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Antibody Micropatterned Lubricant-Infused Biosensors
Enable Sub-Picogram Immunofluorescence Detection
of Interleukin 6 in Human Whole Plasma

Amid Shakeri, Noor Abu Jarad, Jeff Terryberry, Shadman Khan, Ashlyn Leung,

Simeng Chen, and Tohid F. Didar*

Recent studies have shown a correlation between elevated interleukin 6 (IL-6)
concentrations and the risk of respiratory failure in COVID-19 patients. There-
fore, detection of IL-6 at low concentrations permits early diagnosis of worst-
case outcome in viral respiratory infections. Here, a versatile biointerface is
presented that eliminates nonspecific adhesion and thus enables immuno-
fluorescence detection of IL-6 in whole human plasma or whole human blood
during coagulation, down to a limit of detection of 0.5 pg mL™". The sensi-

where significantly elevated levels indicate
aggressive tumor growth or viral load and
poor prognosis in patients.>1% Addition-
ally, IL-6 is an important anti-inflamma-
tory cytokine that induces acute responses
in chronic inflammatory pathologies. As
such, there has been an increasing interest
in the use of IL-6 as a biomarker for the
diagnosis of early stages of viral infections,
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tivity of the developed lubricant-infused biosensor for immunofluorescence
assays in detecting low molecular weight proteins such as IL-6 is facilitated

by i) producing a bioink in which the capture antibody is functionalized by an
epoxy-based silane for covalent linkage to the fluorosilanized surface and ii)
suppressing nonspecific adhesion by patterning the developed bioink into a
lubricant-infused coating. The developed biosensor addresses one of the major
challenges for biosensing in complex fluids, namely nonspecific adhesion,
therefore paving the way for highly sensitive biosensing in complex fluids.

1. Introduction

Human interleukin-6 (IL-6) is a multifunctional, pro-inflamma-
tory cytokine that has been found to be overexpressed in viral
infections, inflammatory conditions and several cancer types
such as lung, colorectal, breast, and prostate cancers "] as well
as in respiratory infections caused by Severe Acute Respira-
tory Syndrome Corona Virus 2 (SARS-CoV-2).B1 The level of
expression in plasma typically reflects severity of the disease,
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cancer, and chronic inflammation.®1 A
practical IL-6 biosensor should provide a
low limit of detection (LOD) (<5 pg mL™)
and acceptable linear dynamic range
(1-100 pg mL™) in complex fluids, in addi-
tion to accuracy, facile operation, and ame-
nable to mass production.!12

There are a large number of different
IL-6 detection techniques that have been
reported in the literature including elec-
trochemical sensors, 322 surface plasmon
resonance  (SPR),Z?1  chemilumines-
cence immunoassay (CLIA),221 and immunofluorescence
assays (IFA),2%-33 Utilizing 0- and 1-D materials such as carbon
nanotubes (CNTs),1 nanoparticles and nanowires,*!! as
well as porous nanoparticles,™ optical fibers,?” and micro-
fluidic platforms,?®! have enabled higher sensitivity in IL-6
detection and to date, electrochemical methods have proven to
be the most promising candidate for detection of IL-6 at very
low concentrations (0.33 pg mL™ in buffer) with a wide linear
dynamic range.?”l While reported IL-6 biosensors have demon-
strated satisfactory LODs in buffer or processed serum, their
performance in human whole plasma declines significantly,
leading to higher LOD’s and/or false positive results. In elec-
trochemical sensors, for example, the nonspecific attachment
of biological entities in plasma or blood can interfere with the
resistivity at the electrodes thereby deteriorating their sensitivity
for detection of IL-6 at clinically relevant concentrations.? So
far, the lowest theoretical LOD for IL-6 detection in plasma
was reported by Sabaté del Rio et al.'3! This method utilized a
complex system composed of 3D BSA nanocomposite, CNTs/
Au-nanoparticles, and Au-nanowires and electrochemical detec-
tion to obtain an LOD of 23 pg mL™! in human plasma, which
exceeds the typical sensitivity requirements of <5 pg mL™.

Omniphobic lubricant-infused surfaces (LISs),* have
aroused interest as anti-biofouling coatings in recent years due
to their ability to repel bacteria, blood cells, proteins, as well as
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their nonwetting properties to different fluids.?*-* This prop-
erty is caused by a slippery or low surface tension interface
between a monolayer of lubricant, locked into a porous or rough
surface and the biofluid or immiscible liquid to be repelled.)
The omniphobic LIS technology has been employed for anti-
bacterial applications, as well as medical implants and devices
where thrombosis and infections could pose a threat;*~*
however, they have not been implemented as blocking agents
for biosensing and we hypothesize that the superior repellency
offered by such slippery surfaces may prove to decrease LOD
for IL-6 detection in complex fluids.

