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Abstract

Although biomarkers exist for a range of disease diagnostics, a single low-cost platform
exhibiting the required sensitivity, a large dynamic-range and multiplexing capability, and zero
sample preparation remains in high demand for a wvariety of clinical applications. The
Interferometric Reflectance Imaging Sensor (IRIS) was utilized to digitally detect and size single
gold nanoparticles to identify protein biomarkers in unprocessed serum and blood samples. IRIS
is a simple, inexpensive, multiplexed, high-throughput, and label-free optical biosensor that was
originally used to quantify biomass captured on a surface with moderate sensitivity. Here we
demonstrate detection of B-lactoglobulin, a cow’s milk whey protein spiked in serum (>10 orders
of magnitude) and whole blood (>5 orders of magnitude), at attomolar sensitivity. The clinical
utility of IRIS was demonstrated by detecting allergen-specific IgE from microliters of
characterized human serum and unprocessed whole blood samples by using secondary antibodies
against human IgE labeled with 40nm gold-nanoparticles. To our knowledge, this level of
sensitivity over a large dynamic range has not been previously demonstrated.

IRIS offers four main advantages compared to existing technologies: it 1) detects proteins from
attomolar to nanomolar concentrations in unprocessed biological samples, i1) unambiguously
discriminates nanoparticles tags on a robust and physically large sensor area, iii) detects protein
targets with conjugated very small nanoparticle tags (~40nm diameter), which minimally affect
assay kinetics compared to conventional microparticle tagging methods, and iv) utilizes
components that make the instrument inexpensive, robust, and portable. These features make
IRIS an ideal candidate for clinical and diagnostic applications.

KEYWORDS: Single molecule, protein detection, attomolar sensitivity, point of care, whole

blood diagnostics
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Highly sensitive, quantitative, and multiplexed biomarker detection is a crucial focus for the
technological development of next generation diagnostics.' Biomarkers are successful identifiers
of diagnosis and prognosis in a variety of diseases from cancer to allergy. For example, nearly an
80% total decrease in cancer mortalities for colorectal, female breast, and prostate cancer have
been largely due to improvements in early detection and treatment.” Likewise, determination of
systemic sensitization to specific allergens has been established as the primary method to guide
trigger avoidance.” * Although protein biomarkers are known for a range of diseases, current
multiplexed protein biosensors are subject to limitations: i) the absence of a large dynamic range
assay to accurately detect all clinically relevant concentrations of a variety of biomarkers® (See
Table S1 for a partial list which expands over 5 orders of magnitude), ii) the inability to screen
for a panel of biomarkers, versus a single biomarker, for reliable disease detection and
monitoring®’, iii) the challenge of maintaining sensitivity and specificity in unprocessed whole
blood or minimally prepared serum samples®, and iv) the need for the biosensor platform to be
robust, portable, and versatile’.

Biomarkers in serum have been detected using a variety of transduction and amplification

11 13 15

mechanisms, such as electrochemical'® s mechanical'® , or optical”’ techniques;
micro/nanoparticle tagging and single molecule detection methods are often used to achieve very
high sensitivity. One particular sensing approach termed the bio-barcode assay developed by
Stoeva et al. uses AuNPs as secondary probes to detect protein targets. Once bound, the tags are
additionally stained with silver to amplify the signal to achieve high sensitivity from the
attomolar to picomolar range in a multiplexed format.' '® Furthermore, single molecule
17, 18

quantification has been demonstrated by detecting binary events to achieve digital sensing.

For example, Rissin ef al. have developed a single-molecule ELISA method to detect proteins at

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Analytical Chemistry

subfemtomolar concentrations over 4 orders of magnitude in serum.'® These techniques require
that the biomarkers of interest be within the dynamic range of the platform and that whole blood
samples must be processed prior to testing. Moreover, nanoscale and complex sensing elements
used in these single particle detection techniques may limit clinical applicability such as point of
care testing.lg’ 20

Protein detection at attomolar sensitivity in serum has also been achieved by using
microparticles with diameters between 1-200um attached to secondary antibodies.”’ While the
large size of these microparticles allows for visibility in a conventionally acquired image, they
are known to severely reduce the diffusivity (~3-4 orders of magnitude (Fig. S1)) and thus
require external force fields.”> Moreover, once the microparticle tag exceeds 3um in diameter,
the particle will settle out of solution and only undergo 2D diffusion and may cause the assay

: 21,22
outcome to be inaccurate.””

To maintain native kinetics of the particle-probe complex, it is
crucial that the particle tag be on a similar size scale as the target.

