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Abstract

We developed an affordable, highly sensitive, gretdic paper-based microfluidic platform for
fast multiplexed detections of important biomarkersvarious body fluids, including urine,
saliva, serum, and whole blood. The sensor arragisted of five individual sensing channels
with various functionalities that only required &ro liter-sized sample, which was equally split
into aliquots by the built-in paper microfluididd/e achieved the individual functionalizations of
various bioreceptors by employing the use of wari&® and ‘paper bridges’ in an easy and
low-cost manner. Pyrene carboxylic acid-modifiedngt-walled carbon nanotubes
(PCA/SWNTs) were deposited by quantitative inkjeinging with an optimal 3-dimensional
semiconductor density on a paper substrate. Maltgitibodies were immobilized onto the
SWNTs surface for highly sensitive and specifitdfieffect transistor (FET)/chemiresistor (CR)
biosensors. We explored the optimal sensing cawditifor the paper-based CR biosensor to
achieve high sensitivities and specificities tovgatide target biomarker proteins (human serum
albumin (HSA) and human immunoglobin G (HIgG)) aachieved an ultralow detectable
concentration of HSA and HIgG at 1.5 pM. Besideggami folding was employed to simplify
the fabrication process further. The sensing ptatfdescribed in this work was cost-effective,
semi-automated, and user-friendly. It demonstraked capability of having multiple sensing
functions in one paper-based microfluidic sensitagf@m. It envisioned the potential of a point-
of-care device with full-analysis for practical greostics in an ASSURED (Affordable, Sensitive,
Specific, User-friendly, Rapid and robust, Equiptrieee and Deliverable to end-users) fashion

for a quick test of targets of interest.
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1. Introduction

Many efforts have been made towards developingndistic devices that meet the ASSURED
criteria of beingaffordable, sensitive,specific, user-friendly,rapid and robustiquipment-free,
anddeliverable-to-those-who-need-it (Smith et al., 2018iven that over 95% of the deaths in
low-income countries are due to major infectiousedses and cancers, early diagnosis is of great
importance to the overall health of human beingagéf et al., 2006). Point-of-care (POC)
diagnostic devices using low-cost substrates asy fdorication methods are being extensively
studied. Paper exhibits great advantages beyorat pthymer-based flexible substrate materials
(Gao et al., 2017; Vengasandra et al., 2010; Woaglket al., 2013; Wu et al., 2015) for being
low-cost with intrinsic capillary microfluidics, sdy disposable and biocompatible, requiring no
external pumps, low-instrumentation and easy-terabde. Therefore, paper has become a
popular substrate to build ASSURED biosensing ptats (Choi et al., 2016; Fava et al., 2019;
Li et al., 2017; Shen et al., 2019).

Paper-based biosensors using colorimetric/chemilastience and electrochemical detection
with pre-deposited reagents and automated or setoiveated microfluidics that have been
widely explored (Cheng et al., 2010; Cinti et 2D17; Fava et al., 2019; Lamas-Ardisana et al.,
2018; Martinez et al.,, 2007; Sun et al., 2018; Waatgal., 2018). Nevertheless, many
colorimetric devices are primarily qualitative, \éhthe ones that are quantitative have a poor
limit of detection (LOD) in the micromolar or miftiolar ranges (Martinez et al., 2007), require
special cameras or scanners to capture the liggnsities (Ge et al., 2012), and often necessitate
a fixed lighting environment for accurate measunetmeHu et al., 2014). Electrochemical
biosensors, on the other hand, require bulky liqegkrvoirs for the redox reaction to occur as
well as employment of multiple antibodies (captan¢ibodies and reporter probe antibodies) and
labels (enzymes, dyes, nanoparticles, etc.) forpticated sandwich assays (Mettakoonpitak et
al., 2016). Current label-based immunoassays ariell by the lack of an ideal label that is
compatible with all potential target analytes, thability to achieve LOD at nanomolar to
attomolar levels, and the long assay time. As slatigl-free immuno-nanosensors are an active
research subject. Compared to the previously dpedldechnologies, the label-free field-effect

transistor (FET)/chemiresistor (CR)-based biosensye more appealing in providing high



sensitivities and selectivities for target biomaskéMulchandani and Myung 2011; Tran and
Mulchandani 2016).

