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Activate capture and digital counting (AC + DC) is a rapid, 2-step
and ultrasensitive assay for protein quantification from a single
droplet. AC + DC assay can digitally count captured molecules
on the photonic crystal (PC) biosensor with high signal-to-noise
ratio for point-of-care applications. (Image credit: Jose Luis
Vazquez, Beckman Institute Imaging Technology Group).
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Introduction

Activate capture and digital counting (AC + DC)
assay for protein biomarker detection integrated
with a self-powered microfluidic cartridge

Congnyu Che, @2 Nantao Li,° Kenneth D. Long, ©2 Miguel Angel Aguirre, ©¢
Taylor D. Canady,® Qinglan Huang,® Utkan Demirci® and Brian T. Cunningham*2>¢
We demonstrate a rapid, 2-step, and ultrasensitive assay approach for quantification of target protein
molecules from a single droplet test sample. The assay is comprised of antibody-conjugated gold
nanoparticles (AuNPs) that are “activated” when they are mixed with the test sample and bind their targets.
The resulting liquid is passed through a microfluidic channel with a photonic crystal (PC) biosensor that is
functionalized with secondary antibodies to the target biomarker, so that only activated AuNPs are
captured. Utilizing recently demonstrated hybrid optical coupling between the plasmon resonance of the
AuNP and the resonance of the PC, each captured AuNP efficiently quenches the resonant reflection of
the PC, thus enabling the captured AuNPs to be digitally counted with high signal-to-noise. To achieve a
2-step assay process that is performed on a single droplet test sample without washing steps or active
pump elements, controlled single-pass flow rate is obtained with an absorbing paper pad waste reservoir
embedded in a microfluidic cartridge. We use the activate capture and digital counting (AC + DC) approach
to demonstrate HIV-1 capsid antigen p24 detection from a 40 pL spiked-in human serum sample at a one
thousand-fold dynamic range (1-10° pg mL™) with only a 35-minute process that is compatible with point-
of-care (POC) analysis. The AC + DC approach allows for ultrasensitive and ultrafast biomolecule detection,
with potential applications in infectious disease diagnostics and early stage disease monitoring.

example, when serum is derived from a 20-50 pL finger prick
of whole blood, >20000 different biomarkers of clinical

The requirements of portability, low cost, simple workflow,
rapid test results, quantitative output, and low limits of
detection (LOD) must be achieved simultaneously for
laboratory-based diagnostic assays to transition to point-of-care
(POC) environments."> Among the most challenging POC
diagnostic scenarios is the case of a low-concentration target
molecule within a low-volume test sample, due to the strictly
limited number of analytes available for detection. For
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interest will be present at concentrations as low as 10 pg mL ™,
which represents only 10°~10” available biomolecules in the
test sample for one target.” It is well-recognized that the
response time required to bind sufficient molecules upon the
sensing surface of a biosensing transducer is determined
typically by diffusion, which can extend to hours and even to
days to generate a signal above the background noise level.>®
These principles apply fundamentally to all sensors that
accumulate and concentrate target molecules onto a
transducer, including fluorophore-tagged molecules in
microarray spots,”® label-free optical biosensors,'®™® and
impedance-based sensors."*™® Integration of sensors with
microfluidic channels serves to reduce assay time by
constraining the diffusion distance between the molecules in
the sample and the sensor, and to create laminar flow over the
sensor to distribute target molecules broadly."”

Due to the inability of conventional transducers to
efficiently capture and to directly quantify low numbers of
captured molecules, amplification of the number of
detectable molecules (for example, with polymerase chain
reaction (PCR)) or the signal from each captured molecule
(for example, with enzyme linked immunosorbent assays
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(ELISA)) has been used effectively to achieve reduced
detection limits."®> However, these amplification approaches
require additional reagents (such as enzymes), thermal
cycling (for PCR) and multiple washing steps (for ELISA)
which results in complex workflows that are not fully
compatible with low-resource POC settings. An alternative
way to bypass the diffusion limitation is to detect
biomolecules in flow, such as using solid-state nanopores,"’
or flow cytometry.”® Nevertheless, massively parallel imaging
of biomolecules and precise flow rate control pose some
challenges for POC applications.

In this work, we report an assay approach that
simultaneously meets the requirements of a POC assay
through the combined use of plasmonic nanoparticle tags
and an imaging-based optical biosensor embedded in a
microfluidic cartridge. We utilize a novel form of biosensor
microscopy in which the entire surface of a photonic crystal
(PC) serves as an active transducer that can be quickly
imaged over a substantial area. High contrast digital
resolution sensing of analytes is obtained through the use of
plasmonic gold nanoparticle (AuNP) tags that support
localized surface plasmon resonance (LSPR) which spectrally
overlaps with the resonance reflection of the PC. Through a
plasmonic-photonic hybrid coupling between the PC and
AuNPs, localized quenching of resonantly reflected light is
used to detect individual bound AuNP tags onto the PC
surface.> We refer to this detection method as photonic
resonant absorption microscopy (PRAM), as we gather
magnified images of changes in the reflected peak intensity
value (PIV) from the PC while we record the spatial
distribution of AuNP-tagged analyte on the PC with single-
analyte precision.*?