While highly sensitive protein detection methods have been achieved in serum samples,
biomarker detection in unprocessed whole blood remains very challenging due to non-specific
binding of cells and particulates to the sensor surface. One approach to perform biosensing in
whole blood samples has been demonstrated by Stern et al., who have developed a
microfabricated microfluidic purification chip to process 10uL of whole blood in 20 minutes.”
However, this technique only achieves 500pM sensitivity, which is 10° times less sensitive than
the techniques established for detection in serum. Moreover, this level of sensitivity is not

pertinent to most protein biomarkers, whose serum concentrations in healthy individuals range

between 0.01-100pM (Table S1).
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Here, we demonstrate the ability of IRIS to perform discrete detection of allergen-specific IgE,
a biomarker of allergy, in unprocessed whole blood samples with negligible non-specific binding
from the attomolar to picomolar range by discriminating 40nm AuNP tags, with negligible effect
on binding kinetics, functionalized to secondary antibodies over a physically large and robust
sensor surface. The IRIS technique has been first demonstrated for label-free, and quantitative

. 24,2
measurements of biomass captured on the sensor surface** **

and recently modified to detect
single nanoparticles across a large sensor surface using only basic optical components: a simple,
inexpensive, silicon-silicon oxide (Si-Si0O,) substrate; commercially available LEDs; and a CCD
detector.” Typical optical sensors designed to detect single nanoparticles utilize micro-fabricated
devices with small surface areas.”” " IRIS uses a simple planar surface that is easy to multiplex
and does not require micro-fabricated features. Instead, IRIS benefits from enhanced visibility
due to interference of optical field scattered from captured nanoparticles interfering with the
reference reflection from the layered surface. In this imaging sensor modality, each diffraction-
limited spot creates the opportunity to detect a single binding event on the IRIS substrate
effectively yielding as many as 10° parallel sensing elements with discrete detection capability.”

The primary differences in the total biomass quantification and single nanoparticle counting
modalities of IRIS are the magnification of the objective, the oxide spacer on the substrate, and
the resulting information of the image acquired by the CCD array (Fig. S2). The first modality
(low magnification) of IRIS quantifies biomass on a surface by converting the intensity value of
each pixel in the CCD array into an average optical height measurement. The second modality
(high magnification) of IRIS detects, size discriminates and counts individual AuNP. The

resulting discrete detection of nanoparticle tags provides the ability to distinguish the specific

binding events in complex solutions allowing for detection in serum and whole blood with high
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sensitivity. However, discrete detection requires that the density of nanoparticles on the surface
is no more than one per diffraction limited spot and thus has an upper limit in detection
concentration. In practice, for unambiguous discrimination of individual AuNP tags from the
background a relatively low density on the surface, less than 10* particlessmm? is desirable
imposing a limit on the dynamic range. While the discrete detection saturates at the high target
protein concentration, the sensitivity of the low-magnification modality of IRIS would become
sufficient and thus provide label-free total biomass quantification. These complementary
modalities may be achieved in a single instrument by changing the optical magnification, similar
to different objectives on a microscope turret, and result in high sensing capability.

We utilize IRIS technology to detect allergen-specific IgE in finger-prick volumes of
characterized patient serum and whole blood samples. Allergy is a disorder of the immune
system caused by an immune response to otherwise harmless environmental allergens. Currently
20% of the US population is allergic and 90% of pediatric patients and 60% of adult patients
with asthma have allergies. These percentages are predicted to increase by 18.5% in the next

-32
decade.’*?

While a variety of commercialized assays (ImmunoCAP®, Siemens, Hycor
Biomedical, Hitachi Chemical Diagnostics, Luminex Corporation) have been developed for
allergy diagnostics in the laboratory setting, the ImmunoCAP® Rapid System (Thermo-Fisher
Scientific) is the only commercialized allergen-specific IgE test that can operate with
unprocessed blood samples. This assay uses a capillary blood draw of 100 microliters and totals
25 minutes of testing while other commercialized assays take 1 hour of sample preparation in

.. . 4
addition to over 4 hours of assay time. *

However, the Rapid System is limited to
aeroallergens, has a narrow dynamic range, and requires professional interpretation of results

because it is not quantitative. IRIS is a combined label and label-free platform that offers the
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ability to detect biomarkers in small volumes of unprocessed whole blood over 5 orders of
magnitude and in serum over 10 orders of magnitude with high accuracy and reproducibility.
Results and Discussion

This report focuses on the single nanoparticle counting modality of the IRIS platform. The
novel, yet straightforward, features of this modality have facilitated the design of a highly
sensitive (attomolar), large dynamic range (attomolar to nanomolar), quantifiable, and
multiplexed immunoassay in both serum and whole blood using 40nm AuNPs functionalized
secondary antibodies (Fig. 1). The unique ability to detect single nanoparticles over a large
sensor area with the IRIS platform allows the use of nanoparticle tags that are in the size regime
of the target molecules without sacrificing the kinetics of the reaction (Fig. S1). Moreover, the
platform maintains the ability to detect target at attomolar quantities in unprocessed whole blood.