Owing to their intriguing physical, chemical, andeatrical properties, carbon-based
nanomaterials have emerged as potential candidatethe development of next-generation
miniaturized biosensors (Syedmoradi et al.,, 20lr&nTand Mulchandani 2016; Yang et al.,
2015). Single-walled carbon nanotubes (SWNTSs) heen employed extensively as transducer
elements in FET/CR sensors due to their high seffaesolume ratio, which causes the Debye
length ¢p), @ measure of electric field penetration intougbmaterial, to be comparable to the
dimensions of these nanostructures (Tran and Molbtdr@ 2016). This leads to significant
modulations of their electronic properties uponasye to chemicals, enabling the label-free
detection of analytes with higher sensitivities amaler LODs. Moreover, SWNTs FETs/CRs
can be integrated with modern microelectronics uitifianctional devices that detect multiple
analytes simultaneously (Wan et al., 2011). ThWWNSs are the promising semiconducting
transducer material to fabricate FET/CR biosensgorthis work. Methods to fabricate paper-
based microfluidic channels range from sophistitapotolithography to facile printing
methods (Xia et al., 2016). However, the high ooftthe toxic reagents/solvents of most
fabrication methods of paper-based microfluidiaB pbses a challenge to fabricating a well-
defined biosensor array on a porous paper subsivilte high sensitivity and specificity to
conduct multi-analyte detection with minimal sampégjuirements. On the other hand, wax
printing shows several merits such as 1) a simgideidation process of printing and baking with
adequate pattern resolutions, 2) rapid fabricaitiominutes, 3) low cost (easy to obtain paper
and wax), 4) environment-friendly (no organic solt®, and 5) ease of disposal after use by
incineration (Shen et al.,, 2019). Hence, wax pmimtis employed in this work to build the

multiplexed paper microfluidic channels in a facled economic manner.

Herein, we present a new biosensing platform feegua paper-based microfluidic FET/CR
array for highly sensitive and selective multiplé>x@etections of important biomarkers in body
fluids.

2. Methods and experiments

2.1 Inkjet printing fabrication of the paper-based SWNTsCR array



DMP-2831 inkjet printer (FUJIFILM Dimatix, Inc.) vgaused to print the conductive silver leads
(Metalon JS-B25P, NovaCentrix, Inc.) and pyrenebaaylic acid (PCA)-modified SWNTSs,
from now-on designated as PCA/SWNTs, CRs. Cellulgsper (Whatman Grade 1
chromatography paper, 20 cm squares) was use@ asittistrate for depositing the sensor arrays.
Drop spacing was 2flm and droplet speed was 6-8 m/s. Wax patterns desgned using
GNU Image Manipulation Program (GIMP) software aexported as TIFF files. Xerox
ColorQube 8880DN was used to print wax barrierpaper substrate. Details of PCA/SWNTs
synthesis, inkjet printing, wax printing and gagseg for optimization of device resistance is

included insupplementary infor mation.
2.2 Functionalization of the SWNTs CRs

All functionalization steps were done at room terapge, and all reagents were purchased from
Sigma-Aldrich unless noted otherwise. Monoclondl-anman serum albumin (HSA) and anti-
human immunoglobin G (HIgG) antibodies were puredasom Medix Biochemica (6502 SP-2)
and Sigma-Aldrich (16260), respectively. The PCA/SY¢ CRs were submerged in 0.1 M MES

buffer (pH 5.5) containing N-(3-Dimethylaminoprojpy’-ethylcarbodiimide (EDC) at 5 mM

and N-Hydroxysuccinimide (NHS) at 2.5 mM for 20 mfollowed by rinsing with phosphate
buffer (PB), 10 mM at pH 7.4 unless otherwise djpati and tapped dry. In sequence, 200f

50 ug/mL of each antibody in PB, 10L of 0.1 M ethanolamine in PB, and @ of 0.1 wt%
Tween-20 in PB were added to each sensing sites imcubated individually at room
temperature for 2 h, 15 min, and 30 min, respelstiiellowed by PB wash and tapped dry the

paper surface after each incubation step.
2.3 Device assembly, sample preparation and electrical measur ement