The assay approach described in this work incorporates a
second important feature that enables a simple workflow and
a high degree of selectivity. At the first stage of the assay, the
test sample is mixed with an excess of antibody-
functionalized AuNPs which specifically bind to the target
antigens (Fig. 1a). Therefore, for a low concentration of the
target, only a small fraction of the AuNP population will be
“activated”. Next, the mixture is introduced into the inlet port
of the microfluidic cartridge, and driven toward the sensing
region by capillary force created by an absorbing pad, to yield
a controlled flow rate (Fig. 1b). The PC biosensor is prepared
with spatially separate regions designated as “reference” or
“active” (Fig. 1c). The PC active region is functionalized with
surface-immobilized detection antibodies that bind activated
AuNPs, while inactive AuNPs flow past without being
captured. In order to account for the possibility of
nonspecific capture of inactivated AuNPs, the reference
region is prepared with a “blocked” surface without the
detection antibody. After running the test sample through,
the capture process can be monitored over time with a
sequence of scans of the same active and reference regions of
the PC using PRAM (Fig. 1d). Surface-captured AuNPs in the
PRAM image can be enumerated with single AuNP precision,
with the expectation that each bound AuNP in the active

3944 | Lab Chip, 2019, 19, 3943-3953

View Article Online

Lab on a Chip

b) Microfluidic device

r..
I o =1 %‘

a) Incubation

PC Absorbing pad

Referen::e area Active area

d) PRAM digital readout
Bare PC o o °
g ° o g
s ° ® s
H ) S S r o B
& PC+AUNP o0, <
Reference area Active area Low
Wavelength

¢ Analyte Y Monoclonal antibody ~ AuNP-antibody conjugate

Y Capture monoclonal antibody <4 Blocking proteins

Fig. 1 Workflow of the AC + DC assay in a microfluidic cartridge. (a) The
test sample is mixed and incubated with an excess of AuNP-antibody
conjugates. (b) The mixture is introduced into a microfluidic device which
is comprised of a PC for sensing and an absorbing pad for pumping. (c)
The PC reference area (blue) is blocked with proteins to prevent non-
specific binding and the PC active area (red) is functionalized with
capture monoclonal antibodies. The analyte is sandwiched between the
AuNP conjugate and the immobilized capture antibody on the PC
surface. (d) The sensing regions are scanned using PRAM. High contrast
and digital resolution images are obtained by the detection of the
reflected intensity drop caused by the local nanoparticle binding.

region represents at least one target biomolecule. We call the
entire assay method “Activate Capture and Digital Counting”
(AC + DC).

This work represents the first utilization of the AC + DC
assay approach for detection of a protein target molecule.
Our initial demonstration of AC + DC was performed in the
context of ultrasensitive detection of specific miRNA
sequences in buffer and serum, in which the activated AuNP
solution was applied to a PC within a stagnant ~10 pL
microwell volume.”® While we achieved 100 aM LOD, the
capture process was limited by diffusion, and thus up to two
hours were required to detect the lowest concentration. In
this work, we seek to demonstrate AC + DC in a workflow
that is compatible with POC applications, especially reducing
the time requirements for a diffusion-limited assay. We
integrated the PC sensor within a microfluidic channel that
enables the activated AuNP solution to be flowed over the
sensor from the top, while PRAM imaging is conducted from
below, through a transparent substrate. The restricted ~25
um height of the microfluidic channel is designed in concert
with a flow rate of ~1.33 uL min™" to yield a ~18% AuNP

This journal is © The Royal Society of Chemistry 2019
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capture efficiency, predicted by analytical and computational
models. Thus, a low-volume test sample of 40 uL moves past
the sensor in a single pass, for a ~30-minute assay time.
Importantly, we modulate the flow rate using an absorbing
paper pad that is placed at the waste reservoir downstream of
the PC sensor, so that no complex pump/valve components
or pneumatic pressure sources are required to drive the test
sample. The composition and dimensions of the absorbing
pad were engineered to deliver a desired flow rate, and to
accommodate the test sample volume easily.>*>°

