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Sepsis, an adverse auto-immune response to an infection often causing life-threatening complications, re-
sults in the highest mortality and treatment cost of any illness in US hospitals. Several immune biomarker
levels, including Interleukin 6 (IL-6), have shown a high correlation to the onset and progression of sepsis.
Currently, no technology diagnoses and stratifies sepsis progression using biomarker levels. This paper re-
ports a microfluidic biochip platform to detect proteins in undiluted human plasma samples. The device
uses a differential enumeration platform that integrates Coulter counting principles, antigen specific cap-
ture chambers, and micro size bead based immunodetection to quantify cytokines. This microfluidic bio-
chip was validated as a potential point of care technology by quantifying IL-6 from plasma samples (n =
29) with good correlation (R? = 0.81) and agreement (Bland-Altman) compared to controls. In combination
with previous applications, this point of care platform can potentially detect cell and protein biomarkers si-
multaneously for sepsis stratification.

1. Introduction

Over the course of one-year, Intensive Care Units (ICU's) in
the United States admit over 5 million patients. Annually,
more than 1 million people are diagnosed with severe sepsis,
costing the U.S. healthcare system approximately $24 bil-
lion."* Roughly 230000 of these patients die, a mortality rate
greater than the combined deaths from prostate cancer,
breast cancer, and AIDS.? One major factor in these mortality
rates is the inability to, accurately and quickly, diagnose po-
tentially septic patients.

Clinics currently use the systemic inflammatory response
syndrome (SIRS) criteria as a screening tool for the pro-
inflammatory stage of sepsis. This tool is very non-specific
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and often results in very high false positive rates. For patients
with SIRS positive criteria, the final diagnostic marker is a
blood culture that may take 1-3 day for results. However, for
septic patients, every hour delayed of proper antimicrobial
medication can decrease 72 hour survival rates by roughly
7.6% per hour.* Current protocols for sepsis diagnosis and
treatment are not frequent or specific enough to aid a physi-
cian's prognosis for different stages of sepsis. Moreover, the
ideal treatment for each stage of sepsis (pro-inflammatory
and anti-inflammatory) can be drastically different.”®

Technologies capable of stratifying sepsis progression
using biomarker levels are lacking. The use of biomarkers for
the continuous monitoring of disease progression and pa-
tient response to treatment could help reduce high sepsis
mortality rates. A hyper-inflammatory response is one of the
first signs of development of sepsis; thus, a rapid, point of
care device is needed to detect the acute immune response in
patients suspected of sepsis.

Currently, lactate is the most common biomarker used to
identify sepsis. However, although it is commonly assumed
that lactate levels rise in patients with sepsis because de-
creased tissue perfusion of oxygen produces anearobic energy
production, there are other explanations for the lactate eleva-
tions seen in sepsis.” Quantifying other biomarkers may help
to enhance sepsis protocols by stratifying phases and contin-
ually guiding proper treatment. Potential sepsis biomarkers
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have been correlated to key pathological responses, including
organ dysfunction, (IL-6 and PCT), the hyper-inflammatory
phase (IL-6, CRP, PMNs), and the immunosuppressive phase
(monocyte HLA-DR).” Likewise, the relevance of the expres-
sion of cell surface markers such as CD64 and CD11b has
been also linked to progression of sepsis.””® In particular, sev-
eral studies suggest IL-6 as a promising biomarker for provid-
ing early identification and prognostic information for moni-
toring septic patients.”'® In patients with bacterial sepsis, IL-
6 levels start to increase 4 hours after the onset of systemic
infection and normally peak between 8 and 24 hours. Thus,
IL-6 serum levels are often elevated before the onset of SIRS
symptoms and blood culture analysis.’

Healthy adults without inflammation have low IL-6 con-
centrations (<8 pg mL™")"" compared to septic episodes
where the levels of this cytokine can dramatically increase.
For instance, median IL-6 values of 1620 pg mL™‘ were
reported in early-onset neonatal sepsis.'”> Also, IL-6 concen-
trations exceeding >3000 pg mL™ were reported when ana-
lyzing intensive care unit patients (adults, females and
males).” Likewise, after analyzing the IL-6 levels in 56 pa-
tients, Harbarth et al. reported IL-6 concentrations >1000 pg
mL ™" as the most discriminative parameter to predict sepsis-
related death in infected patients at the time of admission."?
In the same study, the IL-6 median values for septic shock,
severe sepsis, and sepsis, were approximately 3000, 600, and
150 pg mL™" respectively. In a study performed by Jekarl
et al.,'® 1L-6 concentrations were analyzed in patients diag-
nosed with sepsis, and with severe sepsis/septic shock. In the
case of survivors, the total mean values of IL-6 was 305 pg
mL™, while in the case of non-survivors it was 1018 pg mL ™.

