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ABSTRACT: There has been an increasing and urgent demand to
develop nucleic acid bioassays which not only offer high analytical
performance but which are also amenable with point-of-care
testing. Hydrogels present a versatile class of materials with
biocompatible antifouling properties and the ability to be
engineered for a range of advanced sensing applications. Fibrous
substrates like nitrocellulose offer low-cost and durable platforms
to run complex bioassays while enabling portability and ease of
handling. We demonstrate herein the ability to synergistically
combine these two materials into a portable biosensing platform by
leveraging projection lithography. We demonstrate the direct
polymerization of hydrogel sensing motifs within a range of fibrous
substrates with precise control over their shape, size, location, and functionality. Spatial encoding of the hydrogel motifs enables the
multiplex detection of multiple biomarkers on the same test. As a proof-of-concept, we apply the platform to the detection of
microRNA, an emerging class of circulating biomarkers with promising potential for early diagnosis and monitoring of cancer. The
assay offers a large dynamic range (over three orders of magnitude), high sensitivity (limit of detection of 2.5 amol), as well as
versatility and ease of handling. Finally, the bioassay is validated using real biological samples, namely, total RNA extracted from the
sera of late-stage breast cancer patients, demonstrating its utility and compatibility with clinical biosensing applications.
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A ffordable, sensitive, and multiplex detection of low-
abundance biomarkers from biological fluids can transform

the waymany diseases are diagnosed andmonitored. Traditional
approaches, however, commonly rely on complex procedures,
bulky specialized equipment, and trained personnel in addition
to considerable sample or reagent volumes. Hydrogels are a
highly versatile class of materials offering biocompatibility,
solution-like kinetics, and optical transparency suitable for
fluorescence-based readouts.1−5 They offer attractive matrices
for sensing a range of biomolecules including nucleic acids. For
example, alginate beads with embedded peptide nucleic acid
probes have been used for the sequence-specific detection of
nucleic acids through fluorogenic oligonucleotide-templated
reactions.6 Our group has also demonstrated nucleic acid
sensing with polyethylene glycol (PEG)-based hydrogels in a
range of formats including particles in solution,3,5,7,8 posts in
microfluidic channels,2,9 and posts in microarrays.4,10 Hydrogels
in these formats, however, are not ideally suited for point-of-care
(POC) applications and may be difficult to handle and
manipulate, resulting in tedious protocols, sensor loss, and
potentially false positive results.
One class of materials that is well suited for the POC is fibrous

substrates like paper,11 silk,12 and glass fiber.13,14 Along with

their wicking properties, being durable, affordable, and
disposable makes these substrates highly desirable for clinical
applications and for use in resource-limited settings.15,16

Moreover, patterning them in a spatially encoded manner
facilitates multiplexing, an important feature for clinical
tests.16,17 In the literature, pre-fabricated hydrogels have been
threaded onto yarn substrates and spread on paper to keep
reagents hydrated and aid in functionalization.18,19 Hydrogel
precursors have also been printed on paper and nitrocellulose for
small molecule detection;20,21 however, these studies have only
demonstrated a resolution over of 100 μm (commonly in
millimeters).22 Achieving high-resolution patterning typically
requires expensive technologies or large reagent volumes (≥100
μL) when using more affordable techniques such as bioprint-
ing.23,24 Although these studies have demonstrated the utility of
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hydrogels in fibrous substrates, there are no studies, to the best
of our knowledge, that show precise high-resolution patterning
of hydrogel motifs within fibrous substrates, especially for
clinical applications.
Herein, we propose a versatile platform for multiplex

detection of biomolecules based on spatially patterning fibrous
substrates with microscale hydrogel-sensing motifs (Figure 1).
In addition to enabling multiplexing, the fiber substrate acts as a
handle to immobilize the motifs and prevent sensor loss (Figure
1a). The format also simplifies buffer exchange for a user-
friendly and portable platform. Large dynamic range and high

sensitivity are facilitated by a fluorescence readout. To
synergistically combine the advantages of fibrous substrates
and hydrogels in one platform, we leverage projection
lithography.25 This patterning strategy enables high-resolution
features to be created with a range of shapes, sizes, and patterns.

