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ABSTRACT: Although standard lithography has been the most common technique in
micropatterning, ironically it has not been adopted to produce multifunctional hydrogel
microparticles, which are highly useful for bioassays. We address this issue by developing a
negative photoresist-like polymer system, which is basically comprised of polyethylene
glycol (PEG) triacrylate as cross-linking units and long-chain polyvinylpyrrolidone (PVP)
as the supporting scaﬀold. We leverage standard lithography to manufacture multilayer
microparticles that are intrinsically hydrophilic, low-autoﬂuorescent, and chemically
reactive. The versatility of the microparticles is demonstrated to be color-encoded, porecontrollable, bioactive, and potentially used as a DNA bioassay.
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1. INTRODUCTION
Photolithography based on photoresist and ultraviolet (UV)
exposure has been the most fundamental technique in the
microfabrication industry. Because standard photolithography
permits fabrication of complex microstructures in a highthroughput fashion,1,2 numerous photoresists and photoresistlike polymers have been introduced before. However, almost all
of them are not amenable to biomolecule assays largely because
of high autoﬂuorescence.3,4 On the other hand, hydrogel
materials, such as peptides and functionalized polyethylene
glycol (PEG), are naturally applicable to bioassays after
micropatterning.5−7 However, those materials are usually in
aqueous solutions before photopolymerization, and therefore,
the micropatterning cannot follow a standard photolithography
process to develop complex microstructures. A few groups tried
to mitigate that issue by developing new lithography
approaches without fundamentally changing the composition
of hydrogel materials. One approach is the stop-ﬂow
lithography and its derivatives, in which multi-streams of ﬂuidic
ﬂow are converged and intermittently stopped for UV exposure
to make barcoded microparticles.8,9 The whole process is
automated in a microﬂuidic chip, and millions of functional
barcoded microparticles can be manufactured per hour. This
microparticle production technology has shown certain utilities
in biosensing of proteins, DNA, and mRNA.10−12 Another
recently developed, proprietary strategy to produce multifunctional particles is particle replication in non-wetting templates
(PRINT).13,14 The applications of the PRINT technique,
however, have primarily focused on the nanomedicine ﬁeld for
large-scale production of nanoparticles to deliver drugs.
© XXXX American Chemical Society