. . . . 2
Discrimination of nanoparticle tags™" >

and a large sensor size contribute to the low limit of
detection (LOD) of the assay. Finally, large multiplexing capability and clinical applicability of
the IRIS platform is demonstrated by testing characterized serum and whole blood samples with
documented allergen-specific IgE levels. The results were compared to ImmunoCAP®
characterization for platform validation (Fig. 4).
Quantification and verification of bound AuNPs using elimination processes on IRIS

IRIS nanoparticle images were acquired and processed with custom software. IRIS software
returns a histogram of the size distribution of nanoparticles in the image and uses 3 important
elimination processes — anomaly filtering, point-spread-function (PSF) filtering, and size-
discrimination — to ensure accurate and sensitive detection of labeled detection antibodies (Figs.

Ic, 2). Figs. 1c and 2 demonstrate the importance of eliminating particles in the image that are

not the functionalized AuNPs used specifically for target detection. Without filtering, the average
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size and standard deviation of the particles detected on the surface was 59+18nm corresponding
to larger size than expected for the AuNP tags indicated that many of the “detected” particles are
image artifacts also indicated by the very large size distribution. After using IRIS elimination
processes, the average size and standard deviation of detected nanoparticles was reduced to
53+4nm, which was the diameter of the functionalized AuNPs confirmed with dynamic light
scattering (DLS). Likewise, the dynamic range of the assay was improved by 4 orders of
magnitude after applying the elimination processes (Fig. 2). Because aberrations in the image
may affect the calculated particle size, AuNPs 54+10nm in diameter were analyzed to quantify
the number of binding events during dilution experiments.

Attomolar detection of p-lactoglobulin in undiluted serum and unprocessed whole blood

IRIS single particle counting digitally detected B-lactoglobulin spiked in ImL of undiluted
serum or unprocessed whole blood and improved upon the dynamic range and sensitivity of the
IRIS biomass platform (Fig. 3). Analysis of the nanoparticle counting data resulted in a 10’-fold
increase in repeatable sensitivity from the nanomolar to the attomolar regime in unprocessed
biological samples (Fig. 3a). Post AuNP incubation images of immobilized anti-B-lactoglobulin
and BSA probes incubated with B-lactoglobulin at various dilutions are presented in Fig. S3.
Protein microarrays are notorious for inconsistent or poor morphologies and a detection platform
must not be compromised because of these intrinsic, and often unavoidable features®® *’.
Furthermore, serum and whole blood contain non-homogenous particulates and cells that may
affect detection sensitivity and range. Thus, the ability to discriminate against any false signal
and/or non-specific binding caused by these features is crucial for reducing noise of the assay.
The ability to automatically discriminate AuNPs from non-specific particles provides IRIS with a

method to reduce the biological noise associated with the use of complex samples. Overall, this
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feature of the nanoparticle counting modality is key to producing reliable, sensitive detection of
target in serum and unprocessed whole blood. Fig. S3 includes examples of poor immobilization
of anti-B-lactoglobulin and BSA probes. It is crucial that the non-homogeneity of the spot does
not affect nanoparticle quantification. By instituting the IRIS elimination processes, only AuNPs
introduced by the user are detected in the image. Likewise, the biomass measurement was
previously shown to correct variation in allergy chips and is reported elsewhere.*®

A schematic of the assay and the signal minus the LOD of each modality are shown in Fig. 3a.
Repeatability of the assay is shown in Fig. 3b. Anti-B-lactoglobulin probes were used to capture
target from the complex solution. BSA probes were used as a negative control. The LOD of the
nanoparticle counting modality was calculated to be ~60aM in undiluted serum and ~500aM in
unprocessed whole blood (See Supportive information for details on defining the limit of
detection). Using fluorescently labeled secondary antibodies, the LOD of the same protein
system was found to be 163fM in PBS.*” As the response of nanoparticle counting saturates, the
biomass (low magnification) measurement in serum becomes sufficiently sensitive at 2nM and
linearly increases. Unfortunately, the biomass measurement fails in whole blood due to large
amounts of non-specific binding to the sensor surface, and this causes the dynamic range of the
IRIS platform to be reduced from 10 orders of magnitude in serum to about 5 orders of
magnitude in whole blood.