■ RESULTS AND DISCUSSION

A schematic diagram demonstrating the process of patterning
hydrogels in fibrous substrates is shown in Figure 1b. Briefly, the
substrate was incubated (20 min) in a hydrogel prepolymer

Figure 1. Schematic illustrations of the platform, fabrication process, and sensing strategy. (a) Glass fiber-based platform (2 × 3 mm) with four
columns of embedded hydrogel motifs. (b) Platform fabrication with projection lithography. (c) Brightfield microscopy image of a circular hydrogel
motif embedded in glass fiber (scale bar 50 μm). (d) Fluorescence scan of two glass fiber substrates after assay completion, in the absence (left) or
presence (right) of target microRNA (scale bar 1 mm). (e) MicroRNA sensing strategy within each hydrogel motif.

Figure 2. Patterning hydrogel motifs in fibrous substrates: (a) silk, (b) glass fiber, and (c) nitrocellulose. (i) Brightfield images of the substrate
microstructure (scale bar 100 μm). (ii) Brightfield (top) and fluorescence (bottom) images of circular hydrogel motifs of radii 250, 100, 50, and 25 μm
(scale bar 100 μm). (iii) Brightfield (top) and fluorescence (bottom) images of triangular motifs with dotted line outlining mask shape (scale bar 20
μm).

ACS Sensors pubs.acs.org/acssensors Article

https://dx.doi.org/10.1021/acssensors.0c02121
ACS Sens. 2021, 6, 203−211

204

https://pubs.acs.org/doi/10.1021/acssensors.0c02121?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02121?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02121?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02121?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02121?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02121?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02121?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02121?fig=fig2&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c02121?ref=pdf


solution, containing the desired bioreceptor molecule. The
substrate was then sandwiched between two polydimethylsilox-
ane (PDMS)-coated coverslips and placed on an inverted
microscope stage (20× objective). A photomask of desired
shape and size was placed in the field-stop of the microscope.
Upon irradiation with UV light through the photomask, a
hydrogel motif was generated at the desired location. A
brightfield image of a circular hydrogel motif fabricated in a
glass fiber substrate is shown in Figure 1c.
Considering the versatility of the fabrication process, it is

possible to modify the bioreceptor, the hydrogel, or the
properties of the hydrogel to best suit the application of interest.
As a proof-of-concept, we have chosen to apply our platform to
the multiplex detection of microRNA (miRNA) using a
fluorescence-based sensing strategy (Figure 1d). MiRNAs26,27

are short (∼22 nucleotide) non-coding RNA that are of
increasing interest for disease diagnosis because of their gene
regulatory functions, dysregulated patterns in many diseases28,29

including cancer30−34 and stability in biological fluids.35,36

Herein, miRNA detection is enabled by covalently incorporating
an acrydite-modified ssDNA capture probe into the hydrogel
during polymerization (Table S1 for probe sequences). The
assay, based on previous work by our group, consists of three
steps: (i) hybridization of the target miRNA to the ssDNA, (ii)
ligation of a biotinylated linker, and (iii) labeling with
streptavidin conjugated to a fluorophore (streptavidin−
phycoerythrin, SAPE) for fluorescence visualization (Figure
1e).7 To demonstrate the ease of extending this platform to
other classes of biomolecules, we also applied it to protein
detection by capturing thyroid-stimulating hormone on anti-
body-functionalized hydrogels embedded in glass fiber sub-
strates (Figure S1).
Screening Fibrous Substrates. Incorporating hydrogels