Because standard photolithography is still the most reliable,
robust, and convenient technique to make complex microstructures, the alternative option would be the development of
photoresist substitutes that are intrinsically hydrophilic and
chemically reactive. Semi-interpenetrating polymer networks
(semi-IPNs) have been a promising candidate for fabricating
hydrophilic microfeatures. Semi-IPNs are unique “alloys” of
polymers, in which at least one network is cross-linked in the
presence of long-chain polymers.15 The entanglement of
networks with polymer chains conveys the whole system
mechanical strength and new chemical and biological properties
that one network alone does not possess. Hydrogel semi-IPNs
produced by photopatterning have been introduced before for
applications in tissue engineering.16 The drawback of those
formulations, just like single-component hydrogel materials, is
the incompatibility with standard lithography and the inability
to fabricate complex microstructures.
Here, we report a polyvinylpyrrolidone (PVP)/PEG semiIPN as the ﬁrst photoresist-like material that can be used in
standard lithography to fabricate complex microparticles for
bioassays. By incorporation of functional units, the facile
technique is demonstrated by manufacturing multilayer
anisotropic microparticles that are encoded, functional, and
potentially applicable in multiplexed DNA detection. It shows
particular intriguing features, including a simple standard
photolithography process, a small particle size at <10 μm
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was composed of 16.5 wt % PEG428 triacrylate and 4.1 wt % PEG200,
with the same ratio of PVP, DMPA, and DMF as mentioned above.
The diﬀusion of Cy3-DNA into hydrogel pallets was monitored
with an inverted ﬂuorescence microscope. First, 10 μL of microparticle
suspension was added to 20 μL of TETB buﬀer (Tris−EDTA−Triton
X-100 buﬀer with 500 mM NaCl). After a gentle vortex for 15 min, 10
μL of Cy3-DNA (0.5 μM, 1× TE at pH 8.0) was mixed with the
microparticles and ﬂuorescence images were captured at 5, 30, and 120
min of incubation. Relative ﬂuorescence intensities were deﬁned as the
ratio of the average ﬂuorescence intensity within the pallets to the
average ﬂuorescent signal in the bulk solution.
2.5. DNA Hybridization Assay. Acrydite-tagged oligo DNA was
dissolved in deionized (DI) water at a stock concentration of 0.5 mM.
A 10% (v/v) DNA oligomer solution was mixed with the pre-polymer
mixture for the fabrication of the DNA detection layer. The DNA
hybridization assay was accomplished by incubating the DNA-probeembedded microparticles with target oligomer solution (0.5 μM, 1×
TE) in TETB solution for 2 h with gentle shaking. The hybridized
microparticles were washed with TET buﬀer before imaging.
Fluorescent intensity was quantiﬁed along the axis of the particle
using ImageJ.
2.6. Synthesis and Functionalization of Polymer-Incorporated Microparticles. 2.6.1. Construction of Two-Layer Microparticles with PAH. A 14.3% (v/v) PAH solution (2.5%) was ﬁrst
mixed with the pre-polymer solution and fabricated as the second layer
using the same protocol detailed above. The PAH particles were
collected in distilled water and stored at 4 °C for further use.
PEG was conjugated via two-step coupling of mPEG-CM using
EDC and sulfo-NHS. Brieﬂy, 4 mg of EDC·HCl and 7 mg of sulfoNHS were added to 150 μL of mPEG5000-CM solution (15%, PBS6.0),
and the mixture was stirred for 1 h at room temperature. The activated
PEG solution was directly mixed with 1.2 mL of PAH particle
dispersion (6 × 104 mL−1, 0.1 M sodium bicarbonate buﬀer) and
incubated for 3 h at room temperature with continuous stirring. The
PEG-conjugated particles were ﬁnally puriﬁed by washing with PBS at
pH 7.4 3 times and stored at 4 °C.
The absorption of Cy3-DNA onto the polymer-functionalized
microparticles was performed as follows: 5 μL of Cy3-DNA (0.5 μM,
1× TE at pH 8.0) was mixed with 20 μL of microparticle suspension in
PBST buﬀer [PBS7.4 with 0.05% (v/v) Tween-20] and gently
vortexed for 1 h. The microparticles were washed with PBST buﬀer
before imaging. Relative ﬂuorescence intensity was deﬁned as the
average ﬂuorescence intensity within the pallets minus the average
ﬂuorescent signal in the background acquired by ImageJ.
2.6.2. Construction of Two-Layer Microparticles with PEG-Biotin.
A total of 3.3 wt % PEG-biotin was ﬁrst dissolved in the pre-polymer
solution and fabricated as the second layer using the same protocol
detailed above. The fabricated particles were collected in distilled
water and stored at 4 °C for further use.
Streptavidin tagging on one layer of a particle was achieved via
streptavidin−biotin interactions. Typically, 5 μL of Cy5-streptavidin
(50 μg mL−1, PBS7.4) was mixed with 20 μL of microparticle
suspension in PBSTP buﬀer [PBS7.4 with 0.05% (v/v) Tween-20 and
1 wt % bovine serum albumin] and gently vortexed for 1 h. The
microparticles were washed with PBSTP buﬀer before imaging.
Relative ﬂuorescence intensity was deﬁned as the average ﬂuorescence
intensity within the pallets minus the average ﬂuorescent signal in the
background acquired by ImageJ. Two-layer particles without PEGbiotin were also tested as the negative-control group.

with an aspect ratio of >4, and an easy release from a substrate
in an aqueous solution without an obvious change of shape and
dimension, the combination of which are not achievable by
other materials and methods.