By combining the AC + DC assay approach with a self-
powered microfluidic cartridge, our goal is to provide a
pathway toward a simple, yet highly sensitive, selective, and
quantitative assay for biomarker proteins that is compatible
with all the requirements for POC environments. In this
paper, we summarize the PRAM imaging approach, the
design/fabrication of the PC biosensor, and the design of the
microfluidic cartridge. As a proof-of-concept, we begin
characterization of the AC + DC approach through the use of
pre-activated AuNPs prepared with anti-mouse IgG that are
captured by a PC prepared with IgG. Subsequently, as a
representative example of using AC + DC in the context of a
sandwich assay, we demonstrate detection of HIV-1 capsid
(p24) antigen in both buffer and human serum, using anti-
p24 monoclonal antibody conjugated AuNPs and a PC active
region functionalized with secondary anti-p24 monoclonal
antibody. We achieve detection of p24 antigen from a 40 pL

a) c)
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test sample through a one million-fold dynamic range (10-
10’ pg mL™) in buffer and a detection limit of 1 pg mL™ in
human serum samples in only 35 minutes.

PC biosensor design and PRAM
imaging

Sensitive detection and specific biomolecule labelling enables
spatially distributed individual analytes in the test sample to
be sensed with a high signal-to-noise ratio. Our approach
utilizes a PC biosensor that provides sensitivity over an
extended surface area in conjunction with an imaging
detection instrument.

A PC biosensor is a sub-wavelength periodic surface
structure that is designed to function as a highly efficient
narrow bandwidth resonant reflector. The PC structure used
in our work is comprised of low refractive index material
(UV-cured polymer, UVCP) that is coated with a higher
refractive index material (TiO,) as shown in Fig. 2a. When
the PC is illuminated at normal incidence with a broadband
light source, the resonant wavelength is reflected with nearly
100% efficiency while all other wavelengths are transmitted.””
PCs were fabricated on glass cover slips (Thermo Scientific,
24 x 60 mm?) by room temperature nanoreplica molding as
described in prior publications.”® Briefly, a quartz reticle with
a negative image of the desired PC linear surface structure
(period = 400 nm, depth = 120 nm) was applied to mold the
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Fig. 2 (a) Schematic of the microfluidic photonic resonator absorption microscopy (PRAM) instrument. (b) Photo of the fully assembled
microfluidic cartridge. (c) An expanded schematic of the microfluidic cartridge, which is comprised of patterned PMMA and adhesive layers (OCA).
PMMA sheets are utilized to create a reservoir for the test sample and a cavity for the absorbing pad. Adhesive layers are used to sandwich PMMA
sheets and provide channels for fluid. After all layers and the absorbing pad are aligned and pressed together, a functionalized PC biosensor is

attached to the bottom with adhesive.
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liquid UVCP on the glass cover slip. After exposure to a high
intensity UV lamp for 80 seconds (xenon), the UVCP was
cured, and the quartz template was removed, resulting in
transfer of the periodic surface pattern to the cover slip.
Finally, a thin layer of TiO, (refractive index = 2.35, thickness
~70 nm) was deposited by reactive RF sputtering (PVD 75,
Kurt Lesker). The resulting PC covers a surface area of 9 x 9
mm”. The PC is designed to function as a narrowband optical
resonator that optimally reflect A = 625 nm under aqueous
immersion."’

Recent publications from our group have demonstrated the
implementation of detection instruments that spatially analyze
the resonantly reflected peak wavelength value (PWV) and PIV
to generate biosensor images for the detection of proteins,
nucleic acids, cells, and nanoparticles attached to the PC
surface.”'”>*3% Interestingly, the reflected resonant intensity
has been shown to be locally reduced by the presence of
surface-attached objects through distinct mechanisms of
outcoupled scattering® or by optical absorption.'® We have
also experimentally demonstrated a mechanism through which
optical absorption of a PC-attached nanoparticle can be
substantially enhanced through a mechanism of “hybrid
coupling”,*"*" which occurs when the plasmon resonant
wavelength of a metallic nanoparticle is selected to match the
resonant reflection wavelength of the PC.

In the PRAM imaging method, the hybrid resonator
optical absorption is used as the contrast mechanism for
image-based detection of objects attached to a PC biosensor
surface. Here, we choose commercially available gold nano-
urchin nanoparticles (0.04 ug pL™, Cytodiagnostics) of 90
nm diameter, which display a LSPR wavelength of 630 nm, to
coincide closely with the 625 nm resonant wavelength of our
PC. The AuNP has a rugged exterior surface (high surface
area to volume ratio) to facilitate attachment of a high
density of capture molecules.

A schematic diagram of the PRAM instrument is shown in
Fig. 2a. The system is built upon the body of a bright field
microscope (Carl Zeiss Axio Observer Z1) with 10x or 40x
objective lens as described previously."” The optical
components consist of an optical fibre-coupled broadband
light-emitting diode (LED) (Thorlabs M617F1, 600 < 1 < 650
nm) source, a polarizing beam splitter (PBS) to collimate and
filter the fiber output and a cylindrical lens (f = 200 mm) to
focus the polarized light onto the objective back focal plane.
A line-profiled light beam which is perpendicular to the PC
grating lines illuminates the PC from below at normal
incidence through the microscope objective. The reflected
spectrum passes through the inverted objective lens and
through a narrow slit aperture (width = 30 pm) of an imaging
spectrometer (Acton Research). Finally, reflected light from
the illumination line on the PC surface is collected by a
charge-coupled device camera (Photometrics Cascade, 512 x
512 pixels).