into fibrous substrates can leverage the durability and wicking
properties of the substrates while maintaining the functionality
and biocompatibility offered by the hydrogels.1 To find a
suitable substrate for our assay, we screened through three low-
cost and commercially available substrates:12,14,37 nitrocellulose,
glass fiber, and silk. Nitrocellulose is commonly used as a
substrate for both lateral flow and dipstick assays,37 while glass
fiber is often used in the sample pad or conjugate pad of lateral
flow assays or can be functionalized for microfluidic
assays.14,15,38 Silk has also been used as a microfluidic platform
for biomolecule detection.39 Each fibrous material presented a
different microstructure (Figure 2(i)). Silk had a highly ordered
structure (Figure 2a), while the glass fiber was more amorphous
(Figure 2b). Nitrocellulose also displayed random pores but of a
smaller pore size (Figure 2c). Within each substrate, we
fabricated circular hydrogel motifs using masks with projected
radii of 250, 100, 50, and 25 μm (Figure 2(ii)). Fluorescent
microspheres (Polyscience Inc.) were physically entrapped
within the hydrogel pore structure for visualization. As seen in
the brightfield (above) and fluorescence (below) images, motifs
were visible in all substrates (Figure 2(ii)); however, the circles
were more well defined in silk and glass fiber compared to
nitrocellulose.
We next patterned triangular shaped motifs in the three

substrates to investigate patterning resolution and sharpness of
the motif edges (Figure 2(iii)). Although the motifs were
identifiable in all substrates, motifs in the glass fiber had themost
well-defined shape compared to the photomask (Figure 2b).
Quantitative analysis of the results can be found in Figure S2,
where signal-to-noise ratio was calculated for each substrate.

The substrate-specific variation can be attributed to light
scattering induced by the substrate during the polymerization
process, which reduces the amount of UV light penetrating the
substrate and, thus, the extent of polymerization. To verify this,
we measured the percentage light transmittance of 365 nm light
for all substrates using a Thorlabs PM100USB light intensity
meter (Figure S3). Glass fiber and silk transmitted similar
amounts of light at 49% and 51%, respectively, while
nitrocellulose only transmitted 22%. It is noteworthy that the
thickness of the silk was less than half that of the glass fiber, so
the transmittance per unit depth was much higher for the glass
fiber, which may account for the better shape definition.

Characterization and POC Properties. Glass fiber
membranes are chemically inert materials composed of fine
fibers of glass organized in a mesh-like structure. Glass has
traditionally been exploited in microfluidic chips because of its
desirable mechanical, electrical, and electro-osmotic proper-
ties,13,40 in addition to high wettability and hydrophilicity when
compared to nitrocellulose.12 Because of the fibers’ brittle
nature, this substrate can also be cut with a regular cutting blade
and precisely patterned with a laser cutter. Because of these
properties and optimal patterning resolution, glass fiber was
used in all further studies and investigated as a potential
substrate for POC bioassays.
First, we examined the ability to fabricate hydrogel motifs of

varying structures, such as strips analogous to the test lines used
in lateral flow and dipstick assays.37 With a 20× objective lens,
we successfully fabricated hydrogel lines that stretch ∼1 mm
across the substrate (Figure 3a, left) using only 5 μL of the

hydrogel prepolymer solution. By using lower magnification or
contact lithography,41 we anticipate patterning even larger
structures in the substrate. We were also able to pattern smaller
motifs in fine arrays with good uniformity and an interparticle
coefficient of variation in a fluorescence of 17.6% (Figure 3a,
right). This configuration is useful in bioassays to generate
statistics from a single sample.
Next, for dipstick-like assays, it is important that the substrate

can also be utilized as a handle for sensing motifs. To investigate
this, we polymerized 300 μmbiotin-functionalized squares at the
edge of a glass fiber substrate, then labeled them with SAPE for
imaging (Figure 3b). Interestingly, the fluorescent signal of the
square motif area on the substrate was comparable to that which