To verify our hypothesis, we chose an IFA as the sensing
platform. IFA’s typically fall behind electrochemical sensors in
achieving low LOD in buffer and plasma, but they are simple,
cost effective and more amenable for point of care diagnos-
tics. Using bead or nanoparticle-based enzyme-linked immu-
nosorbent assay IFA (ELISA-IFA), can enhance the LOD and
sensitivity of IFAs for IL-6 detection in buffer, but adds more
complexity, and increases the cost.?133 Two key aspects that can
be modified in ELISA-IFA to further improve its performance
and functionality are the proper immobilization of capture
biomolecules and the use of optimal surface blocking agents
to reduce the background noise often associated with fluores-
cence-based assays.**] For immobilization of biorecognition
elements, contact printing and noncontact printing strategies
have been widely used to generate microarrays of biorecogni-
tion elements (e.g., antibodies) using desired chemical linkers
(e.g., amine or carboxyl groups).*>% The microarrays shape,
diameter, thickness, homogeneity, and binding mechanism are
important attributes to evaluate the efficacy of different micro-
array biosensing surface strategies.l®l Although several conven-
tional blocking agents are widely used to prevent nonspecific
binding, they still result in defects leading to nonspecific attach-
ment and biofouling, and reduce the sensitivity of assays by
interfering with immunochemical reactions or specific signal
generation.[2%3] Polymers such as Poly(ethylene glycol) (PEG),
poly(N-vinylpyrrolidone) (PVP), proteins such as bovine serum
albumin (BSA), milk powder, casein, gelatins, sugars such as
sucrose, and trehalose and surfactants like Tween 20 are some
of the these commonly used blocking agents.[>*->¢!

In this work, we combined two technologies—micro-
contact printing of a bioink and lubricant infusion of a fluorosi-
lanized surface—to develop a new biosensing interface for
covalently attaching IL-6 capture antibody onto a poly(methyl
methacrylate) (PMMA) substrate. To further promote the sta-
bilization of the patterned antibodies through microcontact
printing, covalent printing of the capture antibodies was per-
formed via the introduced functional bioinks. Prior to printing
onto the surface, the capture antibodies are functionalized via
an epoxy-based silane coupling agent that then covalently bind
to the free hydroxyl groups on a functionalized surface through
the terminal hydroxyl groups of the epoxy-based silane. This
provides a robust and stable immobilized capture antibody,
that enhances the selectivity and reproducibility of an IL-6 IFA.
Applying the LIS anti-fouling coating to the bioink printed
PMMA surfaces produced a robust, simple and cost-effective
[FA that allowed detection of IL-6 in human whole plasma with
an LOD as low as 0.5 pg mL™! and enabled detection in citrated
human whole blood during its coagulation induced by calcium
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chloride. Therefore, the advantages and novelty of our work
include: i) Significantly higher sensitivity for detection of IL-6
in complex biofluids such as human whole blood and plasma,
ii) Simplicity of the design via using an ELISA based IFA, elim-
inating any need for use of nanoparticles, nanotubes, nano-
wires, fibers, and microfluidics. Consequently, the proposed
method is low cost and can be mass produced in a short run.
iii) Robustness of the device through the covalent immobiliza-
tion of the capture antibodies onto the FS treated surfaces, and
iv) Potential capability for multiplex detection of cytokines via
creation of microarrays of different biorecognition elements.

2. Results and Discussion

Antibody embedded lubricant-infused surfaces were created
on PMMA, a low-priced polymer with many advantages such
as optical transparency, durable chemical and mechanical prop-
erties, and recyclability.’”¥l PMMA surfaces were first oxygen
plasma treated to induce hydroxyl groups on the surface, and
then fluorosilanized via chemical vapor deposition (CVD) of
trichloro(1H,1H,2H,2 H-perfluorooctyl)silane followed by heat
treatment at 90 °C to promote the hydrolysis and condensation
reactions. Immediately after the plasma treatment, the hydro-
philicity of the surface can cause adsorption of water molecules
on the surface. During the CVD treatment, the adsorbed water
is recruited for oligomerization of trichloro(1H,1H,2H,2H-
perfluorooctyl)silane prior to its engagement with the plasma
induced functional groups. In consequence of the former oli-
gomerization of the trichlorosilane due to the rapid hydrolysis
rate of its head groups and the presence of the adsorbed water,
stochastically distributed dense self-assembled monolayers
(SAMs) of fluorosilane (ES) with an umbrella-shape structure
can form across the PMMA substrate (Figure 1).1°-%4

Our developed bioink was prepared by serial dilution of
(3-Glycidyloxypropyl)trimethoxy-silane (GLYMO) in PBS and
mixing the silane solution with the IL-6 capture antibody
as explained in Methods. Following the FS treatment of the
PMMA, the GLYMO-conjugated bioink was patterned onto the
surface via microcontact printing using polydimethylsiloxane
(PDMS) stamps (50 X 50 um? arrays of protruded squares).
The produced positional microarrays provide improved repeat-
ability of the assay by providing numerous sample replicates
inside each well. This plays an important role in the assay
performance, as well as its adaptability to high throughput
applications. Moreover, since the GLYMO-conjugated capture
antibody can covalently bind to the surface, the developed
biointerface on the PMMA substrates are very robust. The
biofunctional PMMA microarrays were fitted into a super-
structure which provides wells for IFA (Figure 1). The wells
were subsequently lubricated via perfluoroperhydrophenan-
threne (PFPP), a fluorinated lubricant that infuses into the
FS SAM and is locked through van der Waals forces on the
fluorine groups of FS SAM creating the LIS. This provides
the surface with anti-fouling properties against biofluids and
proteins thereby diminishing the nonspecific absorption and
enhancing the sensitivity of the biosensor. The developed
biosensing surfaces were then used for IFA assays for IL-6
detection.
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Figure 1. Schematic representation of the process for producing PMMA-based antibody embedded lubricant-infused sensors for IL-6 detection. During
the microcontact printing, he IL-6 capture antibody can crosslink to the surface through the reaction between one of the hydroxyls at the head groups
of the conjugated epoxy-based silane and the hydroxyl groups remaining after the incomplete FS treatment of the surface (red dash circles).