Using cell and protein quantification, our research focuses
on the clinical translation of this POC platform technology to
diagnose and stratify sepsis. Our approach is based on a
microfluidic differential counter technology that combines
electrical coulter counting and immunocapture. We have suc-
cessfully applied this approach to selectively enumerate leu-
kocytes and quantify CD4/CD8,'*"® as well as to quantify
CD64 expression levels on neutrophils from 10 puL of whole
blood.” In these previous contributions, cells were flowed
through an aperture that has a current passing through it;
the cell then blocked the current and causes a “spike” in sig-
nal. The number of spikes correlates to the number of cells
traveling through the pore (entrance counter). Subsequently,
the cells arrived at the capture chamber functionalized with
target specific antibodies. Finally, the non-captured cells were
counted again in the exit counter. Thus, by obtaining a total
cell count at the beginning and a final count after capture,
we were able to quantify the number of target cells in the
sample.

In this paper, we adapted the same biochip platform to di-
rectly quantify proteins such as Interleukin 6 (IL-6) in
undiluted human plasma samples. A key factor in the suc-
cessful implementation of microfluidic coulter counting is
the aspect ratio between the size of the cells (in the pm scale)
and the dimensions of the aperture. When a cell passes

1462 | Lab Chip, 2018, 18, 1461-1470

View Article Online

Lab on a Chip

through the aperture, it replaces a large percentage of
conducting volume of with a resistive cell structure, produc-
ing a dramatic change in the impedance across the aperture
(i.e. conductivity of the medium). To use similar channel di-
mensions but to able to detect nanometer size proteins, we
developed a sandwich immunoassay for the detection of IL-6
on the surface of latex beads. Keeping similar aperture di-
mensions can also allow the potential to detect both cells
and proteins simultaneously.

Although other contributions have reported the use of the
electrical counting technology for the detection of proteins®®
and IgG," this is first time, to the best of our knowledge,
that the differential counting technology is reported for the
detection of IL-6. In addition, our system includes some addi-
tional improvements, such as the use of pillars in the capture
chamber (to increase the capture efficiency), that have not
been reported before for the detection of proteins.

While this work uses IL-6 as a proof of concept target, the
microfluidic biochip platform was designed to detect any pro-
tein by developing the sandwich immunoassay with appropri-
ate target antibodies. Our future goal is to develop a single
multi-marker POC device capable of simultaneous cell and
protein detection from whole blood clinical samples. A fin-
gerprinting of the pathological immune response through all
stages of sepsis could define and diagnose sepsis, deter or
prevent disease progression, while guiding treatment to save
lives.

2. Experimental
2.1. Instrumentation

The flow of the required reagents for the capture chamber
functionalization and the flow of sample through the biochip
were performed using a Harvard PHD ULTRA™ pump (Har-
vard Apparatus, MA, USA). Electrical measurements were
made combining a HF2LI Lock-in amplifier and a HF2CA
Current amplifier, both from Zurich Instruments (Switzer-
land). The data acquisition was performed using LabVIEW
2013 (National Instruments, USA). The collected data was an-
alyzed using MATLAB (MathWorks, USA).

Fluorescence was read on a Guava® easyCyte plus flow
cytometer (EMD Millipore, USA). Absorbances were read on a
Synergy HT (Biotek Instruments Inc., USA). The competitive
curves were analyzed using a four-parameter logistic equation
by means of GraphPad Prism 5 for Windows (GraphPad Soft-
ware Inc., San Diego, CA, USA).

The shear stress in the capture chamber was simulated by
using COMSOL Multiphysics 5.3.

2.2. Chemicals and reagents

The SU8-50 and SU-8 developer were purchased from Micro-
Chem (MA, USA). Poly(dimethylsiloxane) (PDMS) prepolymer
(Sylgard 184) and a curing agent were purchased from Dow
Corning (MI, USA). The Pyrex wafers were purchased from
University wafers (MA, USA).

This journal is © The Royal Society of Chemistry 2018
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Streptavidin from streptomyces avidinii (Cat# S4762), Bo-
vine Serum Albumin (Cat# A3059) and Glycine (Cat# G8898-
500G) were purchased from Sigma-Aldrich. CML Latex Beads
4% w/v, 7 um (Cat#f C37257); 2-(N-morpholino)ethansulfonic
acid (MES) (Catff 28390B; EDC (Catft 22980); Sulfo-NHS (Cat
21326); human IL-6 was purchased Shenandoah (Cat# 100-
10). Human IL-6 Mab, clone: 5IL6 (Cat# M620); IL-6 Monoclo-
nal Antibody (7IL6), Biotin (Cat# M621B); and
R-phycoerythrin conjugate (SAPE) (Cat# S866) were purchased
from Thermo Fisher Scientific. The Bradford solution (BIO-
RAD protein assay cat No. 500-0006) was purchased from
BIO-RAD laboratories GmbH (Munich, Germany).