Figure 3. (a) Hydrogel motifs as strips (left) and arrays (right) in the
glass fiber substrate (scale bar 50 μm) and (b) fluorescence (left) and
brightfield (right) images of square motifs hanging off the substrate
edge (scale bar 300 μm). (c) Multiplexing protocol. (d) Overlay of
fluorescence (color) and brightfield (greyscale) scans of a 4-plex
substrate (scale bar 1 mm). Magnification of a blank motif (i) and two
fluorescent motifs (ii) (scale bar 100 μm).
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was overhanging the edge (Figure S4). This indicated that both
the polymerization and signal acquisition were similar within
and outside the glass fiber substrate. The hydrogel motifs also
remained immobilized on the substrate even in this config-
uration, validating the platform’s durability for portable
bioassays.
Finally, to investigate multiplexing capability, we designed a 4-

plex assay format where each column of motifs would be made
from a different prepolymer solution; herein, biotin-labeled,
blank, biotin-labeled, then blank for columns 1, 2, 3, and 4,
respectively. Considering the top-right cut corner as an
orientation marker, the column’s position (from the left)
would spatially encode the target biomarker in the final assay.
Fabrication involved repeating the following series of three steps
for each column: (i) incubation of the substrate in the desired
prepolymer solution (20 min), (ii) polymerization of motifs in a
single column at a specified spatial position, and (iii) rinsing off
unreacted prepolymer solution (Figure 3c). After labeling and
imaging, the fluorescence was only observed in columns 1 and 3
indicating the absence of cross-contamination between
prepolymer solutions, efficient washing between cycles, and
the ability to multiplex. For visualization purposes, we overlaid
the fluorescence and brightfield images of the assay to show the
edges of the fibrous substrate (Figure 3d). A yellow circle (50
μm radius) was used to outline the hydrogel motifs (containing
blank prepolymer solution) in columns 2 and 4 (Figure 3d(i)).
With high magnification and a high contrast color map (for
visualization purposes), it was possible to visualize layers of the
glass fiber surrounding and immobilizing each hydrogel motif
[Figure 3d(ii)], whose structure and thickness were further
characterized by confocal microscopy (Figure S5). Consistent
results (i.e., no cross-contamination) were observed when the
latter experiment was repeated with prepolymer solutions
containing two different fluorescent dyes (Figure S6).
Application to miRNA Detection. Before applying the

platform to biomolecular sensing, we optimized other assay
parameters including motif size and exposure time to ensure
maximum signal-to-noise ratio (Figure S7). A 50 μm radius
hydrogel motif and 300 ms exposure time generated the greatest
signals, so these parameters were used for miRNA assays.

miRNAs have become increasingly important diagnostic targets
because of their dysregulated expression profiles in cancer42−44

and their stability in body fluids.35,36 For this proof-of-concept
study, we chose the following panel of miRNAs: miR-21, miR-
145, and miR-16 as their serum expression levels have been
shown in the literature to be significantly dysregulated in breast
cancer patients compared to healthy controls.45,46 In particular,
miR-21 is one of the most significantly upregulated miRNAs in
breast cancer.47 It acts as an oncogene and is associated with
advanced cancer stage48 and poor prognosis.49,50 Conversely,
miR-145 acts as a tumor suppressor and is downregulated in
breast cancer patients.47 Lastly, miR-16 serum expression levels
are significantly higher in breast cancer patients compared to
healthy controls.51 It is noteworthy that there is controversy in
the field regarding miR-16 as many other studies have identified
it as an endogenous control because of its stable expression
across healthy and diseased individuals.52−56

To investigate the sensitivity of miRNA detection, we
prepared calibration curves of fluorescence versus target
concentration from 0.2 to 60 pM, equivalent to 10−3000
amol (Figure 4a). This range covers the concentrations expected
for endogenous circulating miRNA (high femtomolar to
picomolar regime).57−59 The concentration of ssDNA probes
in the prepolymer solutions was chosen based on previous
studies to ensure rate-matching of the binding of miRNA
targets.60 These concentrations were 247, 50, and 100 μM for (i)
miR-21, (ii) miR-145, and (iii) miR-16, respectively. Figure 4b
displays the fluorescence intensity of three randomly selected
motifs for each concentration with a black circle outlining a 50
μm radius around each motif. Because of the large dynamic
range of fluorescencespanning 4 orders of magnitudeit was
not possible for each concentration to be individually
represented by one color in the false colored images (see color
bar, Figure 4b).52−55