The resonant reflection spectra from one pixel of a PRAM
image is shown in ESI{ Fig. S1 with and without an attached
AuNP. We observe a ~22% reduction in reflection efficiency
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by the absorption of one AuNP in the pixel area. Each pixel
represents a ~0.1 x 0.1 um” area of the PC, when an
instrument is utilizing a 40x objective.

Design and fabrication of the
microfluidic cartridge

The self-powered microfluidic cartridge was inspired by
previously described approaches in which vacuum
compartments,®>** capillary microstructures*>® or absorbing
materials®*® were used to drive liquid flow through the
channels, thus avoiding the requirement for external pressure
sources (such as syringes, compressed air, and electro-
pneumatic systems>>*%) or integrated microfluidic pumps/
valves. We constructed the microfluidic cartridge with
polymethyl-methacrylate (PMMA, also commonly called
“acrylic” or “plexiglass”, thickness = 0.76 mm and 4.75 mm,
Ridout Plastics) because it is optically transparent, non-
porous, inert in aqueous solution, and not hydrolyzed during
use with aqueous solvents.”' Optically clear adhesive films
(OCA, 3M 8211, thickness = 25 um) were selected to provide
adhesion between adjacent PMMA layers. A computer-
controlled laser cutter (Epilog Fusion 40) was used to cut
through PMMA sheets or adhesive sheets to produce openings
in specific locations.

The fully assembled microfluidic cartridge is 75 mm long,
25 mm wide, and 7 mm thick (Fig. 2b). An expanded
schematic of the cartridge components is shown in Fig. 2c.
The thin PMMA sheet on top contains an inlet hole (diameter
= 3 mm) and an outlet hole (diameter = 1 mm), followed by
an adhesive layer to provide a connecting channel between
the gas-escaping hole and the gas outlet. Addition of this
OCA layer ensures sealing of the test sample, which is critical
for handling various samples containing biohazard materials,
such as a serum specimen. The thicker PMMA sheet provides
a reservoir for the test sample while also providing a
mechanically stable platform that prevents the assembly from
twisting or bowing. A stack of two thin PMMA sheets with
laser cutouts provides a cavity for holding the absorbing pad
in place. The bottom-most adhesive layer is used to create a
tunnel that connects the inlet to a 25 pm height sample
channel that passes over the PC biosensor, followed by a
serpentine channel leading to the absorbing pad. The length
and width of the serpentine channel is designed to provide
resistance to the absorbance-driven flow. A custom-designed
pressing fixture was constructed to enable all the layers to be
stacked precisely, and to apply a uniform and reproducible
adhesion force controlled with a torque wrench. The
absorbing paper material (Ahlstrom, grade 610, thickness =
0.18 mm, retention = 1.5 um) was cut to size (width = 0.7 cm,
length = 3 cm) by hand with a razor knife. Through
experimentation, we determined that nine layers of vertically
stacked filter paper formed an absorbing pad (thickness =
1.62 mm, capacity = 150 pL) provided sufficient volume
capacity and flow rate for our application. Assembled
cartridges were stored for at least 48 hours before use, to

This journal is © The Royal Society of Chemistry 2019
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ensure that delamination would not occur during biological
experiments. As a final assembly step before performing
sensing experiments, the functionalized PC biosensor (9 x 9
mm?), fabricated on a glass cover slip (Thermo Scientific, 24
x 60 mm?) is attached to the bottom-most adhesive layer.
However, the sample only flows over a 0.5 x 9 mm® region of
the PC biosensor, where the reference and active regions will
be imaged by PRAM.

The microfluidic cartridge is organized into four
functional units: the sample reservoir, the sample channel,
the serpentine resistance channel and the absorbing pad.
The sample liquid inside the cartridge is manipulated by a
combination of several forces. After loading liquid into the
sample reservoir, capillary force created by the confined
sample channel (0.5 mm wide) together with pressure
difference between the inlet (with sample loaded) and the
outlet hole at atmospheric pressure attracts the fluid to the
leading edge of the PC. As the sample flows over the PC,
activated AuNPs will be captured by immobilized antibodies
in the active sensing region. The linear periodic surface
structure of the PC is oriented parallel to the flow direction,
and further draws the sample into the biosensor channel via
capillary force.>® The serpentine channel creates flow
resistance that is proportional to its length, and inversely
proportional to the channel cross section area.*>** Finally,
when the fluid reaches to the absorbing pad, the wicking
force provides the dominant force to pull the remaining test
sample volume through the cartridge.