40, 41 .
0- 41" these techniques

Although attomolar sensitivity has been matched by other methods
currently have not reported the ability to perform highly sensitive detection of biomarkers over a
large dynamic range in unprocessed, complex biological samples. Furthermore, these techniques

require microparticle tags, multiple amplification steps, nanoscale elements, and/or expensive

instrumentation that may not be suitable for clinical applications, such as POC testing. With
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improved sensitivity and dynamic range, IRIS can be implemented as a single, simple instrument
to quantify a wide range of biomarkers of varying concentrations in undiluted serum and
unprocessed whole blood in a single test.

Advantages of increasing biological sensor area to improve assay sensitivity

Multiplexing capacity is a desirable criterion for biosensors developed for clinical applications.
High-throughput platforms generally perform multiple tests in a minimum of 3 replicates to
calculate a mean and standard deviation of each test. These tests run a ‘blank’ sample in parallel
to compute the LOD (mean plus 3 times the standard deviation) of the assay. The number of
wells or the sensor area usually limits the total number of tests a platform may perform. Thus, a
compromise between the number of tests and the number of replicates of each test must be
determined in order to collect meaningful data that will contribute to the detection of multiple
biomarkers with potentially different sensitivity thresholds; for example, an increase in
multiplexing capability results in a decreased ability to replicate each test because the available
sensor area is dedicated to multiplexing. The effect of sensor size per test is studied as a function
of sensor area to highlight these considerations (Fig. 4).

The occurrence of independent and random binding events becomes discrete when sufficiently
low numbers of target molecules are in solution and may be maximized by increasing the sensor
area.*” Similarly, a larger sensor area reduces the variance of stochastic noise of the system such
as non-specific binding. Here, the surface area of immobilized probes on the IRIS substrate
describes the sensor area, n. The LOD per mm? as a function of sensor size for serum and whole
blood samples on the IRIS platform is shown in Fig. 4. The LOD per mm? is defined as the

average signal (AuNPs/mm?) of a defined sensor size plus 3 times the standard deviation from

the mean. Standard deviation is a function of sample size, n, which scales by 1 s As expected,

10
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an increase in sensor size causes the LOD per mm® to decrease by 1 - and level off at a

constant value representative of the mean (R*> = 1.0) for both serum and whole blood
measurements (See Fig. S4 for details on calculation of LOD and regression). At a sensor area of
0.684 mm’ (approximately 8 spots of immobilized anti-B-lactoglobulin probes), the LOD per
mm? is 62aM in serum and 507aM in whole blood. Conventional tests utilize 3 replicates to
calculate the LOD of their platform. Based on our measurements, if we utilized a sensor area of a
single spot (area ~ 0.0855mm?), the LOD per mm” is 322aM in serum and 46fM in unprocessed
whole blood. Theoretically, if sensor area were infinite in size, the LOD per mm” for both serum
and whole blood would approach 10aM. Although an order of magnitude of sensitivity is lost in
whole blood samples when a sensor area of 0.684mm? (~8 spots) is used, this level of sensitivity
in unprocessed whole blood samples is, to our knowledge, unmatched by other technologies that
sense single molecular targets in unprocessed whole blood. Because a single nanoparticle can be
detected on the IRIS substrate, the primary limitation of the platform becomes the ability to
increase the capture efficiency of molecules in solution.

Determination of the lower limit of quantitation (LLQ) and upper limit of quantitation (ULQ)

The LLQ per mm” for the B-lactoglobulin assay was 260aM in serum and 15fM in unprocessed
whole blood using a sensor area of 0.684 mm?”. Commercialized allergen-specific IgE assays,
such as ImmunoCAP® (Phadia), Immulite (Siemens), and Turbo RAST (Hycor Biomedical),
that detect allergen-specific IgE are typically carried out in ELISA format. Luminex Corporation
recently commercialized an allergy assay with xMAP Technology (Luminex Corp). An
analytical comparison of the two assays demonstrated the LLQ of ELISA to be ~600fM and the
LLQ of xMAP MAGPIX Technology to be ~100fM when running a TNFa MAGPIX assay.*>**

These commercialized assays are limited to only serum samples and small sensor areas. IRIS

11
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technology is 1000 times more sensitive in serum and 10 times more sensitive in unprocessed
whole blood samples. The ULQ for the B-lactoglobulin assay in serum was determined to be
100pM in serum and whole blood samples using IRIS single nanoparticle counting (Fig. 5).
ELISA and xXMAP MAGPIX assays each have a ULQ of ~100pM, respectively.** >

Quantification of allergen-specific IgE in characterized serum and whole blood using IRIS
nanoparticle counting