Human Magnetic Luminex Screening Assay was purchased
from R&D Systems. Human IL6/Interleukin 6 ELISA Kit
(Sandwich Elisa) (Cat# LS-F9982) was purchased from
LifeSpan Biosciences, Inc.

2.3. Buffers and solutions

PBS was 0.01 M phosphate buffer, 0.8%(w/v) saline solution
and the pH was 7.5. MES was 0.1 M 2-(N-
morpholino)ethansulfonic acid (pH 6).

2.4. Human plasma samples

Blood samples from patients suspected of sepsis (IRB num-
ber: 15094) were supplied by Carle Foundation Hospital (Ur-
bana, IL. USA). The received samples were obtained from dis-
cards of already performed blood test from patients at Carle

a) c)

Capture chamber set
(6 independent chambers)

b) Appertures

Microfluidic
channel

Au electrodes
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Hospital. The recruitment criteria were SIRS positive and/or
blood culture ordered. From these samples, plasma was sepa-
rated after centrifugation (1000g, 1 min, 4 °C) in our labora-
tories. The obtained plasma was stored at —80 °C until used.

In addition, pooled normal human plasma was obtained
from Innovative Research (USA). The plasma aliquots (198
uL) were stored at —20 °C until used. The native concentra-
tion of IL-6 in the plasma was calculated <7 pg mL™ by
using the IL-6 ELISA Kit. The plasma samples were spiked by
adding 2 pL of IL-6 to 198 pL of undiluted plasma.

2.5. Microfluidic structures

Microfluidic structures were fabricated for channels on the
top of the electrodes and capture chambers. The master mold
(negative) of these microfluidics devices was created by a
standard SU8-photolithography process using SU8-50 negative
photoresist on a Si wafer. The surface of the mold was
silanized by 3-mercaptopropyltrimethoxysilane. The actual
microfluidic structures were made from PDMS, in which elas-
tomer is mixed with curing agent at the ratio of 10:1 with
subsequent pouring on the master mold. After removing all
bubbles using desiccator, it was cured at 90 °C for 60 min.
The capture chamber was a PDMS based device containing
symmetrically distributed pillars. The dimensions of the cap-
ture chamber were 1.8 mm x 7.8 mm x 60 um. The pillars
were 60 um tall and 40 um in diameter, with 17 pm spacing
between consecutives pillars. The subsequent pillar rows

Pump (including
modified beads)

1 Analysis

Entrance electrode

Flow path

Capture chamber

Breakout Lock-In MatLab
board amplifier analysis

Exit electrode

Fig. 1 Device components: a) the PDMS capture chambers were fabricated in sets of 6 independent chambers. The zoom-in optical images show
top views of the pillars; b) detailed optical image (top view) of the microfluidic channel aligned over the electrodes. The volume of the microfluidic
channel was reduced in the space between the electrodes (aperture); c) detailed optical image of the PCB board used for the electrical measure-
ments; d) detailed optical image and schematic of the set-up used for the electrical measurements and analysis.
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were staggered with a ratio 0.33. The total number of pillars
per chamber is 8060 (total capacity = 1 pL). The capture
chambers were fabricated in sets of 6 independent chambers
(Fig. 1a).

2.6. Fabrication of the counter electrodes

Microfabricated co-planar gold electrodes were fabricated for
the electrical counting. Thin Au/Ti (~127.5 nm thickness)
electrodes (100 um wide, 150 um gap) were patterned on Py-
rex wafers. For device design purposes, the wafers were diced
grouping 2 arrays of 3 electrodes each, to function as en-
trance and exit counter.

The Pyrex substrate was first cleaned using absolute etha-
nol. Next, the Pyrex wafer was patterned using SPR220 and
AP8000 photoresists to make a negative pattern of the
electrodes. AZ400K developer is used to develop the wafer.
Metal was deposited by sputtering and a standard lift-off pro-
cess resolved the electrodes. The titanium layer (12.5 nm)
was deposited prior the gold (115 nm) to improve adhesion
to the Pyrex substrate.

A PDMS structure, including two independent micro-
fluidic channels, was bonded on the top of the electrodes
using APTES/GPTMS chemistry.”® The bonding took place be-
tween the wafer and the PDMS structure. The dimensions of
the channel (100 x 100 um?) were reduced in the space be-
tween the electrodes (15 x 30 x 15 um?®). This portion of the
channel was called the aperture. Fig. 1b shows an optical im-
age (top view) of the microfluidic channel aligned over the
electrodes. Every set of electrodes was connected to a PCB
board by using silver conductive epoxy. An optical image of
the counter electrodes (including the PCB board) can be seen
in Fig. 1c.

The PCB board, together with another homemade break-
out board (Wheatstone bridge circuit), serves as interface
with the Lock-In amplifier.

2.7. Functionalization of the capture chambers

Functionalization took place in two steps to modify the cap-
ture chambers. First, the chambers were modified with
streptavidin (used as universal capture agent). Second, BSA
was used as blocking agent to minimize non-specific beads
capture, eliminating possible available binding sites.