Calibration curves, as shown in Figure 4c, display the mean
corrected fluorescence intensity for each miRNA concentration.
The intensities were corrected by subtracting the mean intensity
of the control condition (0 miRNA). The curves, plotted on a
log−log scale, appeared linear over more than three orders of
magnitude. Data analysis of these results involved fitting a power

Figure 4. Investigating platform sensitivity with breast cancer-specific miRNAs. (a) Seven fibrous substrates used in the calibration curve, with a
magnified view of circular regions of interest (50 μm radius) around each motif used in image analysis (Fiji ImageJ). (b) Fluorescence scans of three
select motifs at each concentration, with high contrast color bar below (for visualization purposes). (c) Calibration curve of the corrected fluorescence
vs miRNA concentration on a log−log scale, with curve fitting, and limit of detection (LOD) for miR-21, miR-145, and miR-16.
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law in the form of y =Axb to the data, withR2 of 0.986, 0.989, and
0.991 for miR-21, miR-145, and miR-16, respectively (Table
S2). The LOD, calculated61 as three times the standard
deviation of the control condition, was 2.3, 2.5, and 2.6 amol
for miR-21, miR-145, and miR-16, respectively (Table S3). This
is equivalent to an LOD of∼50 fMwhich represents a sensitivity
sufficient for the detection of miRNA from biological samples.
Previous research from our group has shown that maximal

signal intensity (Imax) can be reached by minimizing the total
sensing area, which herein is a product of hydrogel motif area
(Am) and number of motifs (Nm).

62 Because our optimal motif
radius was 50 μm (Am = 785 μm2), Imax could be maximized by
reducingNm. We have chosen anNm of 6 to maximize the signal
while enabling statistical analysis. Considering Imax is inversely
proportional toNm and particle assays typically have N ∼ 50 (to
account for particle loss), reducing Nm could theoretically
improve Imax by one order of magnitude. Commercially
established detection methods such as the reverse transcription
polymerase chain reaction or microarrays have detection limits
around 10 aM to 20 aM63,64 and 10 fM to 40 pM,64,65

respectively, but require complex equipment and a complicated
primer design. Furthermore, microarrays typically require long
incubation times ∼12 h for hybridization while our assay takes
∼4 h. Compared to other miRNA POC technologies such as
colorimetric lateral flow assays (LOD ∼ 60 pM), this platform
provided up to 3 orders of magnitude improvement in
sensitivity.66,67 Compared to other optical sensors (based on
surface plasmon resonance68 or fluorescence-based AuNP69 and
quantum dots70), this platform offered a better or equivalent
LOD, typically ranging from 10 fM to 10 pM (Table S4).69−73

Furthermore, because of the hydrogel’s nonfouling properties,
this platform is also amenable to miRNA detection directly from
biological samples,3,74 and this will be explored in future works.

Validation with Breast Cancer Specimens. To demon-
strate its utility in clinical testing, we sought to validate the
platform with endogenous RNA from biological specimens. For
these studies, a 5-plex substrate layout was designed, consisting
of one horizontal row and four vertical columns, each with 6
hydrogel motifs (Figure 5a). The horizontal row targeted cel-
miR-54, the positive control which was spiked into the samples
at 1000 amol. The first vertical column targeted the negative
control, cel-miR-39. The second, third, and fourth columns
targeted the breast cancer biomarkers miR-21, miR-145, and
miR-16, respectively. This order was chosen such that breast
cancer patients would exhibit a characteristic up−down−up
trend of fluorescence in columns 2−3−4. The columns encode
the miRNA profile, and the trend could be used to qualitatively
identify cancer patients from healthy controls, even before
quantitative analysis.
First, the platform was used to detect miRNA expression from