The multiplexing capability and clinical applicability of IRIS nanoparticle counting was
determined by detecting allergen-specific IgE in 50ul characterized patient serum and
unprocessed whole blood against a panel of 8 purified major allergens immobilized in
quadruplets. Fluorescence detection of specific IgE in serum was used as a control to validate
IRIS nanoparticle detection of specific IgE in serum and whole blood. The average and standard
deviation (N=4) of fluorescence and nanoparticle counting measurements were confirmed with
Phadia ImmunoCAP® (Fig. 6). The nanoparticle counting measurements were correlated to the
fluorescence results to validate the assay (Rgeram> = 0.97, Ruholeblood- = 0.97). The standard
deviations of the fluorescence measurements were larger than the standard deviations of the
nanoparticle counting measurements in serum and unprocessed whole blood. This is a direct
result of the ability to detect discrete binding events on immobilized probes; spot-to-spot
morphology inconsistencies, which are notoriously present in protein microarrays, were averaged
in the fluorescence measurement and contributed to larger deviation. Although the fluorescence
and nanoparticle counting measurements detected minimal IgE bound to Bet v 1 (birch), the
ImmunoCAP® reports slight elevated levels of specific IgE (specific IgE — Fluorescence: 1611
SNR, Nanoparticle counting: 4+7 AuNPs/mm”, ImmunoCAP®: 0.69 kU/L). This low signal is

most likely due to low immobilization of Bet v 1 probes that has been quantified by the IRIS

12
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biomass measurement on the sensor surface.”® Furthermore, measurement of IgE to Ara h 2
(peanut) and Bet v 1 on the whole blood chip was not reported due to spotting inconsistencies
(Fig. S5). The ability to quantify immobilization density of each spot in the array highlights the
need of an instrument to be capable of quantitative assessment to guarantee reliable, accurate test
results and has been demonstrated elsewhere.*® This is one example of the two modalities of
IRIS complement each other. Overall, IRIS data corresponds well to the ImmunoCAP®. This is
one example where the two modalities of IRIS can complement each other to improve general
assay performance. These results demonstrate the ability of IRIS to perform multiplexed testing
at attomolar sensitivity in unprocessed, finger-prick volumes of whole blood.

Conclusions

We have demonstrated highly sensitive, multiplexed biomarker detection over a large dynamic
range in unprocessed biological samples with IRIS, a simple instrument with potentially broad
clinical impact, by implementing the advantages of nanoparticle tagging, single nanoparticle
discrimination, and a large surface area, robust sensor. As proof of concept, B-lactoglobulin, a
cow’s milk whey protein, was detected against negative controls at a detection limit of ~60aM in
serum and ~500aM in whole blood. The upper limit was calculated to be ~100pM. This
sensitivity and dynamic range in biological media with no sample preparation are direct results
of the ability of IRIS to 1) eliminate all nanoparticles not specific to the assay and ii) detect single
nanoparticles over a large sensor surface. Furthermore, multiplexing capability and clinical
applicability were demonstrated by using finger-prick volumes of characterized patient serum
and whole blood samples. Currently IRIS requires no time for sample preparation and 3 hours for
assay time, which may potentially be reduced with the incorporation of microfluidics.* The

elimination of sample preparation would reduce total assay time by 1 hour and permit the test to

13
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be performed outside of laboratory environments and therefore improve the utility of the system.
The use of LEDs, simple optics, and inexpensive substrates to quantify multiple targets in
complex samples establish IRIS as a promising platform for diverse clinical purposes.
Materials and Methods

Reagents and equipment

Bovine serum albumin (BSA), B-lactoglobulin, Tween 20, high purity poly(ethylene glycol-
8K) (PEG), Ethylenediaminetetraacetic acid (EDTA), and PBS tablets were purchased from
Sigma (St. Louis, MO). Rabbit anti-B-lactoglobulin was purchased from Bethyl Laboratories
(Montgomery, TX). 40nm carboxylated gold nanoparticles (AuNPs) were purchased from
Cytodiagnostics (Ontario, Canada). MES buffered saline packs, EDC (1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide Hydrochloride), and Sulfo-NHS (N-
hydroxysulfosuccinimide) were purchased from Thermo Fisher Scientific (Rockford, Illinois).
Copoly(DMA-NAS-MAPS) * was purchased from Lucidant polymers. The Bio-Rad
Calligrapher (Bio-Rad Laboratories, Inc.) was used for protein printing on chips. Anti-IgE was
purchased from BDBioscences. Allergens Der p 1, Phl p 1, Arah 1, Arah 2, Bet v 1, Mal d 1,
and Phl p 1 were purchased from Indoor Biotechnologies Ltd (Warminster, UK). Cy3 labeling
kit was purchased from GE Healthcare.

Si-SiO; chip fabrication

Silicon chip fabrication is described elsewhere **. Briefly, chips consisting of region of a bare
silicon reference region, an oxide of 500nm, and an oxide of 100nm were used for optimized
IRIS biomass measurement (500nm) and single particle counting (100nm). Each oxide spacer
was engineered and optimized to a specific thickness in order to maximize the contrast for both

biomass measurement (500nm) and nanoparticle counting (100nm) on Si-SiO, substrate **%°.