From top to bottom, single-sided tape with an ihiete, paper bridges, sensing layer, absorption
layer, and sealing tape were assembled. The assérdbliices were stored with full humidity.
Priming buffer (10 mM PB, pH 7.4), HSA or HIgG wespiked into various matrices and drop
cast at the device inlet. With the source-draintagg of 0.1 V (e.g., no gate voltage), the

electrical resistance changes of the CR arrays werdtored continuously with respect to time



using a Keithley source meter (Model 2636) whild fuumidity at room temperature was

maintained. Detailed description is presentesljpplementary infor mation.
3. Results and Discussions
3.1 Design of the paper-based microfluidics with the paper bridges

First, we designed the 5-petal shaped hydrophiianaels on paper to equally split one sample
into five aliquots for individual sensing channeds shown inFigure 1(a), one sample injected

at the central inlet would split into five. By tleapillary force, each aliquot would have traveled
along the hydrophilic channel, encountered the &1, finally reached the waste reservoir at the
pattern perimeter. In this design, the CRs cannkgt-printed in the middle of each channel,
followed by incubations with different bioreceptdos 2 hours. However, here came the paradox
that, while the capillary force transported thejadits dispensed at the center to the destination
spontaneously, it also allowed unwanted diffusibrarious bioreceptors throughout the pattern
during the incubations—a critical step to achievingltiplexed sensing functionkigure 1(a)
illustrates this unwanted diffusion using dyed soluw To mimic the 2-hour incubation, the dye
was added in one channel and was observed to tiat@lthe other four channels and
contaminated them with the non-desired moleculemil&ly, the CRs would have been
contaminated with the undesired bioreceptors dusingeceptor incubations, which would have
resulted in loss of selectivity for all sensing ichels. Therefore, it was necessary to keep local
functionalizations free of cross-contaminations amaintain the high specificity for each CR
biosensor, while taking advantage of the self-wigkcapability of paper to transport the sample

and wash fluids from the central inlet to sensihgrmels.

Next, to address this predicament, we employed fiizies of extra wax barriers before, and a
structure named ‘paper bridges’ after the bioremejticubations. Firstly, to confine the various
incubation solutions for the duration (2 hr) of foiactionalization, extra wax barriers that were
perpendicular to the direction of the microfluidicannels were printed simultaneously with the
5-petal patternKigure 1(a)). The 5-petal channel with extra wax barriers wadted through
the thickness of the paper and formed unyieldindydghobic barriers, thus the sensing channels
were partitioned by the extra wax barriers intoasafed regions where no diffusion was

observed, as indicated by the non-interacting aykecear water regions figure 1(a). For the



2-hr span of the incubation, extra wax barriersceasfully prevented the cross-contaminations
of different bioreceptors and preserved the higkcHgity of each sensing channel, as discussed
in the crosstalk control. Secondly, after the fioralizations, the CR arrays were ready to
receive the sample transport. However, the radididphilic channels were now blocked by the
extra wax barriers, which prevented the transpbligaid samples. Therefore, we employed the
paper bridges to overcome this issue, as showngur e 1(b) (seeFigure Sl in supplementary
information for the paper bridge fabrication). The paper beglgcted as hydrophilic bridges for
the liquid samples to flow over the extra wax kamsi The full-complement of the paper bridges,
which had two concentric rings with melted discontus magenta wax, were accomplished by
assembling them on top of the extra wax barrierprimvide the hydrophilic openings and
reconnect the microfluidic channels (séegure S2 in supplementary information for
microfluidic dimensions). The middle image kingure 1(b) shows the dyed equal flows of dye

solution in the reconnected channels.

Figure 1(c) shows the mass fabrication process of the semqdatiprms. On a 20-cm-squared
Whatman Grade 1 paper, silver ink was inkjet-pdn&nd heat annealed to develop conductive
silver leads. Paper is known to be sensitive td, iedt the optimized annealing temperature (200
°C) had a negligible impact on the capillary flowthe paperSupplementary Information).
Next, the 5-petal pattern with extra wax barrieeswrinted and melted to form the hydrophobic
barriers, followed by bovine serum albumin (BSAddKing for all channels to prevent non-
specific adsorptionHigure S3 in supplementary information). After that, a formulated ink of
water-based PCA/SWNTSs (Shen et al., 2019) was tigkjated in the middle of each channel
with an optimized inkjet condition to maintain tipeinting consistency (sesupplementary
information for ink formulation and inkjet printing conditior\fter the PCA/SWNTs were
printed and the formulation solvent evaporated @inr temperature, conjugation of the
bioreceptors on the SWNTs was performed. To dematesthe capability of multi-analyte
detections of the microfluidic sensing platform, uwaed two different antibodies: anti-HSA and
anti-HIgG. They were individually incubated to pung two sets of CR immunosensors,
whereas the fifth CR transducer served as a cofitem| no antibody conjugated). Thus, the
sensing platform was equipped with two sensingicaplfor two targets (HSA and HIgG) and
one control channel used as a reference for ewvaduathe background noise. After