Surface functionalization of PCs and
antibody-conjugation to AuNPs

The PC surface was cleaned by sonication in a series of
separate glass containers of acetone, isopropyl alcohol (IPA),
and Milli-Q water for two minutes each, followed drying in a
stream of N, gas, and O, plasma treatment (Pico plasma
system, diener electronic, power = 100%, time = 10 minutes)
to remove any residual organic materials and to facilitate the
attachment of temporary poly(dimethylsiloxane) (PDMS). To
facilitate surface functionalization of the reference and active
regions, the PC surface was coated with a layer of
(3-glycidyloxypropyl)  trimethoxysilane = (GPTMS, Sigma
Aldrich) in an 80 °C vacuum oven overnight.*> After rinsing
the silane solution from the PC surface using toluene,
methanol and Milli-Q water, two PDMS wells (diameter = 3
mm) were applied onto the PC surface to separate the
reference and active areas. For the proof-of-concept IgG
capture assay, we incubated 13 pL of blocking agent
(StartingBlock in PBS, Thermo Scientific) in the reference
area, and 13 pL of Mouse IgG (0.4 pg uL ™, ab37355, Abcam)
in the active area for 12 hours. After washing the wells with
PBS twice, 13 puL of blocking agent was added into both wells
to block unattached sites for 24 hours. For the HIV-1 capsid
p24 antigen detection assay, we incubated 26 pL of blocking
agent in the reference area, and 26 pL of anti-p24
monoclonal antibody (0.25 ug pL ™, PM-6335, ProSci) in the
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active area for 12 hours. After washing the wells with PBS
twice, 13 pL of blocking agent was added into both wells to
block unoccupied sites for 6 hours. Finally, the prepared PC
surface was cleaned again with PBS twice and Milli-Q water
followed by drying with N, gas. At this stage, the PDMS wells
are removed, and the PC is attached to the microfluidic
cartridge, so the test sample encounters the reference and
active regions in series.

Goat anti-mouse IgG (2 ug pL ™', ab6708, Abcam) for the
proof-of-concept assay or anti-p24 monoclonal antibody (1 pg
uL™, PM-6585, ProSci) for the p24 detection assay was
modified with heterobifunctional polyethylene glycol (SH-
PEG-COOH, JenKem Technology) and conjugated on 90 nm
gold nano-urchin AuNPs following a previously published
protocol.'® Aqueous solutions of SH-PEG-COOH, 1-ethyl-3-(3-
dimethylaminopropyl) ~ carbodiimide = (EDC,  Thermo
Scientific), and N-hydroxy succinimide (NHS, Thermo
Scientific) at an equal molar ratio were mixed with Milli-Q
water. The pH of the reaction mixture was adjusted to 7.4 by
adding 10x concentrated phosphate buffer saline (PBS) and
NaOH. Afterward, the solution was gently agitated for 1 hour.
The mixture was then mixed with 10 pL of the antibody
solution (5 pL for the p24 assay), and incubated at room
temperature for 2 hours. Subsequently, the mixture was
filtered using a centrifuge filter tube (Merck Millipore Ltd)
with a 50 kDa filter to remove any unreacted material. The
final SH-PEG-Antibody conjugate solution was obtained by
rinsing the mixture with PBS buffer (pH 7.4) twice. The
maximum coverage of antibodies on AuNPs was prepared by
adding 12 pL of SH-PEG-Antibody solution to 200 uL of AuNP
solution with incubation for 1 hour, as determined by
dynamic light scattering (ESIT Fig. S3).

Results and discussion
Optimization and modulation of the microfluidic cartridge

The pump power of the absorbing pad can be engineered to
provide a desired flow rate through the selection of the
porous material and its dimensions. Generally, greater pore
size of absorbing paper material enables a faster flow rate
based on the Hagen-Poiseuille law, which describes laminar
flow through a long capillary of uniform circular cross
section.*® We selected a low ash grade filter paper (grade 610,
Ahlstrom) that contains more than 95% super-refined alpha-
cellulose and linter fibres with a pore size of 1.5 um to
provide a relatively slow flow rate.

After the paper material was selected, dimensions of the
absorbing pad can be estimated by Darcy's law, which
describes flow in a straight paper channel of constant
width:*7*8

_kWH

o=-""ar (1)

where Q [m® s7'] is the volumetric flow rate, x [m?] is the
permeability of the paper to the fluid, 4 [Pa s] is the viscosity
of the fluid, W is the width of the paper channel
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perpendicular to the flow direction, H is the thickness of the
paper channel, and AP is the pressure difference along the
direction of flow over the paper channel length L.