500 ng of total RNA extracted from the breast tumor tissue and
normal adjacent tissue (NAT) of a single patient (BioChain).
Fluorescence values were corrected by subtracting the mean
fluorescence of the negative control then normalized by the
positive control to obtain the attomole amounts of miRNA
(details in Method S1). The results shown in Figure 5b were
consistent with the literature, wherein miR-21 was upregu-
lated47,48,75−77 and miR-145 was downregulated47,75,76,78 in the
breast tumor compared to NAT (p-values of 0.038 and 0.043,
respectively) (Table S5).54 For POC diagnostic applications, we

Figure 5. Platform validation with total RNA from biological specimens. (a) Diagram of spatially encoded 5-plex platform design targeting 2 control
and 3 endogenous miRNA. (b) Normalized miRNA amount in NAT vs tumor tissue from breast cancer patient. (c) Fluorescence scan of substrates
from healthy and breast cancer patient serum, with characteristic up−down−up trend in columns 2−3−4 for cancer patient. (d) Normalized miRNA
amount in the serum of age-matched healthy and breast cancer patients (* indicates significance from t-test). Each graph contains data from one
patient and healthy control with error bars representing standard deviations from multiple hydrogel motifs on a single substrate.
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could use these expression levels to set thresholds for expression
levels of miR-21 and miR-145 to identify diseased and healthy
individuals. To get more reliable limits, we would need a clinical
study with a larger sample size, which is beyond the scope of this
paper. Interestingly, no significant difference was observed in
miR-16 between the two tissue types. This result is in-line with
the studies considering miR-16 as a stable endogenous control
miRNA.52−56

Next, we investigated the ability to detect lower amounts of
circulating miRNA extracted from the sera of breast cancer
patients. In particular, we have chosen female Caucasian breast
cancer patients ranging from 46 to 71 years of age, at similar
stages of disease (UICC stage T2N2 or T2N3), and whose
serum samples were collected prior to surgical removal of the
primary tumor (Table S6 for donor details).
The control group consisted of age-matched female

Caucasian healthy patients. Total RNA was purified from 200
μL of x donor serum using the Qiagen miRNeasy Serum/Plasma
Advanced Kit. The purified RNA was eluted into 37 μL of 1×
TE. While 2 μL of this was used for characterization and quality
control using a NanoDrop Spectrophotometer (Table S7), 32.5
μL was used in the miRNA assay.
Figure 5c shows the fluorescence scan of the fiber substrates

from age-matched (69 ± 1.5 years) healthy (left) and breast
cancer patient (right). Even before data normalization and
analysis, the characteristic trend of up−down−up in columns 2−
3−4 was observed in the breast cancer patients, while it was not
observed in the healthy controls. Another notable observation
was the difference in the fluorescence of the positive control cel-
miR-54 between patients, emphasizing the importance of data
normalization to account for RNA extraction efficiency. The
attomole levels of each miRNA were quantified and plotted in
Figure 5d for the three sets of age-matched patients: (i) 47 ± 1,
(ii) 59, and (iii) 69 ± 1.5 years. Again qualitatively, the
characteristic up−down−up trend was observed in all breast
cancer patient miRNA profiles (orange). Quantitatively, miR-21
was upregulated in all breast cancer patients compared to their
respective controls (p-values of 0.00035, 0.000044, and 0.0022
for (i), (ii), and (iii), respectively), as is consistent with the
literature. Also consistent with the literature, in patient set (i),
miR-145 was downregulated in the breast cancer patient (p-
value = 0.0093). However, no significant difference was
observed in the other patient sets. This was attributed to the
low levels of endogenous miR-145 in the serum, which were too
close to the LOD of the platform. Based on our prior work with
gel particles bearing a similar probe design, rolling circle
amplification could be seamlessly incorporated in the future and
is expected to improve the LOD by at least one order of
magnitude, enabling a more reliable detection of such low
expression miRNA.79 In patient sets (ii) and (iii), miR-16 was
upregulated in breast cancer patients (p-values of 0.00071 and
0.0065, respectively); however, no significant difference was
observed in patient set (i). This result echoes the controversy in
the literature regarding miR-16 as an upregulated biomarker or
stable control miRNA.