Thus, all the chambers in a set were serially connected to
the pump. The pump was first loaded with 70% ethanol. The
ethanol was flown through the chambers (50 pL min™) in or-
der to completely remove the air from the chambers. Subse-
quently, PBS was flow through the chambers (50 uL min™) in
order to completely remove the air from the chambers. Then,
the pump was loaded with streptavidin (150 pL, 200 g
mL™). The streptavidin was infused through the set of cham-
bers (35 uL, 15 uL min~'), and then incubated at room tem-
perature (30 min). This process was repeated twice. After the
streptavidin incubation, the pump was loaded with BSA (1%
w/v in PBS). The BSA was infused through the set of cham-
bers (250 pL, 25 uL min"), and then incubated at room tem-
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perature (60 min). Finally, PBS was flown to wash out the
unbonded reagents. The entire capture chamber
functionalization process took 140 min. During this time, we
were able to functionalize tens of chambers simultaneously.

2.8. Biofunctionalization of the particles

The carboxyl latex beads (7 um) were covalently coupled to
Ab,IL-6 using slightly modified carbodiimide chemistry.*"
Briefly, the stored latex bead suspension (6 pL) was diluted
with MES buffer (0.5 mL) and centrifuged (15 000g, 8 min, 4
°C). Then, the MES buffer was removed. The dry latex beads
were suspended in a solution of 1 mM EDC and 0.5 mM
Sulfo-NHS in MES buffer (0.1 mL) and mixed on a vortex (750
rpm, 15 min) to activate the carboxylic groups. Subsequently,
the suspension was centrifuged (15000g, 8 min, 4 °C), and
the supernatant was separated to remove the excess reagents.
The activated microparticles were resuspended again in a so-
lution of Ab,IL-6 (0.15 mL, 0.6 mg mL™") in PBS, and the sus-
pension was shaken on a vortex (2 h, 750 RPM) to allow cova-
lent homogenous coupling of the antibodies to the latex
beads. Then, the whole mixture was centrifuged and washed
with PBS (3 times, the supernatants were collected) to remove
the unbound fraction. Subsequently, a solution of glycine
(0.1 mL, 7.5 mg mL ") was added and the mixture shaken on
a vortex (750 rpm) for 1 h to block the remaining activated
carboxylic acid groups. Afterwards, the whole mixture was
centrifuged and washed with PBS (1 time) to remove the un-
bound fraction. The supernatants collected after the Ab con-
jugation were used to evaluate the efficiency of the coupling
strategy quantifying the antibody concentration in the super-
natant and comparing with the concentration before the con-
jugation by the Bradford test.>> The calculated bio-
conjugation efficiency was 71 + 4%. Finally, the biohybrid
microparticles (beads-Ab,IL-6) were resuspended in PBS (0.1
mL), in order to obtain a final concentration of 640 ug mL™
and 10697 + 181 beads-Ab,IL-6 uL™* (in terms of Ab,IL-6 and
modified-beads respectively) and stored at 4 °C until use.
Typically, under these conditions, the modified latex beads
were stable for about 2 months. The entire bead
functionalization process, including the washing steps, took
about 4 h.

2.9. Biochip measurement procedure

The entire biochip measurement procedure included: 1) the
development of a sandwich immunoassay (performed on the
latex beads) to specifically detect IL-6 (this process includes
the incubation of the beads in plasma samples to capture tar-
get proteins); 2) the electrical counting, capture, and
counting, which is all perform on-chip; and 3) the counting
analysis and processing, which requires the analysis of the
pulses produced by the modified-beads. The entire procedure
is summarized in Fig. 2.

2.9.1. Sandwich immunoassay: off-chip procedure. The
protein capture step was performed in 1.7 mL posi-click
microcentrifuge Denville Scientific tubes, and all the

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Biochip measurement procedure. Off-chip procedure: first, plasma was separated from blood after centrifugation. Then, the plasma sample
(containing the IL-6) was incubated with a solution of beads-Ab,IL-6 (previously conjugated). After washing steps, a suspension of Ab,lIL-6-biotin
was also incubated to obtain the sandwich immunoassay complex. On-chip procedure: first, the modified-beads were flowed through the en-
trance counter. Then, the beads with IL-6 (and as consequence with biotin) were specifically captured in the streptavidin + BSA-blocked capture
chamber. Subsequently, the beads with no IL-6 (and as consequence with no biotin) were flowed through the exit counter. Finally, the counting

analysis was performed, and the IL-6 concentration quantified.

quantities referred in this protocol are the amounts added
per tube. After each incubation or washing step, the latex
beads were separated from the supernatant on the sidewall
by placing the tubes in a centrifuge (15 000g, 8 min, 4 °C).