In the microfluidic cartridge, the capillary force of the
linear PC grating lines and resistance of channel walls are
several orders of magnitude smaller than the wicking force.
Therefore, the volume flow rate of the test sample inside the
channel will be the same as the rate of sample absorption by
the porous media, which is in turn determined by the ratio
of the width to the length of paper channel 0 = W/L. We
sought to experimentally test the effects of the filter paper
pad dimensions on the flow rate as a function of time, using
Darcy's law for initial guidance. Because the permeability and
the thickness of the paper material is constant, selection of o
is the simplest means to adjust the flow rate. We tested three
o values of 0.14, 0.23, and 0.39. The flow rates are estimated
by measuring the remaining volume of the test sample
(colored water) in the inlet port with an adjustable volume
micropipette from 0 to 60 minutes with an increment of 5
minutes. The results are plotted in Fig. 3a, where we observe
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that increasing o provides greater flow rate. Over the course
of 60 minutes, the rate of absorption into the pad is fairly
constant if we ignore the error bar caused by the uncertainty
of handcrafting, and that the 8 = 0.14, 0.23, and 0.39 pads
are capable of completely absorbing volumes of 60, 80, and
120 pL, respectively. We note that, as shown in Fig. 3a, the
flow rate begins to decelerate as the pad approaches its
capacity. Using a linear fit to estimate the average flow rates
of the pads, we derive rates of 1.16 pL min™", 1.33 uL min™"
and 2.17 pL min', respectively. We further observe that a
narrower pad tends to have a more constant flow rate as
determined by the standard deviation of the measured flow
rate for our 3 independent trials for each o value. For our
specific application, we consider a sample volume of 40 uL,
which we seek to draw past the PC sensor within a 30-minute
time period. Therefore, a 0.7 cm x 3 c¢cm absorbing pad was
chosen as the most appropriate pad size to meet our
requirements, as it provides sufficient excess volume capacity
and a constant flow rate of ~1.33 uL min~' for 30 minutes
that will flow the entire test sample over the sensor.
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Fig. 3 The optimization and modulation of the microfluidic device. (a) Characterization of the flow rate modulation by adjusting the dimensions
of the absorbing pad. The filter paper pad was cut into rectangles with various lengths and widths: 2.3 x 0.9 cm (red, o = 0.39), 3.0 x 0.7 cm
(green, 9 = 0.23) and 3.5 x 0.5 cm (black, @ = 0.14). Results indicate the volume flow rate is constant, and increasing with the increase of a. (b) The
COMSOL modeled domain is the 2-D cross-section plane of the 3-D sample channel with a PC biosensor at the bottom, where Q represents the
liquid flow direction. (c) The concentration of captured AuNPs increases over time, and the highest density of AUNP capture is predicted to occur
at the leading edge of the active area. (d) The concentration of target molecules at the beginning, middle, and end of the active area with a
channel height of 25 um at 60 minutes. Our model predicts an overall ~20% average capture efficiency for activated AuNPs within the active area
of the sensor.
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The microfluidic cartridge provides rapid and efficient
capture of antigen-activated AuNPs on the active region of
the PC. To provide an estimate of the AuNP -capture
efficiency, the channel dimensions, flow rate, and sensor
dimensions were simulated using a COMSOL model that
incorporates the effects of convection, diffusion, and surface
capture. In this model, the sample liquid flows through a
channel of height H and width W,, the bottom of the channel
contains the PC biosensor of width W, and length L. The
long axis of the sensor is oriented parallel to the flow
direction, and the sensor region displays the immobilized
capture antibodies. The initial concentration of the analyte at
the inlet of the channel is C,, and diffusivity is D. Details
about the governing equations and parameters of the
COMSOL simulation we performed can be found in the ESIL}
For simplicity, we assume that the variances in concentration
are extremely small along the width of the channel, thus we
simplify the 3-D sample channel model to a 2-D cross-section
model as Fig. 3b shows. The channel height then becomes
the essential parameter that influences the flow resistance
and the surface capture rate. The 2-D COMSOL model can be
used to predict the effects of changes in the channel height
as to allow a sufficient number of target molecules to be
captured and imaged in a limited time period (e.g. 30
minutes).

Initially, the approximation eqn (2) and (3) derived by
Manalis et al. can provide an estimate of the total flow time
and average capture efficiency, which confirms our intuition
that an increased channel height will enable a greater flow
rate, but reduces the total AuNPs bound."” For simplicity, we
assume that AuNPs are instantly and irreversibly captured
when they touch the PC surface.

_12qLV

= Hw.p @
- 4772L4D2 %
R=6 (W (3)

where T is the time required to pump the entire sample
volume through the channel, R is the fraction of activated
AuNPs collected, 5 is the fluid viscosity, V is the sample
volume and P is the pressure applied.