14
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Surface functionalization

The surface of the silicon chip was functionalized with copoly(DMA-NAS-MAPS) * due to
the feasibility and reproducibility of its synthesis, coating process, and antifouling properties.
This particular polymeric coating does not affect the optical properties of the system. Si-SiO,
slides were immersed for 30 minutes in a solution of the polymer at 1% w/v concentration in a
solution of deionized water and 20% saturated ammonium sulphate. Slides were washed with
water for 5 minutes and dried in vacuum at 80°C for 15 minutes.

Optical detection

Two modalities of IRIS were employed in this work. The differences between the two IRIS
modalities (total biomass measurement vs. single nanoparticle counting) are i) the magnification
of the optical imaging system, ii) the oxide spacer (500nm vs. 100nm) on the Si substrate, and
i11) the forward models used to interpret the response detected by the CCD camera. The first
modality measures biomass accumulation in microarray format on the surface and is described
thoroughly elsewhere **. Briefly, four discrete LEDs sequentially illuminate the sensor surface
through a low magnification objective. The light reflected from the Si-SiO, substrate creates an
interference signature, and the intensity images are recorded onto a CCD camera. The data from
each of the pixels of the camera are processed with custom software to quantify the optical
thickness between the two reflecting surfaces and then converted into a height image over the
entire field of view. As biomass accumulates on the sensor’s surface, the optical thickness
increases and is quantified. The second modality of IRIS uses one discrete LED wavelength
(525nm) to illuminate the sensor’s surface using a high magnification objective (50X, 0.8NA) to
detect, count, and size nanoparticles of known material located on the SiO, surface and is

thoroughly described elsewhere 2* %, Briefly, this modality of IRIS enhances the contrast of a
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single nanoparticle on a bilayered substrate by interfering the scattered field produced by the
nanoparticle on the substrate surface with the reflected field generated by the buried Si-SiO,
interface of the IRIS chip. The CCD camera senses the individual nanoparticles on the IRIS chip
as point objects, which are processed via custom software to extract size information.

The optical setups of each modality of IRIS are detailed in the supplementary material (Fig.
S2).

AuNP functionalization of secondary detection antibody, anti-f-lactoglobulin

To functionalize the AuNPs to the detection antibody, the purchased carboxylated 40nm
AuNPs were diluted to a solution containing ~10' particles/mL. The particles were then
incubated in 2:1 EDC/NHS in 0.1 MES buffer (pH 6) for 30 minutes. The particles were then
spun down, the supernatant was removed, and the particles were exposed overnight to the
detection antibody at 10pg/mL in PBS buffer. The functionalized particles were then washed
with 1%BSA w/v in PBS, 0.02% Tween in PBS, and stored in 0.1% BSAw/v, 0.1%w/v PEG in
PBS.

Verification of AuNP size after functionalization of secondary detection antibody

The diameters of the carboxylated AuNPs pre- and post- anti-B-lactoglobulin functionalization
were verified with Dynamic Light Scattering (DLS) technology manufactured by Malvern
Instruments Ltd. DLS reported the carboxylated AuNPs to be 51nm in diameter prior to antibody
functionalization and 54nm after antibody functionalization. To discriminate AuNPs against
particulates in the IRIS images, only AuNPs 53+£10nm were quantified as labeled secondary
antibody to its target.

Protein immobilization on chip

16
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Dilution in serum and whole blood protein immobilization: Twenty IRIS chips were

functionalized with the polymeric coating. Ten chips were printed with 8 replicates of anti-f3-
lactoglobulin (positive control) and BSA (negative control) at 1mg/mL and stored overnight at
room temperature in a humid environment and used for testing undiluted serum. The remaining
10 chips were printed with 4 replicates of anti-B-lactoglobulin (positive control) and BSA
(negative control) at Img/mL and stored overnight at room temperature in a humid environment
and used for testing whole blood. The chips were then washed 3 times each for 5 minutes in
PBST and PBS buffers, rinsed with DI water, and dried with a stream of argon gas. Probe
immobilization was then quantified with the IRIS biomass measurement.

Multiplexed allergen immobilization: Three chips were functionalized with the polymeric

coating. The chips were printed with 4 replicates of 8 allergens — Derp 1, Phlp 1, Arah 1, Arah
2, Bet v 1, Mal d 1, and Phl p 1 — at Img/mL and stored overnight at room temperature in a
humid environment. The chips were then washed 3 times each for 5 minutes in PBST and PBS
buffers, rinsed with DI water, and dried with a stream of argon gas. Probe immobilization was
then quantified with the IRIS biomass measurement.