biofunctionalizations, the absorption pad, sensaygr and paper bridges were assembled and



held in place by tape. Note that the top tape lagtly sealed any gaps between the sensor
array layer and the paper bridges to ensure thaemions of hydrophilic paper sections. The
adsorbing pad was used as a waste reservoir amitipdoadequate capillary pumping. As a
result, the sensing platform could handle up toO~gh of liquid. These changes allowed
individual functionalizations of the sensor in eachannel and retained the utility of the
microfluidic channels to transport fluid toward teensor and subsequently to the waste pad.
Meanwhile, the resistances were recorded for idd&i CRs by connecting the platform to a

source meter at the electrical vias.
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Figure 1. Design of the 5-petal microfluidic channels usaxgra wax barriers and paper bridges
and an overall process flow of the sensor fabocatind testing. (a) Top: Pictures showing the
dye spreading to other channels over 2 hr withatraevax barriers. Bottom: Pictures showing
the individual incubations of dyes in each sengihgnnel with the extra wax barriers. (b) The
assembly of the paper bridges and the sensor ldyapgr bridges had two concentric rings with

melted discontinuous magenta wax to provide hydfigphridges for channel reconnections.



Two goals were achieved as 1) individual liquid fomement and 2) paper-based microfluidics
reconnection. (c) An overview of the fabricatioropess: 1) inkjet printing of silver leads,
followed by annealing at 200 °C for 2 hr; 2) Waxnging of the hydrophobic patterns on the
paper; 3) 5 min heating at 170 °C to melt the waw ipaper substrate; 4) Inkjet printing of
PCA/SWNTSs ink and drying; 5) Functionalization ofitiple antibodies individually; 6) Layer-

by-layer assembly of the sensing platform; and sarements of sensor signals.
3.2 Optimization of SWNTs networ k density

Since SWNTs are rod-shaped nanomaterials and jpé&edalto the paper during the deposition to
form a 3-dimensional network (Hu et al., 2004), wagied the SWNTs network density by
inkjet-printing different number of layers of theCR/SWNTs ink. The electron microscopy
images of SWNTs network on paper are showirigure S5. The network density increased

with printing more layers and resulted in a pertotaprofile in Figure 2(a). The percolation

profile was plotted with the logarithm of the ingerof the sheet resistance @upplementary

information) versus the number of printing layers, and cardib&led into three regions: (1)

non-percolated, (2) linear percolation, and (3) ptate percolation. 1/Rincreased significantly

with increasing printing layers in the non-percethtregion, linearly in the linear percolation
region, and slowly in the complete percolation oagiln the non-percolated region, there could
be scant SWNTs to form the electron paths from @®uo drain electrodes as well as the
inadequate affinity binding sites for the sensimggivity. On the contrary, in the complete
percolation region, there could be too many met&8WNTs short-circuiting the semiconducting
SWNTs, which might conceal the responses due tganantibody affinity binding events near
the semi-conducting SWNTs. Therefore, we hypotleesithat a network composed of neither
too little nor too much semiconducting and meta8/NTs would be desirable for building a
highly sensitive CR and anticipated that the messgive density of SWNTs network would be

in the linear percolation region with initial retsiace from 9.6 + 0.14Ck to 80.5 = 1.8k

(Figure 2(a)). To test our hypothesis, we evaluated the PCA/S¥/AR arrays with various-R

for a gas sensing with NOn N, (Figure $4 in supplementary information). All subsequent

electrical responses in this work, for both gas lequld phase sensing, are definedBxyuation



1, where R is the resistance of the SWNTs CR after priminthw, or liquid buffer, and R is
the stable resistance after each exposure to thples. For the N@gas sensing, the Fermi level
shifted towards the valence band with N&@isorbed on the p-typed SWNTs and resulted in an
increase of conductance (Kong et al., 2000). Asvshio Figure 2(b), the ideal initial resistance
range of 25 R to 35 K2 at 25 °C and relative humidity (RH) ~ 30% gave highest sensitivity,
which was also confirmed by additional liquid ph&sesensing Kigure S6 in supplementary

information). Therefore, all subsequent sensors were prepareave a similar initial resistance
value.