A solution of beads-Ab,1L-6 (29 beads-Ab,IL-6 uL™" in terms
of latex beads, in PBS (1% BSA w/v), 90 uL, ~2616 beads-Ab,-
IL-6) was placed in the microcentrifuge tubes followed by the
plasma samples (10 pL) or the IL-6 standard solutions (0-10°
pg mL " in pooled normal human plasma or PBS, 10 uL) and
incubated for 2 h at RT (950 RPM). Then, a suspension of Ab,-
IL-6-biotin (5 pg mL™ in PBS (1% BSA w/v), 0.1 mL) was added
to each tube and incubated for 30 min at RT (950 RPM). Sub-
sequently, the obtained sandwich was washed with PBS (1%
BSA w/v, 0.2 mL) and the modified latex beads resuspended in
PBS (0.15 mL). The final solution, containing the modified-
beads (beads-Ab,IL-6 and beads-Ab,IL-6-IL-6-Ab,IL-6-biotin,
~17 modified-beads pL ™), was analyzed by impedimetric tech-
niques to quantify the IL-6 concentration in the sample as de-
scribed below. The entire immunoassay process, including the
washing steps, took about 3.5 h.

2.9.2. Electrical counting: on-chip procedure. First, the
PCB board (containing the entrance and exit counters) was
connected to the breakout board, in order to connect the coun-
ters to the Lock-In amplifier. Second, a syringe (loaded with
the sample prepared as indicated in section 2.9.1.), as well as
the streptavidin + BSA-blocked capture chamber, were serially
connected to the counters, completing the whole biochip. The
sample was flown at 20 uL min~". The entire set-up described
(optical image and schematic) can be seen in Fig. 1d.

The three electrodes of every counter were connected to
the Lock-In amplifier by the PCB boards connectors. Fre-
quency interrogation of the modified-beads was performed at
303 KHz with up to a 5 V amplitude modulation voltage (ap-
plied to the middle counting electrode). When the voltage
pulses start appearing for both counters, the data recording

This journal is © The Royal Society of Chemistry 2018

starts (up to 5 min) by using LabView at a sampling rate of
250 KHz. See ESIf for justification of chosen sampling rate.

2.9.3. Electrical counting analysis and processing. The data
acquired from every experiment was analyzed in a customized
MatLab code. The raw data was digitally filtered by the MatLab
code as follows. The low-frequency noise including the baseline
drifts were removed using the high-pass filter with a 20 Hz cut-
off frequency. Power line interference of 60 Hz and its first har-
monic (120 Hz) are removed by using two band stop filters with
cutoff frequencies of (58, 62) Hz and (118, 122) Hz, respectively.
The input frequency noise of 303 KHz was removed by using a
low-pass filter with 303 KHz as a cutoff frequency.

The baseline noise was calculated as the average of the
maximum amplitudes of all the voltage pulses measured. The
contribution of the beads pulses to the average of the maxi-
mum amplitudes was negligible, as these pulses represents
less than 1% of the entire entrance or exit data. The MatLab
code counted the pulses when the amplitude of those pulses
was 8 times the average of the baseline noise. This multiply-
ing factor was found to clearly distinguish the beads-based
pulses from electrical noise.

The figure of merit selected for the analysis was the per-
centage of capture:

Entrance count — Exit count o

% of capture = 100

Entrance count

Standard calibration constructed using
GraphPad Prism 5 by plotting the percentage of capture data
with respect to the IL-6 concentration and fitting the points

to a four-parameter equation:

curve was

,_(4-B)

5+B
X

1+ =
€]
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where A is the maximum percentage of capture correspond-
ing to the maximum IL-6 concentration, B is the minimum
percentage of capture corresponding to the minimum IL-6
concentration, C is the concentration producing 50% of the
maximal percentage of capture, and D is the slope at the in-
flection point of the sigmoid curve. The unknown IL-6 con-
centrations in the measured samples were calculated interpo-
lating the respective percentage of capture in the standard
calibration curve obtained.

The limit of detection (LOD) was calculated to be the con-
centration when the average response from percentage of
capture in a negative control blank experiment (no IL-6) plus
3 times the standard deviation from that blank
measurement.

3. Results and discussion
3.1. Assessment of the bioactivity of the biohybrid particles

The biofunctionality of the homogenous biohybrid particles
(AbyIL-6-beads) was initially assessed using the sandwich
immunoassay described in section 2.9.1. and using flow cy-
tometry. Thus, the sandwich immunoassay was conducted
as described in the experimental section, but with the final
addition of a SAPE molecule to the sandwich immunoassay
complex. After the incubation of the Ab,-IL-6-biotin, the
modified latex beads were washed and resuspended in a so-
lution of SAPE (6.7 ug mL™", 150 uL), and incubated on a
shaker for 30 min at RT in the dark. After the incubation
step, the solution was transfer to a 96-well plate for the
reading.