Assay to detect p-lactoglobulin targets spiked in undiluted serum or unprocessed whole blood

After quantification of probe immobilization density, each chip was incubated in 1mL volume
of undiluted serum or unprocessed whole blood spiked with B-lactoglobulin target antigen at
5.4fM (0.1pg/mL), 54ftM (1pg/mL), 540fM (10pg/mL), 5.4pM (100pg/mL), 54pM (Ing/mL),
54nM (100ng/mL), and 54nM (1pg/mL) for 2 hours. Three chips were incubated in pure
undiluted serum as blanks to quantify any unspecific particle binding as background noise or
false detection. Chips were then washed with PBST buffer for 10 minutes (SmM of EDTA was

added for whole blood samples), rinsed in water, and dried with a stream of argon gas. IRIS
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biomass measurements were then taken to observe any changes in mass accumulation on chip.
The chips were then incubated in ~10® functionalized AuNPs/mL in 5%w/v BSA/PBS for 1
hour, washed in PBS for 10 minutes, rinsed in water, and dried with a stream of argon gas. The
chips were finally scanned with the IRIS single particle modality to quantify bound AuNPs.

Assay to detect allergen-specific IgE in characterized patient serum and whole blood

Specific IgE to relevant allergens was quantified by ImmunoCAP (Phadia) on patient serum.
After quantification of probe immobilization density, 2 chips were incubated in 50uL volume of
serum and 1 chip was incubated with whole blood anticoagulated with EDTA for 2 hours. Chips
were then washed with PBST buffer for 10 minutes (SmM of EDTA was added for whole blood
samples), rinsed in water, and dried with a stream of argon gas. One chip incubated with serum
and the chip incubated in whole blood were then incubated in ~10° anti-IgE-functionalized
AuNPs/mL in 5%w/v BSA/PBS for 1 hour. The third chip was incubated in Cy3-anti-IgE
(Ing/mL) for 1 hour. The 3 chips were then washed in PBS for 10 minutes, rinsed in water, and
dried with a stream of argon gas. The chips were finally scanned with the IRIS single particle
modality to quantify bound AuNPs.

Elimination processes to ensure accurate detection of AuNPs with IRIS

IRIS nanoparticle counting software incorporates 3 elimination processes to ensure that point
objects detected in the image are AuNP-functionalized secondary antibodies. First, anomaly
filtering disregards any irregular points caused by the morphology of the protein spot. Second, a
point spread function (PSF) filter disregards any particles on the surface that do not exhibit the
expected profile of the AuNPs; the profile of a AuNP takes form of the point spread function of
the optical system that is known in advance. PSF filtering is crucial: spot morphologies often

contain particulates that may be misconstrued as false positives; thus, it is important to utilize the
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expected PSF profile to ensure accurate AuNP detection. Third, the size-discrimination feature of
IRIS nanoparticle counting eliminates any particulates outside of the size regime of the
introduced AuNPs.

Determination of the limit of detection (LOD)

The LOD of the IRIS platform, in accordance with all measurements acquired with the single
nanoparticle counting modality, is defined as the LOD per mm? in serum and whole blood. Three
chips incubated in blank serum or blank whole blood were grouped as a single experiment to
yield 24 tests for serum (8 spots per chip) or 12 tests for whole blood (4 spots per chip). The
background signal (AuNPs per spot) of the tests on the blank chips follows a normal distribution
(Fig. S6); therefore, we can combine the 3 chips as a single experiment. We measured each test,
or spot consisting of immobilized probes, to be a sensor area consisting of 0.0855mm? The
numbers of detected AuNPs on each test were taken in combinations from 1 (0.0855mm?) to 9
(0.7695mm?) spots to study the effect of increasing effective sensor size on the LOD per mm?.
Because the whole blood chips consisted of less spots, combinations from 1 to 6 spots were
taken. The average of the AuNPs per mm? plus 3 times the standard deviation was determined as
the background signal (AuNPs per mm?) for the defined sensor area. Note, the average always
stays constant; however, the standard deviation changes with the sensor size, n, by a factor of
n™°. Thus, the data was fitted with y = A*n*-0.5 + B using linear regression and 95% confidence
bounds to determine the dependence of the background signal on the sensor area (Fig. S4a). The
background signal was then used to extrapolate a target concentration using the linear regression
described by the log-log plot of AuNPs per mm” versus target concentration (Fig. S4b).