R —R, R .
Response = = — #Equation 1
Ry Rg

(a) -3 (b)
_35 T { (%)
{Cl{ i i g
-4 + °l o 6?
2 =1cl Z5
=45 ﬁﬂ =
O ==
5 59 23
[
(O]
55 4 &
_6 } + 0 | T t +
0 50 100 0 30,000 60,000 90,000
Printing layers Initial resistance (RQ)

Figure 2. Percolation profile of the inkjet-printed PCA/SVIl network on the paper substrate
and the optimization of the CR initial resistancgg. The percolation profile of inkjet-printed
PCA/SWNTs network on paper substrate. (b) Sensds/iof PCA/SWNTs networks with
various initial resistances. Each data point was #iverage of 5 sensors. All error bars
represented the +1 standard deviation.

3.3 Optimization of the sensing environment and controls

Results inFigure S7 (see supplementary information) exemplify that the ambient humidity
was unable to stabilize the responses. At firstspgation of water in 10 mM PB to the dry CR



lead to a considerable increase in the resistance the water molecules were electron-donating
and thus n-doped the p-typed SWNTs (Han et al.2R01pon adding a sample of HSA/PB, the
resistance increased further, but followed by @[stdecrease to near the starting resistance
instead of a plateaurigure S7). We attributed this phenomenon to the dynamidliégum of
water adsorption due to sample additions and déeargue to water evaporation, which was
vital to the steady readings of the electrical oeses. Thus, to eliminate the impact of
evaporation, we implemented a PB priming step ¢éater a locally saturated liquid environment
before analyte additions and maintained a full RKrdy the whole sensing process. With full
humidity maintained during storage, SWNTs were @&vaty counter-doped by n-doping water
molecules to be n-typed semiconductors (Han eR@ll2). As a consequence, we observed an
additional decrease in resistance in the first dutas, as shown iRigures 3(a) & (c). In this
sensing platform, two additions of 2. PB made the sensor baseline readings stablerand a
subsequent changes in resistance were resultdirfyabinding events instead of the variation
of moisture level during the sensing process. Aaotienefit of priming was to reduce sudden
sensor distortion due to paper fiber swelling fritra absorption of a water-based liquid sample
(Carstens et al., 2017). The target proteins, heweat the sensing pH, were possibly behaving
as an electron acceptor and repelled the electaoriers in the semiconducting SWNTs
(Ingrosso et al., 2012; Liu et al., 2011; Zhou kt 2000). Thus, upon the exposure to the

negatively charged analyte, the n-type SWNTs CReweghibiting increases in the resistance.

Positive and negative controls demonstrated thecseity of the biosensors. The positive
control experiments with SWNTs blocked with twedh{@ithout antibodies) that were exposed
to PB (blank), 15uM HSA, and 15uM HIgG produced low responses of 2.17%, 3.28%, and
3.64%, respectively Higure S8 in supplementary information). This established the
effectiveness of tween-20 blocking process in pnamg non-specific adsorption of analytes to
SWNTs. Similarly, negative control experiments ihieh biosensors functionalized with anti-
HSA and anti-HIgG were exposed to 20 of PB (blank) showed significantly smaller
responses (< 5%) compared to their targeted amalffggure S9 in supplementary
information). This corroborated that the high responses wedead from the antigen-antibody
binding.