In order to examine the chemical bonds created after fluo-
rosilanization of PMMA, we conducted high resolution XPS
analysis on plain, plasma treated, and FS treated surfaces.
Figure 2 demonstrates deconvoluted spectra of Cls, Ols, and
Fls for each sample. The typical deconvolution of PMMA Cls
spectra is illustrated in Figure 2a—*“plain sample” which con-
sists of a hydrocarbon peak C—C/C—H at 284.57 (£0.1) eV, a
beta carbon peak C—C=O0 at 285.42 (£0.16) eV, C—O bond in
methoxy groups at 286.47 (+0.14) eV, and a carboxyl carbon
O—C=0 peak at 288.58 (+0.2) eV.[5>%%] The peak area (%) of
Cls components are shown in Table 1. As seen, oxygen plasma
treatment raised the carboxyl carbon peak area from 12.71% to
18.91%, which could be correlated with oxidation of PMMA and
formation of carboxyl groups through plasma induced oxygen
radicals.

According to Table 1, the ratio of C-O:0-C = O bonds was
also changed from 15.42:12.71 for the plain PMMA surface to
14.67:18.91 for the plasma treated PMMA surface and then
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down to 6.97:14.19 after the FS treatment. The C-O percentage
of plain PMMA shown in the Csl spectra could be due to the
methyl groups of PMMA. During plasma treatment, these
methyl groups on PMMA (highlighted with a circle in Figure S1
in the Supporting Information) are partially reduced. At the
same time, plasma induced C-OH groups can be created on
the surface. Thus, the resulting effect is minimal change in the
abundance of C-O groups before and after plasma treatment.
Simultaneously, plasma treatment can increase the amount of
carboxyl groups on the surface as discussed previously. As a
result, there is a slight shift in the C-O0:0-C = O ratio toward
O-C = O bonds. During the fluorosilanization of the surface,
the broken C-O groups can be replaced by FS groups. More-
over, the heat treatment step conducted after FS treatment can
result in partial hydrophobic recovery of the PMMA surface.
Thus, hydroxylated PMMA can lose its hydrophilic C-OH and
O-C = OH groups induced by the initial plasma treatment. This
could be the reason for slight reduction of O-C = OH groups

© 2020 Wiley-VCH GmbH
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Figure 2. Deconvoluted high resolution XPS spectra of a) Cls, b) OTs, and d) Fls, for the PMMA surface before plasma treatment (plain), after the
plasma treatment (plasma), and after fluorosilanization (FS). c) F1s/O1s peak area ratio before and after PMMA surface modification. Data are shown

as mean + SD.

after FS treatment. However, regarding C-O groups, there is
relatively more reduction in the area percentage of C-O groups
even compared to the plain PMMA surface due to the hydro-
phobic recovery of the plasma induced C-O groups as well as
the replacement of the methyl groups of PMMA by FS groups
during the silanization.

Although fluorosilanization of PMMA surfaces reduced
the percentage of carboxyl groups to 14.19%, there was an
increase in carboxylic groups compared to the control. The
remaining carboxylic groups with functional OH moieties
on the surface could be as a result of short CVD and heat
treatment durations we employed in this study (i.e., 30 min
for each step) which led to incomplete polymerization of
FS SAMs. Furthermore, the incomplete polymerization can
provide functional hydroxyl groups at the umbrella-shape
SAMs. The unreacted silanol groups at FS SAMs could
also be a consequence of the reasonable values of bond
lengths and angles that silanol bonds can only take.[”%% The
remaining hydroxyl groups provide functionality for fur-
ther immobilization of anti-IL6 antibody bioink. In fact, at
higher CVD durations, we were unable to properly micro-
contact print the capture antibody onto the treated PMMA
surfaces which could be attributed to lack of OH groups on
the surface.

In microcontact printing, the IL-6 capture antibody can
physically attach to the hydrophobic surface via hydrophobic
interactions. By conjugating the capture antibody with GLYMO,
covalent attachment of the antibody increases, leading to a
higher yield of antibody immobilization. As illustrated in
Figure 1, the epoxy moiety at the tail group of GLYMO could
first couple with the primary and secondary amines of the anti-
body throughout the bioink formation. During the microcontact
printing, we hypothesized the possibility for any of the OH head
groups of epoxy silane in the bioink to randomly react with the
OH groups of FS SAMs remained after the incomplete fluorosi-
lanization of the surface. For instance, in the umbrella struc-
ture of FS, the hydrolyzed head groups of GLYMO can react
with the OH groups tethering on the sides of the FS umbrella
causing small buckling/bending of siloxanes. Moreover, given
the fact that the surface is not fully covered with FS umbrella
SAMs, The trifunctional GLYMO can bind to the remaining
OH groups located potentially between the areas covered by FS
SAMs (Figure 1), creating C-O-Si bonds. In Figure 1, the sche-
matic related to the covalent attachment of GLYMO-conjugated
antibodies exhibits potential reactions that can happen between
the OH groups of GLYMO and the FS treated surface.

