of other nonspecific analytes
that could hinder the binding rates of HbAlc with its surface antibody. Additionally, the
differences in the surface chemistry and immunoassembly designs could be another possible
factor.

To illustrate the clinical applicability of the designed dual biomarker immunoarray imager,
insulin and HbA1c levels in real type 1 diabetic (T1D) and type 2 diabetic (T2D) patient
samples were measured. The conjugates for the patient samples were prepared in a manner
similar to that used to prepare the spiked insulin and HbAlc standards in 20-times diluted
blood as described previously. Figure 5 shows the real-time binding sensograms and the
corresponding difference images and line profiles. The concentrations estimated for insulin
and HbAlc in the TID patient sample were 33 (£5) pM and 6.6 (£0.6)%, respectively,
whereas in the T2D patient sample they were 89 (£3) pM and 9.8 (x1.5)%.

The SPR results of the bound insulin and HbA1c conjugates on the immunoarray surface
were validated by fluorescence imaging (Figure 6). The aptamer conjugates, MNP-QDgqg-
aptamer and MNP-QDs5gs-aptamer, as such did not show any measurable QD emissions
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when allowed to bind the immunoarray surface antibodies (Figure 6A,B), suggesting
negligible nonspecific binding. 20-times diluted whole blood samples not spiked with
insulin or HbA1c, but treated with the aptamer conjugates, showed slight nonspecific
binding signals at the immunoarray surface due to the presence of residual insulin (2.2 pM)
and HbA1c (0.3%) in the blood (Figure 6C,D). On the other hand, the whole blood spiked
with 50 and 500 pM insulin (Figure 6E,G) or 6% and 10% HbA1c (Figure 6F,H) and
captured with the aptamer conjugates displayed notable fluorescence emission signals as the
result of selective binding of the biomarkers onto their respective microarray immobilized
antibody.

CONCLUSIONS

Development of surface plasmon array chips that can directly measure levels of more than
one biomarker in whole blood with high sensitivity, selectivity, and minimal nonspecific
binding from interfering proteins represents a challenging task. This was overcome in this
study by designing an antibody-aptamer immunoarray chip utilizing magnetic nanoparticles
and fluorescent QD labels to measure insulin and HbAlc in 20-times diluted whole blood.
Clinical diagnoses of type of diabetes from fasting insulin levels and prediction of
cardiovascular complications from elevated HbAlc levels are possible with the demonstrated
immunoarray strategy. This dual biomarker chip platform is innovative and impactful
considering the rapidly growing rate of diabetes and cardiovascular problems worldwide.

As aptamers are highly specific compared to antibodies,>3-5% incorporating them as
capturing probes for insulin and HbA1c from whole blood as part of the sandwich assay
resulted in good selectivity and negligible nonspecific binding signals. We achieved
detection within the clinical range with high sensitivity, and the Kp values in the /M to nM
range confirmed good affinity between the biomarker conjugates and their antibodies.

Table S2 provides a comparative analysis of the detection sensitivity of insulin and HbAlc
in different clinical matrices, which confirms the unique advantage of the proposed
microarray imager for ultralow detection along with the binding kinetics parameters. MNPs
were used in the conjugate preparation because they provide easy isolation and separation of
insulin and HbAlc from whole blood by a magnet, which is not possible with other
inorganic NPs. The use of two distinct fluorescent QDs allowed the independent validation
of the SPR microarray results. Such magnetic NP-QD probes are of growing interest, as they
allow biolabeling and easy isolation and separation of desired biomarkers from complex
sample matrices for sensitive imaging based measurements.56:57

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Assay strategy used for measuring the clinical levels of insulin and HbA1c in 20-times
diluted whole blood in PBS.
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Figure 2.
Reflectivity changes during stepwise SPR microarray fabrication with (a) glutaraldehyde,

(b) Abinsutin Or Abppate and () 0.1% BSA. The broken lines indicate the onset of the
washing step (duration of 5 min).
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Figure 3.
Difference images, line profiles, and sensograms of (A) control, (B) 50 pM and 6%, and (C)

500 pM and 10% insulin and HbA1c levels, respectively, in whole blood.
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SPR sensograms for (A) insulin and (B) HbA1c and calibration plots for (C) insulin and (D)
HbA1c detection in 20-times diluted whole blood (N = 3 replicates).
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Figure 5.

Difference images, line profiles, and sensograms of (A) T1D and (B) T2D whole blood
patient samples.
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Figure 6.
Fluorescence images of aptamer control (A,B), 20-times diluted whole blood conjugates

with residual insulin and HbAlc (C,D), MNP-QD-aptamer captured 50 pM insulin and 6%
HbA1c (E,F), and 500 pM insulin and 10% HbA1c (G,H) in 20-times diluted whole blood
upon binding to their respective surface immobilized antibodies on the SPR microarray chip.
Scale bar: 20 um for (A-H).
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Reflectivity Changes during Fabrication of the SPR Microarray for Detection of Insulin and HbAlc in 20-

Times Diluted Whole Blood?

stepwise assembly on the Au chip

% change in reflectivity

Insulin HbAlc
Au chip-MPA-dendrimer initial initial
Au chip-MPA-dendrimer-glutaraldehyde 8.1(x1.3) 5.8 (£0.8)
Au chip-MPA-dendrimer-glutaraldehyde-Ab 7.4 (x14) 7.7 (%1.0)
Au chip-MPA-dendrimer-glutaraldehyde-Ab-0.1% 0.9 (+0.5) 1.0 (x0.4)

BSA

laN: 3 replicates with eight spots per sample.
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Table 2

Kinetic Parameters for the Binding of 20-times Diluted Whole Blood Insulin and HbAlc Aptamer Conjugates
onto Surface Immobilized Antibodies

biomarker  association rate constant (k,, M=t s™1)  dissociation rate constant (kg, s™1)  binding constant (Kp)

Insulin 3.0 (£1) x 107 7.3 (x0.1) x 1073 0.24 (£0.08) nM
HbAlc 201 (£14) 7.4 (+0.2) x 1073 37 (3) M
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