3.4 Senditivity and limit of detection



Figure 3 (a) & (c) show dynamic responses of the sensor arrays totasget protein from 0.15
pM to 15uM in PB. After priming, as new samples (RQ) of higher concentrations of the
target proteins were added |{fL per channel), the CR resistances increased authed higher
plateaus quickly for higher concentratiom3gure 3 (b) & (d) show the calibration plots of
plateau responses as a function of antigen coratents in PB. The sensors responded linearly
to both analytes between 1.5 pM to 15 puM, whicluded the biologically meaningful range for
potential urine analysis (Attar et al., 2019; Tureé al., 1970). The sensitivities (slope of the
calibrations) were 0.081 per LpgdnM of HSA] and 0.091 per Lag [nM of HIgG]. The lowest
detectable concentration for HSA and HIgG in PBnested by S/N = 3 were 1.5 pM, which was
comparable or better than the reported to-datén&se proteins in terms of both the linear ranges
and detection limitsTable S1 in supplementary infor mation). Furthermore, as evidenced by a
low residual standard deviation (RSD) of 11.2% a8®% for responses from 6 sensors each of
HSA and HIgG at 1M, respectively, the sensors had excellent pretisitie high sensitivity

of SWNTs network FET/CR based biosensors fabricatedon-porous substrates have been
well documented and the physics behind it explaimedetail (Tran and Mulchandani, 2016).
However, the sensitivities observed in this worktfte SWNTs network CR on paper substrate
are markedly superior. We ascribed the ultrahigisisieity of the present paper-based CR arrays
to the porous paper substrate that promotes 1)owegdr connectivity of SWNTs due to firm
adhesion of individual SWNTs in porous and roughguasurface compared to uniform surface
of Si/SIG, or glass solid substrate (Han et al.,, 2012); andvaker counter-ion screening,
consequently higher sensor response, from conaawers that are preferably formed/promoted
when SWNTs lie on cellulose fibers compared todtaid substrate (Shoorideh and Chui 2014).
Also contributing to the high sensitivity can bee thigh loading of antibodies for effective
capture of antigens that was the result of largélilog of -COOH groups from the attached PCA
on SWNTs (Shen et al., 2019).
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Figure 3. Real-time monitoring of the changes in resistadagng the priming process and
sensing process for additions of 2. samples prepared in PB and their corresponding
calibration curves. (a) Real-time monitoring of g8ensing process for the detections of HSA/PB
(pH 7.4). (b) Calibration curve for the detectioh HSA/PB with a linear regression y =
0.081Logo[HSA] + 0.457 with B=0.9842. (c) Real-time monitoring of the sensingcess for
the detections of HIgG/PB (pH 7.4) (d) Calibraticurve for the detection of HIgG/PB with a
linear regression y = 0.091LafHIgG] + 0.437 with B=0.9775. Each data point is the average

of 6 sensors. All error bars represent +1 standaxdation.
3.5 Specificity and stability

To test the specificity of the sensing channelssstalk controls were examined by checking the
electrical responses when the sensor encountemsrtireg analyte (i.e., anti-HSA/SWNTs with
HIgG/PB and anti-HIgG/SWNTs with HSA/PB). As shownFigure 4(a), the sensors with the

wrong target only resulted in 13.4 % and 11.1 %dase in the electrical responses, respectively,



for anti-HSA/SWNTs sensor with 38V HIgG and anti-HIgG/SWNTs with 16M HSA, which
were minimal compared to the positive sensing nesp® of 86.2% and 88.8%, respectively, for
15 uM of HIgG/PB and HSA/PB. Therefore, the extra waxrlers successfully prevented cross-
contamination of the two antibodies during the fior@lization and lead to the high specificities
between different sensing channels. However, tbestalk did give rise to 2- to 3-fold larger
responses (10 - 15%) than the other controls (< ¥9)attributed this to the drift of the SWNTs
CRs over the ~ 40 min sensing period, and the tyuaflithe commercial antibodies that were not
perfectly purified to ensure absolute specificitydathus resulted in higher responses in the

crosstalk controls.

Storage stability (i.e., shelf life) is of greagjsificance to maintaining the quality and robussnes
of the diagnostic devices. Thus, batches of thé filtegrated paper-based CR array were
prepared and stored for varying durations unddr Huhmidity at room temperature or 4 °C.
Sensors were tested on day 7, 14, and 21. Theiséies were calculated in the same manner as
previously described and were normalized agairess#nsitivities at day 0. As shownRigure
4(b), at 4 °C the sensors retained nearly 100% seitgifiwr three weeks. On the other hand,
when stored at room temperature, there was a 1artP22.0% drop in sensitivity after 3-weeks
for anti-HSA/SWNTs sensors and anti-HIgG/SWNTs sesis respectively. These results

demonstrated good overall stability of antibodiesjagation and SWNTSs transducers.
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Figure 4. Real-time monitoring of the changes in resistdocesample sensing and controls. (a)
Comparison between the responses from HSA and BlGing and the crosstalk control. (b)