In Figure 2a, fluorosilanization of PMMA resulted in the
appearance of two new peaks in the Cls spectrum at 290.69 and

Table 1. Quantification of the peak area percentages of Cls spectra for PMMA surfaces before and after the surface modification. Data are shown as

mean £ SD.

Binding energy [eV]

284.57 (+0.1)

285.42 (+0.16)

286.47 (+0.14)

288.58 (+0.2)

290.69 (+0.06)

293.05 (+0.06)

Chemical bond C—C/C—H Cc—C=0 c-0 0—C=0 —CF2 —CF3
Peak area [%)]

Plain PMMA 56.41 (+1.18) 14.45 (+2.73) 15.42 (£2.83) 12.71 (£0.45) 0 0

Plasma treatment 49.83 (£5.96) 16.59 (£2.52) 14.67 (+4.71) 18.91 (£3.3) 0 0

FS treatment 23.58 (£1.06) 23.48 (+4.3) 6.97 (£1.62) 14.19 (+0.98) 26.25 (+3.44) 5.52 (£0.64)
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Figure 3. Contact angle and sliding angle results of PMMA surfaces before and after the surface modification. Error bars represent the standard devia-

tion. There is a significant difference in the contact angles with *P < 107

293.05 eV which are associated with —CF2 and —CF3, respec-
tively.®>7% These peaks confirm the formation of FS layer with
the linear formula of CF;3(CF,)sCH,CH,SiCl; as the precursor.
The Ols spectrum of plain PMMA surface in Figure 2b can be
deconvoluted into primarily two peaks of C—O at =533.3 eV
and C=0 at 532 eV."™] Plasma treatment of the surface
advanced a peak at =531.6 eV attributed to O—C=0 bond "4
which remained in the O1s spectrum after fluorosilanization of
the surface, indicating the presence of functional OH groups
on the FS treated PMMA surfaces. The peak area ratio of Fls/
Ols is plotted in Figure 2c which reveals a substantial increase
in the amount of fluorine atoms on PMMA surfaces through
the FS treatment. The Fls spectra of plain PMMA surface
(Figure 2d) consisted of semi-ionic C—F bond at =6875 eV, as
well as ionic C—F bond at ~684.5 eV.’”] These bonds were com-
pletely etched and removed via oxygen plasma treatment of the
surface. Fluorosilanization of the PMMA surface resulted in the
emergence of covalent C—F bond at =688 eV 7 which depicts
the robust FS SAM created onto the PMMA substrate. Notably,
we performed the XPS test a month after the surface function-
alization to confirm the stability of the functional groups onto
the PMMA surfaces.

The omniphobic properties of the fluorosilanized PMMA
surfaces were quantified using contact angle and sliding angle
measurements (Figure 3). The contact angle and sliding angle
of plain PMMA surfaces before any treatment were estimated
at 71.5° and >90°, respectively. After 15 min of oxygen plasma
treatment, the contact angle dropped to 42° due to formation
of hydroxyl groups. Fluorosilanization of the PMMA surfaces
for half an hour via CVD technique significantly increased
the contact angle to 109°. It is worth mentioning that higher
surface hydrophobicity and contact angles can hinder printing
the antibodies through microcontact printing protocol with
PDMS stamps. Measuring the angular slip of the LIS estimated
its interfacial tension and omniphobicity.””’8l For this pur-
pose, PFPP lubricant was added to the surface and the excess
amount of lubricant was removed by tilting the substrate.
Infusing the lubricant into the surface can change the sur-
face energy of the substrate and create a slippery interface on
which water-based solutions and biofluids can easily slide off
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by a tremble. The thin layer of the lubricant trapped onto the
FS treated surfaces reduced the sliding angle to less than 5°.
When the lubricant was added to a plain PMMA surface, due
to the absence of FS groups, the lubricant completely came off
the surface after tilting the substrate, resulting in no slippery
properties. Notably, printing of the antibodies did not signifi-
cantly impact the average contact angle and hydrophobicity of
the PMMA surfaces as the antibody arrays occupy only a small
portion of the substrate. However, due to the fact that droplets
can be pinned at the printed areas, which is desirable consid-
ering the applicability of the surface for IFA, the sliding angle
of the surface changed after patterning, and the droplets could
not slide off the entire PMMA surface. The high contact angle
and low angular slip of the FS treated PMMA surfaces indicate
repellent behavior of the surfaces against different proteins
and biomolecules in solution, a key characteristic to prevent
nonspecific adhesion for biosensing. It should be mentioned
that after even 5 min of FS CVD treatment of the PMMA sur-
faces, we were still able to get high contact angles comparable
to the 30-min CVD treatment time due to the rapid formation
of nano-sized FS SAMs on the surface. However, the samples
that were treated for shorter CVD times did not exhibit proper
sliding properties which could be because of the inadequate FS
groups on the PMMA surface for locking a sufficient amount of
lubricant on the surface.