Using eqn (2) and (3) with a 25 pm channel height and a
0.5 mm channel width, an average flow rate of 1.33 uL min?,
and a sensor length of 9 mm, we estimate that 18% of the
activated AuNPs from a 40 pL volume test sample can be
collected during the 30 minutes that the volume flows over
the sensor.

In the 2-D COMSOL model, the concentration of captured
target biomolecules on the PC biosensor from 0 to 60
minutes with an increment of 10 minutes was calculated.
Fig. 3c shows the concentration of surface-attached AuNPs
along PC sensor accumulate with increasing time. Activated
AuNPs are being depleted from solution by their capture on
the sensing part of the PC surface, and due to depletion, the
highest density of surface-captured AuNPs occurs at the

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

leading edge of the PC active region, with the concentration
of captured AuNPs decreasing exponentially downstream
from the leading edge. Therefore, we may accordingly choose
the location of PRAM imaging at the location of highest
predicted AuNP during each experiment to ensure accurate
and consistent results. Fig. 3d shows the concentration of the
target AuNPs in the volume above the PC biosensor in the 2D
domain after 60 minutes. From the zoomed-in figure of the
center of the total PC active area, we observe a depletion zone
almost occupies one fifth of the whole channel, which is
coincident with the results calculated by the analytical model.
In conclusion, with a 25 um channel height and a 0.7 mm x
3 mm absorbing pad, the microfluidic cartridge can pump 40
pL of sample volume in 30 minutes and capture nearly 20%
of the activated AuNPs in the test sample. The capture
efficiency can be greater than 20%, but through the trade-off
of lower flow rate, which in turn will require substantially
longer assay times.

Detection of biomolecules using AC + DC

As a proof-of-concept of microfluidic digital resolution
biomolecule detection, we investigated AuNP-anti-mouse IgG
detection with a PC biosensor prepared with immobilized
mouse IgG. Using this combination of molecules on the
AuNP and the PC, each AuNP is considered to be ‘“active”
with respect to the complementary binding protein on the
PC. We added 40 pL of serially diluted concentrations of
AuNP-anti-mouse IgG solution into a set of microfluidic
devices and scanned the respective PC biosensor at 15
minute intervals up to 60 minutes. The starting
concentration of the AuNP purchased from Cytodiagnostics
is 8.92 pM, representing 5.37 x 10° AuNPs per uL. After the
anti-mouse IgG conjugation, the AuNP conjugate solution
was diluted into 0.5%, 0.2%, 0.1x, 0.05x AuNP-anti-mouse IgG
solutions using Milli-Q water and 1% (v/v) blocking agent,
which was applied to prevent AuNP aggregation.

Fig. 4a shows a sequence of PRAM images of the 25 x 25
um? PC active region from 0 to 60 minutes, scanned every 15
minutes. Across all AuNP-anti-mouse IgG concentrations,
Fig. 4b demonstrates the increased AuNP capture after 60
minutes. AuNP attachment density was counted manually.
Fig. 4c quantifies the AuNP count over time for each
respective AuNP-anti-mouse IgG concentration. Here, we
observed nearly linear increase in particle count over time for
the 0.2x, 0.1%, 0.05x AuNP samples. However, the 0.5x AuNP
sample count dramatically increases between 0 and 15
minutes, with saturation occurring by 45 minutes. In
addition, all concentrations of AuNP conjugates tested can be
clearly discriminated within 60 minutes. The PC reference
area was utilized to estimate the nonspecific binding in the
active area. Fig. 4d compares the captured AuNP (0.2x)
density between reference and active areas along the PC
biosensor. At the 60-minute end point, the density of
captured AuNPs in the reference area is ~4x lower than that
in the active area, indicating the antibody specificity of the
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Fig. 4 Imaging and quantification of AuNPs by the microfluidic photonic resonator absorption microscopy (PRAM) system. (a) A series of peak
intensity value PRAM images of the PC active area indicate the increased count of AuNPs (example AuNP indicated in the red dashed box. An
explanation of the observed patterns for captured AuNPs by PRAM is provided in ESI}) over 60 minutes with 0.2x concentrated AuNP conjugates. (b)
The PRAM images of the PC active area with addition of different concentrations of AUNP conjugates samples. (c) The quantification of the captured
AuNPs density over time for each AuNP conjugate concentration. (d) The comparison of the captured AuNP density change between reference and
active areas over time. Each data point represents the average of 3 independent experiments. Error bars represent the standard errors.