Normalized sensitivity of the sensor array storedam temperature or 4°C.
3.6 Application of sensorsto samplesin biological matrices

Detection of proteins as disease biomarkers in Bhudgs is routinely performed in healthcare.
To demonstrate the potential of the described phpsed CR biosensor arrays, we applied the
sensors to detect HSA and HIgG in human body flgigish as urine, saliva, serum and whole
blood. We used an artificial urine (AU) matrix tonsilate the real-life sensing environment
(Brooks and Keevil 1997). Since the AU containebbtaof salts and had high ionic strength,
which minimized the Debye length, PB washes weesgary to recover the responses of the
responses of SWNTs CR from the affinity bindingawitigen-antibody interaction. After PB
priming, 20puL AU spiked with the target proteins were addedntdividual sensors. As shown

in Figures 5(a) & (b), the responses for both targets were reduced aeahpa the PB samples
due to the high ionic strength of the AU matrixaadbut 1.18 M, resulting in small Debye length
(Chu et al., 2017; Kaisti 2017; Shoorideh and CQ44). After the first wash passing through
the CRs, some responses were recovered, and thredsaed third wash recovered the responses
further, reaching steady levels comparable to tho$tB samples. The possible mechanism was
that the washes diluted the local AU matrix andoeed the salts to the absorbing pad, making a
local environment with low ionic strength close2# mM (the ionic strength of PB), and a larger
Debye length to overturn the charge screening acdver the responses (Kaisti 2017). The
insets inFigure 5(a) & (b) show that detection of HSA and HIgG in AU aftempiementing 3
washings of 3QUL each were in excellent agreement with the respoms PB, indicating the

minimal matrix effects left after the washing wiRiB.
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Figure 5. Sensing responses from samplesi(EPin complex matrices. Real-time monitoring of
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room temperature. 30L of each 10 mM PB wash diluted the local matrixd aecovered the
electrical responses. Comparison of responses fcp@anti-HSA functionalized sensors and (d)
anti-HIgG functionalized sensors to iy HSA and 15uM HIgG spiked in an AS sample after
washing with 10 mM PB and controls. Inset figureevg comparison of responses for (a) HSA
and (b) HIlgG in AU after washing and PB, calibratiplots of (c) anti-HSA functionalized
sensors for HSA and (d) anti-HIgG functionalizechs®s for HIgG detection in AS after
washing. Each data point is the average of 6 sengdl error bars represent +1 standard

deviation.



Saliva is a non-invasively collected body fluid sdenand contains many important biomarkers
(Khan et al., 2019; Tlili et al., 2010). To admieisa test of biomarkers in a salivary matrix, we
spiked HSA and HIgG into the artificial saliva (A®) simulate the salivary matrix (Tlili et al.,
2010). A similar sensing protocol with PB washestfee AU sample was employed. Although
the mucin in AS matrix increased fluid viscositlgete was no obvious discrepancy of the flow
rate and fluid delivery time to those of PB and aamples. As shown iRigures 5(c) & (d),
controls exhibited minimal responses compared & détection of salivary HSA and HIgG,
which gave linear regression of y = 0.084L§igSA, nM] + 0.291 with B = 0.9833, and y =
0.081LogoHIgG, nM] + 0.283 with R = 0.9938, respectively. With the washing steps, th
sensitivities (slopes) to salivary HSA and HIgG &e00.12% and 88.67% to those in PB,

respectively.