In order to confirm the robust attachment of the IL-6 capture
antibody onto the FS treated surfaces, we microcontact printed
fluorescently labeled BSA-FITC conjugated with GLYMO and
compared the results with unconjugated BSA-FITC sample as
a control. As shown in Figure S2 in the Supporting Informa-
tion, conjugating BSA-FITC with GLYMO before printing can
bring about a higher yield of BSA-FITC patterned on the sur-
face. This shows the positive effect of epoxy conjugation on
the efficacy of the printed proteins via microcontact printing.
Moreover, in order to show the printed proteins do not wash off
throughout the washing steps in the assay, we submerged the
samples in the buffer of tris-buffered saline mixed with Tween
20 (TBST) which we used in the IL-6 detection assay. In addi-
tion, we shook the samples at 100 RPM inside the buffer for
24 h. After imaging the samples, we noticed that there was no

© 2020 Wiley-VCH GmbH
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significant difference in the fluorescence intensity of the pat-
terns achieved via BSA-FITC conjugated with GLYMO, while
in the control sample, the patterns were almost completely
washed off (Figure S2, Supporting Information).

To detect IL-6 using IFA, recombinant IL-6 present in either
buffer or plasma was added to the antibody printed lubricant-
infused PMMA sensors at various concentrations ranging from
0 to 2500 pg mL™L. Since the unprocessed human whole plasma
contains several interfering biological entities such as clotting
factors, hormones, albumins, and fibrinogen, detection of IL-6
in such a complex biofluids can attest to the enhanced sen-
sitivity of the biosensor. The sandwich assay was followed by
addition of a biotinylated IL-6 detector antibody and a fluores-
cently labeled streptavidin (Figure 4a,b). Representative images
of the detection fluorescent arrays at different IL-6 concentra-
tions in buffer and plasma are shown in Figures S3 and S4 in
the Supporting Information, indicating the microarrays of IL-6
are clearly distinguishable in both plasma and buffer at the con-
centration of 0.5 pg mL™. FiJi Image] software " was utilized
to process and quantify the mean fluorescent intensity (MFI) of
each printed square. As a confirmatory method to FiJi Image J,
Chan-Vese segmentation®®!l image processing in Python was
performed for quantification of results in buffer. Figure 4c,d,
illustrates representative fluorescence images of the microar-
rays of IL-6 at a concentration of 312.5 pg mL™ before and after
the Chan-Vese segmentation. Results of Chan-Vese segmenta-
tion processing on the other sample concentrations can be seen
in Figure S5 in the Supporting Information.
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Table 2 illustrates the results of the IL-6 IFA in both buffer
and plasma. Two separate and individually processed imaging
methods were used to confirm equivalent MFI results in buffer.
The more sophisticated Chan-Vase Python approach reduces
the influence of artifacts and outliers. The error values corre-
sponding to each result is indicated as coefficient of variation
(CV%) in Table 2. The LIS IL-6 IFA yielded a functional LOD of
0.5 pg mL~! which was significantly differentiated (p < 5 x 107%)
from the 0 pg mL™! control for both raw and background-sub-
tracted MFI values in buffer and plasma (Tables S1 and S2,
Supporting Information).

Figure 4e shows the linear dynamic range of MFI as a func-
tion of concentration. The linear range obtained form LIS IL-6
IFA after standard curve fitting was 0.5-156 pg mL™! with the
R?> > 0.97 This dynamic range includes the required LOD
sensitivities for oncological applications such as leukemia
(145 pg mL™ B2) breast cancer (3-50 pg mL™ ), prostate
cancer (47 pg mL™' 8*8%]) ovarian cancer (10 pg mL™' ), and
liver cancer (12 pg mL™ ). Importantly, the current dynamic
range is also applicable for detection of Covid-19 (SARS-Cov2)
infection (5.8-64 pg mL™ %), Both buffer and plasma were
also plotted with a quadratic (third degree polynomial) curve fit
for the dynamic range of the LIS IL-6 IFA of 1-312.5 pg mL™
shown in Figure S6 in the Supporting Information. IL-6 detec-
tion results in plasma and buffer demonstrated almost similar
MFIs, indicating that the developed biosensor is capable of
preventing nonspecific binding and interference in plasma
enabling detection of low concentrations of IL-6 in plasma. In

Figure 4. a) Schematic representation of FS treated PMMA surface patterned with the capture antibodies. b) Schematic representation of FS treated
PMMA surface after adding the lubricant and performing the IFA. The lubricant layer repels all sorts of biofluids and proteins while capturing the target
at the printed areas. c) Raw image of the IL-6 microarrays at the concentration of 312.5 pg mL™" in buffer. d) Image (c) after the Chan-Vese image seg-
mentation processing in Python. €) Linear dynamic range of dose response curves of the IL-6 IFA using LIS. Graphical data are shown as mean (n =18
replicates, R? > 0.97 for buffer and >0.98 for plasma) with linear range of 0.5-156 pg mL™". Error bars represent the + standard deviation. f,g) Optical
microscope images of the blood cells attached to the untreated (plain) PMMA and LIS PMMA, respectively, following whole blood coagulation test.
The inset images show the wells after the clotting assay. The area of each well is =lcm?. h) SEM image of the blood clot attached to the plain PMMA
surface. i) SEM image of antibody-printed LIS PMMA surface after the clotting assay.
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Table 2. Standard curve MFI values and precision for the LIS IL-6 IFA in buffer and plasma using two image processing methods.