active region. For the same concentration of AuNP  conjugates were captured by the active PC surface, which is
conjugates, we estimate that ~11% of the total AuNP  close to the COMSOL simulation capture efficiency.
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Fig. 5 HIV-1 p24 detection. (a) The comparison of the captured AuNP density in the reference and active areas with increasing p24 antigen
concentration at 30 minutes with buffer based samples. (b) The spiked-in p24 human serum results by subtracting the reference count from the
active count, we observe a LOD of 1 pg mL™. Each data point represents the average of 3 independent experiments. Error bars represent the
standard errors.
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We evaluated the performance of the AC + DC approach
using a sandwich-based HIV-1 p24 antigen detection assay.
Following the workflow described above, the p24 antigen
solution was mixed and incubated for an hour with the
AuNP-anti-p24 conjugates solution (0.5x concentrated from
stock solution, 4.46 pM), prior to the mixture being injected
by pipette into the microfluidic cartridge inlet hole. After 30
minutes of flow (driven by the absorbing pad), the PC
reference and active regions were scanned using PRAM.
Fig. 5a demonstrates an increasing count of nanoparticles as
the p24 antigen concentration increases, measured at 30
minutes. Fig. 5a highlights the broad dynamic range of the
assay, which spans over six orders of magnitude from 10 to
10" pg mL™ (0.42 to 4.2 x 10° pM) p24 target. The
explanation for the dose-response nonlinearity observed in
Fig. 5a is discussed in ESI} Moreover, at each respective
antigen concentration, the total reference AuNP count can be
subtracted from the AuNP count in the active region, which
is a critical method to minimize background noise created by
highly complex samples. Additional experiments using
spiked-in p24 in 100% human serum (Sigma Aldrich) have
been performed. We measured four clinically relevant
concentrations (1 pg mL™, 10 pg mL™, 100 pg mL ", and 1
ng mL™") of the p24. We followed the same workflow, but
used a shorter 5-minute incubation of the test samples with
the AuNPs. After the reference-adjusted count of AuNPs was
calculated, Fig. 5b highlights a LOD of 1 pg mL™ (42 fM),
which is one order of magnitude lower LOD than standard
fourth generation immunoassays. A LOD of 1 pg mL™" is
equivalent to detecting 10" virions in 1 mL of plasma,
representing a value consistent with the detection of HIV
within 3 weeks after infection.**°

Conclusions

We report a digital resolution biomolecule detection system
which integrates a self-powered PC-based microfluidic
cartridge with the PRAM imaging approach. Compared with
other single-molecule detection methods, such as Quanterix
which uses enzymatically amplified fluorescent reporters and
antibody functionalized magnetic beads,”* or the single-
molecule pull-down (SiMPull) assay using total internal
reflectance fluorescence (TIRF) as the readout,”” the AC + DC
system enables simple optical digital resolution and wide
dynamic range measurements of individual biomolecule
events. AC + DC is not subject to the limitations of
photobleaching effects, while utilizing a low-intensity LED
and an inexpensive image sensor, in contrast to electron
multiplying charge-coupled device (EMCCD) cameras typically
required for fluorescence detection.>® These features allow for
sensitive kinetic measurements of analyte accumulation on
the sensor using a compact and inexpensive detection system.

Four technical obstacles for POC diagnostics are
addressed in this system: (i) simple workflow: the resonant
coupling of the AuNPs tags to the PC resonant wavelength
enables each tag to be detected with high signal-to-noise,
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without the use of enzymatic amplification, thermal cycles,
or wash steps, (ii) integrated passive pumping: the flow-rate
is controlled with a paper absorbing pad, thus avoiding the
expense and complexity of external sources of pneumatic
pressure or integrated micromechanical systems, (iii)
integrated experimental control: separate active and reference
sensor regions are used to quantify the magnitude of
nonspecific binding under identical conditions, (iv) efficient
capture of low-concentration analytes on the active sensing
region of a biosensor: through utilization of the PRAM
imaging-based biosensor approach, analytes may be captured
over an extended surface area, rather than upon only
nanometer-scale active regions of discrete sensors. Our
computer models show that, even under low flow rates,
activated AuNPs are captured over an extended length scale,
but that PCEM images in this work can quantify the density
of attached AuNPs over a 25 X 25 um? surface area, which
can be extended by tiling multiple image regions together.
Beyond a proof-of-concept demonstration of particle
capture and quantification, we demonstrate sensitive (LOD =
1 pg mL™) and broad dynamic range HIV-1 p24 antigen
detection with a 35-minute assay. We anticipate that the AC +
DC assay will be compatible with detection of a wide variety
of proteins, small molecules, RNA, and DNA analytes. The
assay also demonstrates the potential for multiplexed
detection by creating spatially separate active regions with
different capture probes for specific biomarkers. To make the
detection instrument more compatible with point-of-care
environments in the future, we are developing a spectrometer-
free PRAM (SFPRAM), which relies on wide-field imaging
instead of a spectrometer and line-scanning. The SFPRAM
promises advantages such as low manufacturing cost, high
speed imaging and large field of view. Altogether, the AC + DC
approach shows promise for POC detection of low
concentration protein biomarkers in low-volume test samples.
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