The developed immunoassay was assessed by interrogat-
ing solutions of IL-6 at distinct concentrations (0-10° pg
mL™, 10 uL per tube in PBS or undiluted plasma) and mea-
suring the SAPE fluorescence. The fluorescence was read in
order to obtain the immunoassay response for each IL-6 con-
centration interrogated. As in the case of IL-6 described in
section 2.9.1., the bioreagents were also diluted in PBS (1%
BSA w/v). Thus, a calibration curve in PBS buffer was first
obtained (Fig. 3a). The results indicated that the LOD of the
sandwich immunoassay was 122 pg mL™", while the working
range was from 10> to 10° pg mL™". The calibration curve is
the result of two different experiments (n = 4 per IL-6
concentration).

Washing step

SAPE (150 pL, 6.7 pg mL) 0.01 5F———————————

Sandwich immunoassay
complex

& ¢ N

SAPE incubation
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Then, another calibration curve using undiluted plasma
(instead of PBS) was also developed. Before spiking the
plasma, the native IL-6 concentration was measured using an
ELISA Kit to be <7 pg mL™. As it can be seen in the flow cy-
tometry analysis in Fig. 3, the results of detecting IL-6 using
PBS or undiluted plasma were very comparable, and the dif-
ference being less than 1%. The reason for this high similar-
ity could be the 10-fold increase in volume during the first in-
cubation step, which eliminates any matrix effects.

3.2. Principle of electrical differential counting

The microfluidic biochip developed was designed to count in-
dividual micron sized beads based on the Coulter counting
principle. In the system, a microfluidic channel with a coul-
ter aperture was aligned in between electrodes. When apply-
ing a potential between the electrodes (and across the aper-
ture), the passage of a bead through the channel perturbs the
electrical current within the aperture, creating a distinct im-
pedance pulse. Thus, by selecting the appropriate threshold,
the number of the pulses correlates to the count of the
modified-beads flowing across the electrodes. The efficiency
of the counting has been previously demonstrated, compar-
ing the biochip counts with the control flow cytometer
counts.'® A video showing a modified-bead flowing through
the channel (electrodes and aperture) can be seen in the
ESLf

The height of the pulses depends on the bead size,
whereas its width depends on its speed. After the immuno-
chemical procedure, two types of modified-beads remain: 1)
beads-Ab,IL-6; and 2) beads-Ab,IL-6-IL-6-Ab,IL-6-biotin. Al-
though the electrical system can clearly distinguish between
different bead types in heterogeneous beads populations
based on their size and morphology (see ESIT), the system
cannot differentiate between the beads with and without the
proteins. However, when the two types of modified-beads
(beads-Ab,IL-6; beads-Ab;IL-6-IL-6-Ab,IL-6-biotin) were flown
through the capture chamber, only the beads including IL-6
(and therefore, biotin), were specifically captured by the
streptavidin-functionalized posts in the capture chamber.
The beads without IL-6 (and therefore, without biotin), were
not captured and enumerated by exit counter. By substracting
the number of events at the exit counter from the number of

1004 e 10 mM PBS
® Plasma

Washing step

Normalized Yellow
Flourescence (%)

10° 10! 102 10* 10* 10° 10°
[IL-6, pg mL™]

Flow cytometry analysis

Fig. 3 Immunoassay assessment. The sandwich immunoassay was labeled with SAPE in order to assess the bioactivity of the biohybrid particles.
The assay produced highly similar results when conducted in PBS vs. undiluted plasma.
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event at the entrance, and dividing by the number of events
at the entrance, the % of bead capture can be calculated
(Fig. 4).

The two counters of the biochip are both configured to
measure the relative impedance change caused by the pas-
sage of a modified-bead. (Fig. 4a)."” The amplitude of a
typical pulse produced by the beads was about 0.2-0.6 V.
This amplitude, which depends on the bead size and the
distance above the electrodes, was very similar to the values
reported by Holmes et al. for impedimetric analysis of latex
beads of similar size.*® Also, the width of these pulses,
which depends on the flow rate, was <2 ms (about 300
data points). These features allow a clear distinguish be-
tween the pulses and the baseline produce by the PBS
buffer (Fig. 4b). The zoom-in figure shows the differential
signal, which is a bipolar pulse for each passage of a
modified-beads across the electrodes.

The use of pillars in the chamber significantly increased
the capture surface area, therefore increasing the interactions
between the biotinylated beads and the streptavidin (coated
in the chamber). An optical image showing specific capture
of modified-beads can be seen in Fig. 4c. The capture cham-
ber was designed in order to: 1) maximize the bead-pillar
interaction time; and 2) minimize the bead capture in the

View Article Online
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zero-velocity regions around the pillar. Thus, the subsequent
pillar rows were staggered with a ratio 0.33. Applying this ra-
tio, a more uniform bead-pillar can be ensured as it was pre-
viously demonstrated."” Inset figure (Fig. 4c) shows the re-
sults of the COMSOL simulation (heat bar scale units: Pa). It
is well known that the shear stress is an important parameter
affecting the capture of particles in a microfluidics channel.**
In the simulation, blue color represents the regions where
the shear stress was low, and as consequence, where the
chance of capture was elevated. On the other hand, the gap
between pillars from the same row (position: 8 = +90°) is
where the chance of capture was low. The results of the simu-
lation were in good agreement with the capture results shown
in Fig. 4c. Fig. 4d shows clearly the aspect ratio between one
pillar and one captured bead.