Furthermore, we tested the sensors with human sanghwhole human blood from commercial
sources (collected from healthy donors). As theceatrations of the target proteins in serum
and blood largely exceeded the dynamic range ofsdmwsor array, serum and blood were
analyzed after diluting 70times with PB. Column 3 iffable S2 (see supplementary
information) reports the concentrations of HSA and HIgG foumthese diluted samples using
the calibration plots irFigure 3(b) & (d) (for detailed calculations please sEable S3 in
supplementary information). Subsequently, we spiked the diluted samples witlown
concentrations of HSA and HlgQ &ble S2 column 4), analyzed with the same sensor arrays
and determined the percent recovelfalfle S2, last column). As shown in the table, the
recoveries (i.e. agreement) ranged from 90% to 1Q&%rage of 96.75+7.8%). These high
recoveries, i.e. accuracy of the sensors, was asthiwithout buffer washes since the serum and
blood were diluted 10 million-fold in PB thus dilng the concentration of salts and also
minimizing the non-specific adsorption from bloodlls and other proteins. These results
showed the wide applicability of the integrationtbé SWNTs-based chemiresistive biosensors
with the paper-based microfluidics to both simpk &d complex matrices of artificial urine,

saliva, human serum, and human blood.

3.7 Origami devices with easy assembly



Despite the easy assembly required, the critigghalent of the hydrophilic pathways and the
secure adhesion between the tapes and layerstalréovithe paper-based microfluidic transport.
Misalignment between paper-sections and the laclsabfl lamination can lead to unequal
sample splitting and thereby unreliable electrisgnals and inaccurate results. The use of
origami techniques to make 3D devices from a sipglper sheet as an alternative to stacking
multiple layers has been reported (Arduini et 2019; Ding et al., 2016). Therefore, to further
standardize the fabrication and reduce hand asgesrbbrs, we designed a wax-patterned
origami device that demonstrated the same ideangfla@ying extra wax barriers and paper
bridges Figure 6(a)). The origami was composed of three layers: 1) lay@r for sample-
splitting and paper-bridging, 2) middle layer wiliR biosensor arrays for multiplexed detections
and 3) bottom layer with sufficient absorbing cafigh Unlike the manually assembled ones,
origami devices benefited from the precise trimming CQ, laser cutting that helped facile
alignment of the three layers thereby reducing hbenan labor and erroFigure 6(b) and
supplementary video). Figure 6(c) shows that the dynamic responses for PB priming) an
sensing of the target proteins in the origami dewiere comparable to the previous layer-by-
layer assembled paper-based microfluidic label-f@#® biosensing arrays. The primed CRs
exhibited large increases in resistance upon auhdaf target analytes and low responses in the
blank control. The origami devices provided a cf$tctive and practical method to integrate
both the well-controlled paper-based microfluidiesd highly sensitive and selective
chemiresistive biosensor array into one for labetf multiplexed detection of important
biomarkers.
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Figure 6. Fabrication and sensing protocol of the origaewice. (a) Assembly of the three-
layered origami device. (b) Image of the origamvide with clip electrodes attached. (c) The

processed electrical output of the origami device.
4. Conclusions

We developed an affordable and practical paperebasesing platform for rapid multiplexed
label-free detections of relevant biomarkers by leyipg antibody conjugated SWNTs CRs
with the top-down integration of paper-bridging mituidics. With the use of extra wax barriers
and paper bridges, the fully assembled device$, mainual and origami assembled, successfully
split one sample into equal aliquots and transferréo individual sensing channels with
negligible crosstalk. With optimal percolation diy®f the inkjet-printed SWNTs network, we
immobilized anti-HSA and anti-HIgG antibodies on Itiple CRs for a demonstration of
detections of multiple biomarkers in a single miiteo-size sample. The device showed high

sensitivity, specificity and stability for the det®n of the target analytes. In complex sample



matrices including artificial urine and saliva, adduted human serum and blood, efficient
buffer washes successfully bypassed the reductisignals due to shortened Debye length in
highly ionic or viscous solutions. Furthermore, gqise and undemanding origami design was
employed to achieve simple fabrications of the éms®r array towards mature and practical
assembly of the described diagnostic device. Tperted biosensing platform is expected to
promote the future development and adoption of EIRE on paper substrates in not only the
resource-limited diagnostic applications such asSBBED devices, but also other sensing
scenarios, including but not limited to, on-siteviemnmental monitoring, rapid detection of

pathogens, and quick examinations of forensic sesnpl
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Highlights

» Paper microfluidic SWNTSs biosensor for ultrasensitive multiplexed detection.

» Wax barriers and paper bridges ensure local functionalization and sample transport.
* Inkjet printing offers precise, fast and low-cost sensor fabrication.

» Patterned printing and origami design simplify sensor fabrication.

» High specificities and reproducibility plus good storage stability.
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