Concentration pg/mL Buffer

Plasma

Background Subtracted %CV Raw FiJi Background Subtracted %CV Raw Chan-

% Robust CV Background  Background Subtracted %CV Raw

MFI FiJi Image) Image) MFI Chan-Vese Python  Vese Python  Subtracted Chan-Vese Python MFI Fiji Image) FiJi Image]
2500 12 278 14.0 12 658 13.6 17.1 9576 15.0
3125 8156 10.9 7938 10.9 23.8 5523 74
156 3499 10.1 3495 10.2 17.0 4291 9.5
40 2622 10.7 2737 10.8 31.2 3184 8.7
5 2310 8.1 2107 8.7 28.6 2439 4.4
1 1538 5.3 1465 5.7 322 1634 1.3
0.5 804 23 755 26 25.2 1207 35
0 150 1.4 19 13 N/A 338 3.0

Table S3 in the Supporting Information, the superior perfor-
mance of the presented biosensor for IL-6 detection in human
plasma is compared to the recent most well-known techniques
along with their associated advantages and disadvantages. It is
worth mentioning that the antibody-antigen interactions used
as a based mechanism to capture IL-6 in this work, is intrinsi-
cally specific and it has been shown that there is not any non-
specific interaction between the anti-IL-6 monoclonal antibody
and other types of cytokine such as IL-2, IL-3, IL-4, IL-5, IL-8,
IL-9, IL-11, TNF-¢, TNF-$, IFN-¢, and IFN-7**l Consequently,
the specificity of our developed biosensor is adequately high for
multiplex detection of cytokines.

In order to evaluate the performance of the developed bio-
sensing surface in human whole blood, we examined the capa-
bility of the assay to recover IL-6 spiked into recalcified citrated
blood. The calcified blood was spiked with IL-6 at the concen-
tration of 312.5 pg mL™ and incubated on the LIS sensing inter-
face for an hour during blood coagulation process. Recovery of
the spiked sample (n = 9 replicates) on the plasma standard
curve was 119.4% which is within the accuracy acceptance cri-
teria of £ 20% bias. This corresponds the upper limit of quanti-
tation of the LIS IL-6 IFA and indicates that the assay is able to
detect IL-6 in whole blood (Figure S7, Supporting Information).
We believe that this is the first report on performing biosensing
in activated human whole blood while it coagulates.

In addition, a blood adhesion assay was conducted to evaluate
the repellency of the surface treatment against fibrin-induced
blood clot to the developed PMMA biosensing substrates.
Figure 4f depicts a representative optical microscope image of
blood cells attached onto the plain PMMA surface, following
clot formation after an hour of incubation with recalcified cit-
rated blood. The substrates were washed three times with
tris buffered saline (TBS) and TBS Tween 20 (TBST) before
imaging. The inset image in Figure 4f reveals the formed blood
clots remaining on the plain PMMA surfaces after the washing
steps. However, LIS coating significantly suppressed blood clot
attachment to the surface (Figure 4g). Owing to the omniphobic
characteristic of the treated PMMA surface, the clot that was
formed during the blood incubation could readily be washed off
the surface by the wash buffers used in the assay, while in the
case of untreated PMMA surfaces, the clot remained stable onto
the surface throughout the washing steps. Figure 4h,i shows
the SEM images of the untreated PMMA surface compared to
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antibody embedded LIS after fixation of the remaining clot and
fibrins.

Therefore, the antibody embedded lubricant-infused PMMA
biosensor not only prevents nonspecific adhesion of blood
cells, but also enables IL-6 detection during the clot forma-
tion, facilitating accurate detection in nonanticoagulated whole
blood, which could enable future ex-vivo and in vivo biosensing
platforms as well as biosensing in blood-contacting wearable
devices.[¥’]

3. Conclusion

A unique biosensing interface was presented that enables sub
picogram detection of IL-6 in human plasma as well as in
coagulating human whole blood. This was achieved by printing
the developed bioink solution into a fluorosilanized PMMA
substrate followed by infusion of a thin lubricant layer. The
presented biosensing interface benefits from the repellency
and omniphobicity of the LIS, which blocks nonspecific attach-
ment of interfering matrix components to the surface, thereby
enhancing the sensitivity and specificity of the biosensor.
Another factor contributing to the achieved low LOD, is the
bioink, composed of epoxy-based silane-anti-IL-6 complexes,
enabling covalent microcontact printing of the capture anti-
body onto the FS PMMA surface. The developed biointerfaces
promote covalent binding to the FS surface with various bio-
molecules through their amine moieties using this new bioink
preparation technique. The presence of epoxy as a cross-linking
agent in the bioink facilitates the transfer of the antibodies
from the PDMS stamps to the FS treated PMMA substrate,
leading to a higher yield of antibody patterned onto the surface.