■ CONCLUSIONS
We report herein the first demonstration, to the best of our
knowledge, of amplification-free multiplexed detection of 3
endogenous circulating miRNA and 2 control miRNA on a
fibrous substrate. The platform is highly versatile, facile, and
amenable with POC testing. Further probes can be readily
introduced on the platform to detect other miRNA or even

protein biomarkers. Importantly, the work presents reliable
quantitative values for miRNA in the human serum, which is
difficult with amplification-based techniques (e.g., relying on
cycle threshold or Ct values from PCR).54,56 The platform offers
high sensitivity (2.5 amol LOD) and utility even with real
biological samples. With a reliable platform and well-controlled
conditions, it was possible to consistently detect endogenous
miRNA and observe a characteristic miRNA profile in all breast
cancer patients. By increasing multiplexing, it will be possible to
visually encode more complex miRNA profiles and potentially
detect different cancer types through liquid biopsy tests, as an
alternative strategy to invasive tissue biopsies for cancer
diagnosis and monitoring.

■ EXPERIMENTAL SECTION
Fibrous Substrates. The substrates in this study were glass fiber

(G041 Glass Fiber Conjugate Pad Sheet, Millipore), nitrocellulose
(FF120HP, Whatman), and silk (Figure S8). Substrate thickness,
measured using a digital micrometer (Tormach), was 202 μm for the
glass fiber, 195 μm for the nitrocellulose, and 85 μm for the silk.

Hydrogel Prepolymer Preparation. Hydrogels were based on
poly(ethylene glycol) diacrylate (PEGDA). For characterization
studies with fluorescent microspheres, the monomer solution consisted
of 35% PEGDA 700 (Sigma), 20% PEG 200 (Sigma), 5% photoinitiator
(2-hydroxy-2-methylpropiophenone, Sigma), 35% 3× Tris−EDTA
buffer (Calbiochem), and 5% fluorescent microspheres (carboxylated
YG, 0.2 μm diameter, Polyscience, Inc.). For bioassays, the monomer
consisted of 20% PEGDA 700, 40% PEG 600, 35% 3× Tris−EDTA
buffer, and 5% photoinitiator. PEG 200 was used for protein detection.
The monomer solution was then diluted 9:1 with the probe. For studies
with the biotinylated probe, the final probe concentration in monomer
was 10 μM, while for miRNA studies, it was 100 μM unless otherwise
indicated. All probes were ordered from Integrated DNA Technologies
(sequences in Table S1).

Patterning Hydrogels in Fibrous Substrates. To create
hydrogel motifs, the substrate was incubated in 50 μL of the desired
prepolymer mixture (20 min) then sandwiched between two PDMS-
coated cover slips. The cover slips were placed on an inverted
microscope (Zeiss Axio Observer), and hydrogel motifs were
individually polymerized using projection lithography. To do this, a
mask (Fineline Imaging) of the desired shape and size was placed in the
field stop of the microscope, then UV light (UV LED, Thorlabs
M365L2-C4) was projected through the photomask and a Chroma
Technology 11000v3-UV filter set. The substrate was then rinsed thrice
in 1× Tris−EDTA buffer with 0.05% Tween-20 (1× TET). For
multiplexed assays, the process of prepolymer incubation, polymer-
ization, and rinsing in 1×TETwas repeated with a different prepolymer
mixture, each time changing the location of motifs to spatially encode
the probe. Unless otherwise specified, an exposure time of 300 ms was
used, using a Vincent Associates Uniblitz VCM-D1 shutter driver
controlled by a Python script. After all motifs were polymerized, an
oxidation step was next performed to increase the hydrophobicity of the
hydrogel motifs and reduce nonspecific binding. This was performed by
incubating substrates in 500 μM potassium permanganate (Sigma) in
0.1 M Tris-HCl buffer (pH 8.8) for 5 min. After rinsing thrice in 1×
TET, substrates were left overnight in 1× TET at 4 °C before running
the assay.