Fig. 4e shows the histograms of representative counting
using the entrance and exit counters. The comparison of the
histograms shows that the counting in the entrance is higher
than in the exit. This difference was expected as the modi-
fied-beads, including biotin, were counted in the entrance
but not in the exit counter, as they were specifically captured
in the chamber. The ratio between the counting in the en-
trance and in the exit, was used to quantify the concentration
of IL-6. Thus, the figure of merit used was the percentage of
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Fig. 4 Schematic of the principle of electrical differential counting of beads: a) the relative impedance was measured using the Wheatstone
bridge circuit by acquiring output voltages across a 10 KQ resistors; b) example of pulses produced by the modified-beads using the electrical
counter. First plot shows pulses obtained during 2 min. Second plot shows a single pulse (scale: 0-10 ms); c) optical image of modified-beads spe-
cifically captured in the capture chamber. Inset: the shear stress simulation (units: Pa) shows where the options of streptavidin-biotin binding are
higher (blue area, low shear stress); d) optical image showing the aspect ratio between one pillar and one captured bead; e) representative histo-
grams of modified-beads counting comparing the capture in the entrance and exit counters. Inset: the % of capture is obtained by normalizing the

differential count (inset).
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capture (inset Fig. 4e). A video showing the specific capture
of a biotinylated bead can be seen in the ESL}

3.3. Critical bead diameter

The criteria for choosing the proper beads is not only based
on the material (non-conductive) or functional groups
(COOH), but especially on the particle size. From the hydro-
dynamic point of view, the bead diameter must be smaller
than the gap between the pillars to prevent clogging.

Inglis et al.>® developed a model that demonstrated that
the critical particle size for fractionation depends on the
micropost geometry, specifically on the gap between posts,
the offset of posts in one row with respect to another, and
whether the fluid is driven by hydrodynamics or by electroos-
mosis. We determined the diameter of the beads by solving
the hydrodynamic equations presented by Inglis. As shown in
Fig. 5a, the possible combinations of beads diameter/differ-
ent pillar separations, solved by the model, were constrained
by dmax and dpin. Thus, the model suggested that when hav-
ing 17 um of gap between the pillars, the beads diameter
should be in the range of 7-14 pm. We chose 7 um latex
beads in order to also combine these beads with other beads
and/or cells in the future with diameters in the range of 10 to
13 pm.

3.4. Effect of the BSA blocking step

After the streptavidin functionalization, the possible available
binding sites were blocked with BSA (1% in PBS). The inclu-
sion of BSA dramatically reduced the non-specific absorption
as this can be seen in Fig. 5b. When BSA was not used as
blocking agent (capture chamber only functionalized with
streptavidin), the beads non-specific captured were about
60%. However, when using BSA, the non-specific absorption
was below 10%.

3.5. Effect of the flow rate

The efficient and specific capture of beads require the op-
timization of not only the capture chamber design, but
also the flow rate. The sample flow rate plays a very im-
portant role in the design of the device, as increasing the
flow rate will reduce the time of the analysis but also re-
sult in different shear stress for the bead capture.?®
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Fig. 5c shows the effect of the flow rate on the non-
specific absorption, when using BSA as blocking agent.
When the flow rate was low, for instance 5 or 10 pL
min™', the obtained non-specific absorption was high,
about 80% and 50% respectively. However, when working
at 20 uL min™', the non-specific absorption was below
10%. Thus, a flow rate of 20 uL min™' was selected. It is
also remarkable that some of this 10% of non-specific ab-
sorption can be also attributed to losing some of the
beads in the tubing connecting the counters with the cap-
ture chamber. However, the % of beads loosed because
the tubing can be completely eliminated when having the
electrical counters and the capture chamber in the same
microfluidic device (not connected by tubing).

3.6. Detection of IL-6 with the microfluidic biochip

The ability of the microfluidic biochip to measure IL-6 was
assessed by incubating for 2 h the standard solutions of IL-6
(0-10° pg mL™, in PBS) with the beads-Ab,IL-6 solution, be-
fore adding the Ab,IL-6-biotin suspension and then following
the biochip measurement procedure described in section
2.9.2.