2. MATERIALS AND METHODS
2.1. Materials. Trimethylolpropane ethoxylate triacrylate (Mn =
428 g mol−1, PEG428 triacrylate, Aldrich), polyvinylpyrrolidone (Mn =
360 000 g mol−1, PVP, Sigma), 2,2-dimethoxy-2-phenylacetophenone
(DMPA, TCI), ﬂuorescein isothiocyanate-dextran (Mn = 500 000 g
mol−1, FITC-dextran, Sigma), tetramethylrhodamine isothiocyanatedextran (Mn = 500 000 g mol−1, TRITC-dextran, Sigma), poly(allylamine hydrochloride) (Mn = 17 500 g mol−1, PAH, Aldrich),
biotin-PEG-biotin (Mn = 3400 g mol−1, PEG-biotin, Laysan Bio),
mPEG-carboxymethyl (Mn = 5000 g mol−1, mPEG-CM, Laysan Bio),
Cy5-streptavidin (Thermo Fisher Scientiﬁc), 1-ethyl-3-(3(dimethylamino)propyl)carbodiimide hydrochloride (EDC·HCl,
Thermo Fisher Scientiﬁc), N-hydroxysulfosuccinimide (sulfo-NHS,
Thermo Fisher Scientiﬁc), acrylate-modiﬁed ssDNA oligomers
(Acrydite, Integrated DNA Technologies, IDT; D, 5′-/5Acryd/AAA
AAA AAA AAA AAT GGT CGA GAT GTC AGA GTA-3′; E, 5′-/
5Acryd/AAA AAA AAA AAA AAT GTG AAG TGG CAG TAT CTA3′), Cy3-conjugated DNA (Integrated DNA Technologies, IDT; Cy3D′, 5′-/5Cy3/AAA AAA AAA AAA ATA CTC TGA CAT CTC GAC
CAT-3′; Cy3-E′, 5′-/5Cy3/AAA AAA AAA AAA ATA GAT ACT
GCC ACT TCA CAT-3′), isopropyl alcohol (IPA, VWR),
dimethylformamide (DMF, VMR), hydrogen peroxide (H2O2,
VWR), and sulfuric acid (H2SO4, VWR) were used as received.
Chrome photolithography masks were designed in-house using
AutoCAD software and printed by Front Range PhotoMask Co.
(Palmer Lake, CO)
Hydrogel microparticles were prepared by UV-initiated free radical
polymerization of acrylate in the polymer matrix. A typical
composition of the initial pre-polymer mixture consisted of 11.5 wt
% PVP, 20.6 wt % PEG428 triacrylate, 2.8 wt % DMPA, and 65.1 wt %
DMF.
2.2. Photolithographic Synthesis of Multilayer Microparticles. Typically, a uniform layer was ﬁrst formed by spinning 1 mL of
the pre-polymer mixture onto a silicon wafer at 1000 rpm for 30 s
using a spin coater (WS-650MZ-23NPPB, Laurell). The wafer was
then prebaked at 95 °C for 2 min to evaporate the organic solvent.
After cooling to room temperature, the second layer was created on
the solidiﬁed ﬁlm by spin coating the pre-polymer mixture, as speciﬁed
above. The multilayer ﬁlm was stacked through repetitive spin coating
and baking until the desired number of layers was reached. The solid
multilayer ﬁlm was then exposed to 320−500 nm light for 50 s at 120
mW cm−2, irradiated from an UV lamp (OmniCure Serise 1000,
Lumen Dynamics) through a chrome photomask with speciﬁc
features. After exposure, the micropatterns were developed by
immersing the silicon substrates in IPA to wash away the
unpolymerized region. The microparticles were released by immersing
the silicon wafer in TET buﬀer [1× Tris−EDTA (TE) with 0.05% (v/
v) Tween-20], collected, and observed via an inverted optical
microscope (IX73, Olympus) mounted with a digital camera (Zyla
sCMOS, Andor).
2.3. Synthesis of Color-Encoded Multilayer Pallets. For the
building of the color-coded multilayer, 6.7% (v/v) of 10 mg mL−1
FITC- or TRITC-dextran solution (1× TE at pH 8.0) was mixed with
the pre-polymer solution and processed with the same protocol
detailed above. The images of encoded particles were acquired directly
using optical and ﬂuorescence microscopies. Fluorescent micrographs
were analyzed using ImageJ [National Institutes of Health (NIH)],
and intensity was quantiﬁed along the axis of the particle for each
ﬂuorescence channel.
2.4. Synthesis and Characterization of Porosity-Tuned
Hydrogel Microparticles. To enhance the accessibility to
bioanalytes of large molecular weight, porosity was created by
incorporation of PEG200 as porogen. Instead, the precursor solution

3. RESULTS AND DISCUSSION
To optimize the photoresist composition, an array of
hydrophilic polymers and monomers were ﬁrst surveyed and
eventually narrowed down to the PVP/PEG-triacrylate system,
which gave the best fabrication results (detailed elucidation of
the compositions and fabrication particularities was provided in
the Supporting Information and Figures S1−S7). Brieﬂy, PEGtriacrylate was selected as the cross-linkable monomer, which
showed higher cross-link density after fabrication and resulted
B
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Figure 1. Fabrication of microsize patterns by standard lithography using PVP/PEG-triacrylate photoresist. (a) Schematic illustration of
photolithography for synthesis of multilayer particles. (b) Cross-link mechanism of PEG-triacrylate in the PVP matrix to form a semiinterpenetrating network. Acrylate groups between PEG-triacrylate molecules react via radical photoinitiation to form a cross-linked polymer
surrounding PVP. (c) Comparison of autoﬂuorescence of micropatterns formulated by diﬀerent photoresists. The relative ﬂuorescence intensity is
the normalized ﬂuorescent intensity of the micropatterns to the background. Error bars are the standard deviation of the mean (n = 5).
Micropatterns were fabricated using a chrome mask with 15 μm square patterns. Microscope images of lifted micropatterns with the size of (d) 200
μm, (e) 50 μm, (f) 15 μm, and (g) 5 μm. The insets of panels f and g show zoom-in images. Scale bar = 100 and 50 μm in the insets, respectively.