The presented fabrication method is simple and scalable
for mass production and can be applied to different substrates
and for the detection of other disease markers. An important
advantage of the developed biosensor is that since the sub-
strate is covalently coated with a monolayer of fluorosilane,
the repellency behavior of the surface is much more durable in
comparison to common blocking agents that are physically or
electrostatically attached to the surface. Furthermore, as we are
able to covalently micro pattern the FS surface with the desired
capture antibody, the stability of the immobilized biomolecules
is significantly increased. Future efforts will focus on design

© 2020 Wiley-VCH GmbH
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and optimization of a process for mass production of the devel-
oped biosensing interfaces as well as enabling multiplex detec-
tion of target biomarkers.

4. Experimental Section

Materials: The following materials and reagents have been utilized
for surface biofunctionalization and IL-6 sandwich immunoassay:
trichloro(1H,1H,2H,2H-perfluorooctyl)silane  (TPFS)  (Sigma-Aldrich,
Oakville, ON, Canada), (3-glycidyloxypropyl)trimethoxy-silane (GLYMO)
(Sigma-Aldrich, Oakville, ON, Canada), perfluoroperhydrophenanthrene
(PFPP) (Sigma-Aldrich, Oakville, ON, Canada), polydimethylsiloxane
(PDMS) (Dow SYLGARD 184 Silicone Encapsulant, Ellsworth Adhesives,
Stoney Creek, ON, Canada), albumin—fluorescein isothiocyanate
conjugate  (BSA-FITC)  (Sigma-Aldrich, Oakville, ON, Canada),
recombinant human (E. Coli derived) IL-6 (R&D Systems, Minnesota,
US), IL-6 monoclonal antibody (MQ2-13A5, capture antibody)
(ThermoFisher Scientific, ON, Canada), biotinylated IL-6 monoclonal
antibody (MQ2-39C3, detector antibody) (ThermoFisher Scientific, ON,
Canada), BV430 streptavidin (BD Horizon™, Mississauga, ON, Canada),
and Poly(methyl methacrylate) plates (PMMA) (Beauty Glass, Hsin
Hwa Chemical Co, Ltd, Taiwan). Human blood plasma, and citrated
whole human blood were used as received without any modification
and collected from healthy donors who provided a signed consent for
collecting their blood. The procedure was approved by the McMaster
University Research Ethics Board.

Surface Fluorosilanization: Before functionalization of PMMA, the
substrates were cut to the size of a glass slide (75 mm x 25 mm),
and carefully washed using water and ethanol to remove any traces
of impurities. The PMMA surface was initially oxygen plasma treated
for 15 min (Harrick Plasma) to hydroxylate the surface. Afterward, the
substrate was immediately transferred to a vacuum desiccator in
order to perform fluorosilanization through CVD method using
trichloro(1H,1H,2H,2H-perfluorooctyl)silane for 30 min at —0.08 MPa
pressure. Subsequently, the fluorinated surface was placed on a hot
plate at 90 °C for 30 min to create FS SAM (Figure 1).

Preparation  and  Microcontact  Printing ~ of  the  Bioink:
(3-glycidyloxypropyl)trimethoxy-silane was diluted in PBS to achieve the
concentration of 22.4 x 107 m. Then, I1L-6 monoclonal capture antibody
was mixed with the epoxy solution at the concentration of 150 pug mL™".
The prepared bioink was patterned on the fluorosilanized PMMA
surface through microcontact printing. In order to make PDMS stamps,
a silicon wafer mold with the desired patterns was fabricated using
photolithography technique. PDMS was cast into a mold to produce
stamps with an array of square protrusions (50 x 50 um?). The stamps
were sonicated in ethanol and dried before use. The required amount of
the capture antibody bioink (=5 pL) was added to each stamp to cover
the entire features of the stamps and incubated for 10 min. Thereafter,
the stamps were washed with PBS and then water and dried for a 2—4 s
using a strong blast of compressed air. The stamps were immediately
pressed onto the FS treated PMMA surface by placing a small amount of
weight on top. After 2 min, the stamps were removed, and the surfaces
were incubated in a humidified atmosphere at 4 °C for around 1 h and a
half. To conjugate BSA-FITC with (3-glycidyloxypropyl)trimethoxy-silane,
100 mg mL™" of BSA-FITC (diluted in PBS) was mixed with GLYMO at the
same ratio as for the IL-6 capture antibody.

Lubricant Infusion of the Fluorosilanized Surface: Following the covalent
antibody printing onto the fluorosilanized surface and assembly of the
superstructure (Figure 1), PFPP lubricant was added to the wells and
incubated for about 1-2 min. Then, the surface was flipped to remove
the excess amount of the lubricant and washed with Tris buffered saline
(TBS) and TBS Tween 20 (TBST) leaving a thin layer of lubricant trapped
within the fluorine groups of the surface.