Determination of the lower and upper limits of quantitation
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A number of different “detection limits” may be used to characterize the minimum and
highest concentration reliably measured by an analytical procedure. Typically, the LOD is
calculated to report the minimum concentration of the analyte that can be detected with less than
1% false positive error. The lower limit of quantification (LLQ) and the upper limit of
quantification (ULQ) are calculated when a higher degrees of confidence is desired, such as in
commercialized clinical assays. The LLQ was calculated as described in the Determination of the
Limit of Detection methods section; however, while the LOD was calculated using 3 times the
standard deviation from the mean, the LLQ was calculated using 10 times the standard deviation

from the mean.

The ULQ was defined as the target concentration at which linear regression of the dilution
curve became less than R* = 0.90 for i) serum and ii) unprocessed whole blood samples. Target
concentrations from 5.4fM to 5nM were fit over 4, 5, and 7 orders of magnitude (Fig. 5) for
serum and unprocessed whole blood samples to determine when the linear correlation between

the signal and target concentration fell below R* = 0.90.
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SUPPORTING INFORMATION

The manuscript details the materials and methods presented in the SI and refers to the results as

©CoO~NOUTA,WNPE

seen in Fig. S1.

This material is available free of charge via the Internet at http://pubs.acs.org
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FIGURE LEGENDS

Fig. 1. Detection of B-lactoglobulin in undiluted serum and unprocessed whole blood.
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Fig. 1. a) Detection schematic of B-lactoglobulin using anti-f-lactoglobulin functionalized
40nm AuNPs as the detection complex. The mean final diameter of the detection complex
after functionalization was measured to be SInm with dynamic light scattering (DLS). BSA
was used as a negative control. b) IRIS images before and after detection complex incubation
to detect SpM of P-lactoglobulin spiked in unprocessed whole blood. ¢) Histograms of
detected particles on the sensor area of anti-B-lactoglobulin probes and the mean, standard
deviation (SD), and counts using 1) no filtering, ii) anomaly filtering, iii) point spread function
(PSF) filtering, and iv) size-discrimination. The size and distribution of the functionalized
AuNP diameters agree with the sizes measured by DLS and distribution specs provided by the
distributor.

ACS Paragon Plus Environment



Page 29 of 33

©CoO~NOUTA,WNPE

Analytical Chemistry

Fig. 2. Effects of PSF filtering on IRIS nanoparticle counting.
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Fig. 2. Insets are the log-log plot of each measurement and display the effects of point-spread-
function (PSF) filtering on the correlation of the signal to target concentration in undiluted
serum. Without PSF filtering, the sensitivity drops from the attomolar to picomolar regime and
the dynamic range decreases by 4 logs of magnitude. Standard deviation from the mean also
increases without PSF filtering because particulates in the image were falsely detected as gold
particles. Finally, correlation of AuNPs per mm’ to dilution is reduced from 0.99 to 0.40
without implementing PSF filtering.
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Fig. 3. Dilution curves and repeatability
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Fig. 3. a) The response determined by the signal minus the limit of detection of either
IRIS nanoparticle counting or total biomass measurement. Results demonstrate
comparable responses of target detection by nanoparticle counting in serum (N=8) and
whole blood (N=4). Correlation was determined by taking the power-log of the response
and target concentration of single nanoparticle data (R..,,,,> = 0.99, R, 1c.01000- = 0.98).
When the nanoparticle counting measurement reaches its upper limit, total biomass
measurement becomes sensitive. Error bars refer to the standard deviation of the mean. b)
The response determined by the signal minus the limit of detection (LOD) for 2 serums
and 2 whole bloods experiments. The correlation between the mean of each data point
(16 total points from 4 experiments) is 0.88. Error bars correspond to the standard
deviation between the mean (N, = 8, Nyjooa =4)-

serum
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Fig. 4. Sensor area increase facilitates a lower limit of detection per mm®
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Fig. 4 The limit of detection (LOD) per mm?® as a function of sensor size for serum and

whole blood. At a sensor area of 0.684mm’ (8 spots of immobilized probe), the LOD is
62aM for serum and 507aM in whole blood.

Fig. 5. Determination of the upper limit of quantitation
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Fig. 5 The upper limit of quantitation (ULQ), defined at where the linear correlation
between signal and concentration becomes less than R*=0.90, was determined to be
100pM for both serum and unprocessed whole blood samples. Y-axis values are the log of
the signal (AuNPs per mm®) at each concentration and scaled to see each individual
regression line.
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Fig. 6. Determination of allergen-specific IgE using IRIS nanoparticle counting in 50 pL
characterized patient serum and whole blood.
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Fig. 6. Multiplexed assay to detect specific IgE to 8 allergens. Fluorescence measurement
was used as a control to validate nanoparticle counting detection (R* = 0.97 for serum both
and whole blood samples). Human sample was characterized with Phadia ImmunoCAP®
or skin prick testing (SPT): (+) reflects a positive result. Error bars correspond to the
standard deviation from the mean (n=4). *Results not determined.
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