the pre-polymer mixture was ﬁrst spin-coated on a silicon wafer,
followed with a prebaking step. During that step, DMF
contained in the mixture evaporated completely, resulting in a
hardened, homogeneous layer on the wafer, where condensed
long PVP chains were entangled as a physical network to
prevent free diﬀusion of PEG-triacrylate. The prebaking
temperature was set at 95 °C below the Tg of PVP to suppress
the movement of polymer segments. After cooling to room
temperature, another layer of pre-polymer could be coated on
top of the prior layer through the same procedure. This
repetitive coating−prebaking−cooling cycle permitted layer-bylayer (LbL) stacking of multiple layers without aﬀecting
downstream lithography. The solid multilayer ﬁlm was then
exposed to UV light through a patterned photomask, which
induced the free-radical photopolymerization of triacrylate in
the transparent region (Figure 1b), and intra- and interlayer
cross-linking proceeded promptly as a result of the high
reactivity of acrylate to radicals. After UV exposure, permanent
interpenetrating PVP and PEG polymer networks were formed
with double cross-links contributed by a branched structure of
triacrylate and chemical binding. In the development step, the
unexposed areas were dissolved in IPA and the UV cross-linked
areas were left on the wafer.

in a well-maintained shape and less swelling compared to PEGdiacrylate (Figure S1 of the Supporting Information). The
PVP/PEG-triacrylate system was designed in a way that the
high-molecular-weight PVP was taken as the scaﬀold for ﬁlling
PEG-triacrylate, which was ﬂuidic at an ambient environment.
The high glass transition temperature (Tg > 150 °C17) of PVP
facilitated the trapping of PEG-triacrylate inside of the mesh,
and the whole system became solid without solvent, which was
required before UV exposure or alignment in standard
lithography. The compatibility of polymer, monomer, and
solvent was critical for the success of designing such a semiIPN. For example, poly(vinyl alcohol) (PVA) was found not
compatible with PEG428-triacrylate, and PEG428-triacrylate
showed poor solubility in water. The other consideration was
that both PVP and PEG were hydrophilic, non-charged, and
nontoxic, which would be the ideal case for future biomedicalrelated applications.
The basic PVP/PEG-triacrylate pre-polymer mixture includes
PVP360 000, PEG428-triacrylate, DMF as the solvent, and a
photoinitiator DMPA. The fabrication process using this
formulation is the same as conventional negative photoresists,
while ours has a certain superiority in that it allowed for
multilayer stacking before UV exposure and incorporation of
various water-soluble functional units. As shown in Figure 1a,
C
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Figure 2. Color-coded multilayer particles fabricated by incorporation of FLPs. Fluorescent images of (a) one-layer, (b) three-layer, and (c) ﬁvelayer particles labeled with FITC-dextran (green). Fluorescent images of (d) three-layer, (e) ﬁve-layer, and (f) nine-layer particles labeled with FITCdextran (green) and TRITC-dextran (red). The insets in panels a−f indicate the stacking formulation of multiple layers with FLP. Scale bars = 50
μm. (g−i) Fluorescent intensity plot of encoded particles in panels d−f along the axial line. Particles were fabricated using a mask with 15 μm square
patterns.

the yellow ﬂuorescence channel, and no autoﬂuorescence at all
in the red ﬂuorescence channel. This property will be critical
for any ﬂuorescence-based bioassays.
The PVP/PEG-triacrylate system permits fabrication of
multilayer microstructures and incorporation of compatible
macromolecules in each layer. To demonstrate such a
capability, we incorporated ﬂuorophore-labeled dextran polymers (FLPs) with a weight ratio of 5.8‰ to PVP in the prepolymer mixture, which was hypothesized to have minimal
inﬂuence to the polymerization process and microparticle
structures. FITC-dextran (excitation/emission: 492/518 nm)
or TRITC-dextran (excitation/emission: 550/580 nm) was
selectively mixed with the PVP/PEG-triacrylate pre-polymer
before fabrication. Together with the blank layer without FLPs,
color-coded multilayer particles could be fabricated with various
codes. From the side view of ﬂuorescent cylindrical particles
(Figure 2 and brightﬁeld images in Figure S8 of the Supporting
Information), the sharp interface between diﬀerent layers
indicated the eﬀective immobilization of FLP in the
polymerized PVP/PEG semi-IPN. The pixel intensities
(corresponding to the ﬂuorescence intensities) were quantiﬁed
along the axial line of each particle using ImageJ software.