In these experiments, the percentage of capture was calcu-
lated to obtain the biochip response corresponding to each
IL-6 concentration added. As the microfluidic biochip was
able to count individual biologically modified micron sized
bead, the % of capture was calculated by normalizing the
subtraction of the number of events in the exit from the
number of event in the entrance. As expected, the % of cap-
ture signal recorded was in this case proportional to the con-
centration of IL-6 in the buffer samples (Fig. 6a). Thus, when
performing the measurements in PBS an EC50 value of 734.4
pg + 0.2 pg mL™", a LOD of 127 pg mL ™', and a working range
up to 5135 pg mL " (calculated from the signal at 80% of the
normalized calibration curve) were achieved.”'®'>'* The fea-
tures of the IL-6 calibration curve are summarized in the ta-
ble in Fig. 6a. If required, the LOD achieved can be easily im-
proved by reducing the reaction volume. For instance, the 10
pL of samples could be conjugated with only 10 pL of the
beads-Ab4IL-6 solution, instead of 90 uL, but 9 times concen-
trated. By reducing the reaction volume, a shorter conjuga-
tion time is also expected.
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)
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| max 10
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s 10 1517 20 25 30 o-
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Fig. 5 Beads characterization: a) critical particle size. The simulation suggested that 7 to 14 um beads could be used when the pillars separation is
17 um; b) blocking effect (flow rate = 20 uL min™%). When 1% BSA was using as blocking agent, the non-specific absorption was <10%; c) flow rate
effect. Increasing the flow rate up to 20 uL min™ reduced the non-specific absorption to values <10%.
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3.7. Detection of IL-6 with the microfluidic biochip in human
plasma samples

As the studies performed in section 3.1 demonstrated, the de-
veloped immunoassay offered comparable results when
detecting IL-6 from PBS or undiluted plasma samples. Based
on this, the calibration curve obtained in Fig. 6a, was used to
quantify the IL-6 concentrations in 29 human plasma sam-
ples. These plasma samples were obtained from: 1) poten-
tially septic patient blood samples (15); and 2) spiked pooled
normal human plasma (14).

The concentration of IL-6 in the patient samples was also
analyzed using Luminex® and these results were using as con-
trol. The IL-6 concentration of the analyzed samples was in
the range from 100 to 5000 pg mL ™. The comparison between
the biochip IL-6 quantification and the control can be seen in
Fig. 6b. It is very encouraging to see that the IL-6 concentra-
tion in all the potentially septic patient samples analyzed was
in the measurement range of our device. This was especially
useful because no dilution of the samples was necessary.

A correlation coefficient R*> = 0.81 (slope = 1.1) was
obtained for the 29 analyzed samples, demonstrating a good
linear correlation. In addition to the correlation, the agree-
ment between the quantification performed and the controls
was also tested using the Bland-Altman plot (Fig. 6¢). As can
be seen in the plot, most of the analyzed samples (27) are
well in between the limits of agreement. The two samples
that are out of the limits are the samples with high IL-6 con-
centrations. These concentrations are in the limit of the
working range of the biochip developed. As consequence, in
this case, the information provided by the biochip would be
that the IL-6 concentrations are >5135 pg mL™" (working
range limit).

This journal is © The Royal Society of Chemistry 2018

As previously mentioned, our group has demonstrated the
electrical differential counting technology for cells.">'” Also
Mok et al.'® reported the detection of IL-6 from 50% human
serum using an electrical counting system (non-differential).
In this system the captured chamber used did not include
pillars and the LOD obtained was 50 pM (1050 pg mL™", MW
IL-6 = 21 KDa).

Other recent on-chip methods for detection of protein bio-
markers, based on electrochemical®” or optical®® approaches,
have been reported in the literature. However, to the best of
our knowledge, none of those methods have demonstrated to
be compatible with measurement of cells and proteins in the
same platform.

The presented method is completely compatible with de-
tection and capture of cells. Combining the detection of pro-
teins and cells will be the focus of our next study.

4. Conclusions

A novel microfluidic biochip for the quantification of IL-6
has been developed and its performance in undiluted human
plasma samples has been demonstrated. This biochip, based
on the differential electrical counting technology and the use
of capture chambers for the specific capture of bead com-
plexes including IL-6, has demonstrated the electrical enu-
meration of modified-beads and the quantification of the
cytokine.

The sandwich immunoassay, used for the specific detec-
tion of IL-6, was performed using about 2600 beads-Ab,IL-6.
Each measurement took 5 min and with a flow rate of about
6 modified-beads per s. The limit of detection achieved (127
pg mL ™), was well below the IL-6 levels reported in septic
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patients. Twenty-nine plasma samples analyzed for the sys-
tem validation were obtained from potentially septic patient
blood samples (15) and from spiked pooled normal human
plasma samples (14).

Although several improvements are necessary to bring the
current design to clinical translation as a complete POC de-
vice, the ability to selectively quantify a target protein bio-
marker using our platform is a fundamental stepping stone
towards a multi-marker POC device for the combined detec-
tion of cells and proteins from whole blood clinical samples.
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