Biotin−Streptavidin Assay. For the biotin−streptavidin assay, 50
μL of 1× TET buffer with 50 mM NaCl (rinse buffer, or RB) were
placed in a tube, to which 5 μL of SAPE (20 μg/mL in RB, Life
Technologies) was added. The patterned substrate was then added to
the tube and the tube was placed on a thermoshaker (MultiTherm
Shaker, Thomas Scientific) for 45 min at 21.5 °C and 1500 rpm. After
incubation, the substrates were washed thrice by replacing all liquid in
the tube with 500 μL of RB.

miRNA Detection Assay. For synthetic miRNA assays, a
hybridization tube was prepared with 40 μL of hybridization buffer
(427.5 mMNaCl in 1× TE) and 5 μL of the synthetic target in 1× TE.
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For endogenous total RNA, the hybridization tube contained 32.5 μL of
the eluant in 1× TE and 17.5 μL of hybridization buffer (1 M NaCl in
1× TE). For endogenous RNA, the hybridization tube was heated on a
thermoshaker (90 °C, 1500 rpm, 5 min) then allowed to cool down
gradually to 55 °C. For hybridization, the substrate was placed into the
tube and heated on a thermoshaker (55 °C, 1500 rpm, 90 min). For
ligation, the substrate was rinsed thrice in RB then placed in a ligation
buffer containing 0.05%Tween-20, 8.8 mMNaCl, 33 nMA12 universal
linker (Integrated DNATechnologies, Table S1), 8% (v/v) NEBuffer 2
from New England Biolabs (NEB), 200 μM ATP (NEB), and 658 U/
mL T4 DNA Ligase (NEB). The tube was placed on a thermoshaker
(21.5 °C, 30 min) then rinsed thrice in RB. The substrate was then
added to the labeling tube, containing 1.8 μg/mL SAPE (Life
Technologies) in RB, and placed on a thermoshaker (21.5 °C, 1500
rpm, 45 min) then rinsed thrice.
Fluorescence Imaging. For characterization and optimization,

substrates were imaged on a Zeiss Axio Observer A1 inverted
microscope. For fluorescence images, a broad-spectrum LED (X-
CITE LED120, Excelitas Technologies) was used as a light source with
a fluorescent filter, an Andor Clara CCD camera, and Andor SOLIS
software used for image acquisition. Color bright-field images were
acquired using a Nikon D7000 camera and Nikon Camera Control Pro
2 software. For miRNA studies, substrates were imaged on a GenePix
4400A Slide Scanner (molecular devices, 532 nm laser, full power, gain
of 500, focal height of 150 μm, pixel resolution of 5 μm, and an
Alexa568 filter).
Total RNA from Human Biological Samples. Total RNA from

the breast tumor and NAT (500 ng) was purchased from BioChain.
The patient was a 53 year-old female with moderately differentiated
invasive lobular carcinoma. The human serum was purchased from
BioIVT (Table S6) and clarified by centrifugation (3000g, 15 min, 15
°C), then aliquoted at 200 μL and stored at −20 °C until use. Total
RNA was purified from the serum using the QIAGEN miRNeasy
Serum/Plasma Advanced Kit (catalogue no. 217204) following the
manufacturer’s instructions, with minor modifications as outlined
herein. After adding buffer RPL to the serum, 1000 amol of positive
spike-in cel-miR-54 was added. Also, a double elution was performed to
efficiently elute the total RNA: 20 μL of 1× TE for the first elution and
17 μL for the second. Two microliter were used for RNA yield
quantification and quality control using a NanoDrop Spectropho-
tometer, and 32.5 μL were used in the miRNA assays. Total RNA was
stored at −20 °C until use.
Statistical Data Analysis. Unpaired two-tailed t-tests were

performed to determine the statistical significance between the means
of all pairs of populations, as shown in Figure 5. The threshold
significance level (α) was set to 0.05. Each data set (i.e., miRNA type)
was analyzed individually, without assuming a consistent SD.
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