Surface  Characterization:  High-resolution X-ray photoelectron
spectroscopy (XPS) (PHI Quantera Il, Biointerfaces Institute, McMaster
University) was implemented to reveal the chemical bonds which
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appeared on the surface before and after the plasma treatment and
after the fluorosilanization step. Worth mentioning that we decided to
perform XPS 1 week after the surface treatment to ensure the chemicals
and functional groups of the modified surfaces remain stable. Cls, OTs,
and F1s peaks were recorded in the high resolution XPS analysis and the
raw data was deconvoluted incorporating CasaXPS application.

The hydrophobicity and surface tension of the PMMA substrates were
quantified using contact angle and sliding angle techniques. The contact
angles of plain, oxygen plasma treated, and fluorosilanized PMMA
surfaces were measured via Future Digital Scientific OCA20 goniometer
(Garden City, NY). In these experiments, 2 uL of deionized water was
dropped onto the multiple spots of the surfaces and the contact angles
were automatically calculated from the captured images of the droplets.
A digital angle level (ROK, Exeter, UK) was adopted to measure the
sliding angles of the plain and fluorosilanized PMMA samples. Before
adding 2 uL of deionized water to the surfaces and obtaining the sliding
angles, both plain and FS treated surfaces were lubricated with the PFPP
lubricant and tilted to remove the excess amount of the lubricant. The
droplets were placed onto the substrates at various angles, and the
angle at which the droplet starts sliding off the surface was assigned as
the sliding angle.

IL-6 Immunofluorescence Assay (IFA): Recombinant IL-6 solution
was serially diluted in either sample diluent composed of 1% BSA in
phosphate-buffered saline (PBS) or human blood plasma to produce
the different concentrations of 2500, 312.5, 156, 40, 20, 5, 2, 1, 0.8, and
0.5 pg mL™". 150 pL of the IL-6 solution was added to each well and
incubated for an hour. Next, the wells were washed again using TBS and
TBST, and biotinylated IL-6 monoclonal antibody (1:500 v:v diluted in the
sample diluent buffer) was added to the wells and incubated for anhour.
Finally, the wells were washed using both wash buffers, and the BV430
streptavidin dye (1:250 v:v diluted in the reporter buffer) was added to
each well and incubated for 30 min in complete darkness. The well plate
was washed with the wash buffers before the imaging.

Fluorescence Microscopy: Fluorescent imaging was conducted via
a Zeiss inverted fluorescent microscope (AX10) using Fluorescein
(FITC) filter set. The images were acquired via ZEN software under 10X
magnification. In FiJi Image] software, the acquired 16-bit TIF images
were first divided into individual colors (Image Color Split Channels).
Next the Image Adjust Threshold function was used to define a printed
square’s positive signal. Square command was used to enclose a square
around the PDMS stamped region. The pattern of squares for each
well is replicated between images with the Take command of the ROI
Manager. The median MFI signal intensities were then obtained by using
the Measure command. Four smaller squares were then overlaid on the
blank regions between the printed squares to obtain the background
signal which was then subtracted from the MFI of the patterned areas
for each well. The resulting raw data is processed by averaging the 9
positive and 4 negative spots for each image. Duplicates of each sample,
control or standard yielding 18 replicate squares for each measurement
were evaluated on the IL-6 IFA PMMA slides,

In Chan-Vese segmentation image processing in Python, pixels within
the red border demark the spot region while pixels outside the red
border belong to local background. Spot signal is calculated as the MFI
of spot region minus the median pixel value of local background (i.e.,
background subtraction). For each level, a “raw” mean and standard
deviation are calculated from the signals of 18 replicates. In addition,
Tukey Biweight algorithm has been applied on the raw data to obtain
the robust mean and standard deviation (i.e., weighted mean & STD) in
order to minimize the influence of outliers.

The two-tailed student T-test assuming unequal variance was used
for analysis of significant differences between IL-6 levels of the dose
response curve. The fitting trendlines in the dose respond graph was
done by a logarithmic relationship of Equation (1)

MFI =a x In(x) +b m
where x is the IL-6 concentration in pg mL™, and a and b are the fitting

parameters. The number of tests for each concentration was 3.
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Blood Clot Formation and Scanning Electron Microscopy (SEM)
Imaging: By initiating blood clot formation onto PMMA substrates, we
assessed the blood cells and proteins interactions with our modified
lubricant-infused surfaces compared to untreated PMMA surfaces.
In order to initiate the clot, 100 uL of the citrated human blood was
recalcified by 100 pL of 25 x 107 m CaCl, (diluted in HEPES) and added
to each of the wells with the treated and untreated PMMA bottom
surfaces. After 1 h incubation, the clot was gently removed, and the
wells were washed several times with TBS and TBST wash buffers.
Further, 2% glutaraldehyde (diluted in PBS) was added to the wells and
incubated overnight to fix the clot. After proper washing, the surfaces
were incubated for 1 h with 1% osmium tetroxide in 0.1 M sodium
cacodylate buffer to proceed with the post-fixation. The surfaces were
dehydrated through a graded series of ethanol, and then critical point
drying was performed on the samples by Leica EM CPD300 dryer
(Leica Mikrosysteme GmbH, Wien, Austria) using liquid CO, flush. The
samples were then sputtered with gold (Polaron Model E5100 sputter
coater, Watford, Hertfordshire) and imaged via SEM (JSM-7000 F).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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