Micropatterns can be easily lifted oﬀ from a wafer by simply
immersing them in an aqueous solution. Monodispersed square
microparticles of various sizes (5−200 μm) can be reliably
fabricated and released by adjustment of the feature size of the
mask (panels d−g of Figure 1). Moderate tunability of the
PEG-triacrylate ratio from 37.5 to 64.2% (solid weight ratio)
resulted in no loss of fabrication performance. The hydrogellike microparticles were hydrated and swelled, dependent upon
the percent of PEG-triacrylate in the semi-IPN (Figure S7 of
the Supporting Information). Here, the micropatterns made by
our method maintained the same shape in high ﬁdelity; the
swelling rate is typically <10%; and long-term storage did not
cause the degradation or shape change of the hydrogel particles,
indicative of a high cross-link density and stability of the
network. Additionally, the autoﬂuorescence of the microfeatures made from PVP/PEG-triacrylate was negligible
compared to commercial negative photoresists. As shown in
Figure 1c, it exhibited the lowest ﬂuorescence among SU-8
photoresist and other new photoresists, such as 1002F and
OSTEmer.3,4 The autoﬂuorescence of PVP/PEG-triacrylate
was 1/2 of that of 1002F and 5 times lower than that of SU-8
photoresist in the green ﬂuorescence channel, extremely low at
D
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Figure 3. (a) Fluorescence images of Cy3-DNA diﬀusion into 200 μm hydrogel microparticles. The microparticles without PEG porogen (−, top)
were formulated with 20.6 wt % PEG428-triacrylate, while microparticles with PEG porogen (+, bottom) were composed of 16.5 wt % PEG428triacrylate and 4.1 wt % PEG200. The relative ﬂuorescence intensity in the right charts is the ratio of the average ﬂuorescent intensity in the
microparticles to the average intensity in the solution. (b and c) Multiplexed detection of Cy3-DNA oligomer using Acrydite-tagged oligo-DNAincorporated four-layer particles of 15 μm size. The bottom proﬁle is the ﬂuorescence intensity along the axial line of a particle. Both brightﬁeld and
ﬂuorescence images are shown on the right. (d) Detection of oligo DNA D′ at various concentrations. The relative ﬂuorescence intensity denotes the
quantitated ﬂuorescence intensity of the detection region minus that of the region not for detection on the same particle (inset picture). Both
concentration and relative ﬂuorescence intensity are plotted on a log scale. The linear curve ﬁt the data from 0 pM to 125 nM with R2 = 0.9897.
Error bars are the standard deviation of the mean (n = 5). Scale bars = 100 μm in panel a and 50 μm in panels b and c.

Panels g, h, and i in Figure 2 showed the ﬂuorescence intensity
proﬁles for three-, ﬁve-, and nine-layer microparticles (panels
d−f of Figure 2), respectively. The separation of layers was
fairly clear. There was a certain overlay between layers in the
ﬂuorescence proﬁle, which might be caused by a slight overlap
of emission spectra for FITC and TRITC. This clear separation
rendered the possibility of encoding the microparticles by
colors to produce barcode particles, as we have demonstrated
here. For three codes, including green, red, and black, the ninelayer particles can theoretically have 19 683 (39) possibilities of
combination that would be potentially applicable for a variety of
high-throughput biological assays through generation of a
library.10,18−20
The multilayer hydrogel particles that we fabricated can be
highly porous for biomolecule diﬀusion by incorporation of
pore generator (porogen). This feature has been leveraged to
dramatically increase the surface/volume ratio for detecting
multiple biomolecules on the same microparticle.12,21 The 200
μm microparticles were ﬁrst used to study the diﬀusion of
biomolecules. As shown in Figure 3a and Figure S9 of the

Supporting Information, the PVP/PEG particles were only
slightly permeabilized by 33 nucleotide (nt) oligo DNA without
adding porogen PEG200 in the pre-polymer mixture. With only
4.1 wt % PEG200 and slightly lower triacrylate cross-linking
density, the microparticles were permeabilized by DNA within
5 min. PEG200, as a small water-soluble molecule, was not
covalently reacted with the polymer network, and it can be
washed away after polymerization, leaving behind nanosize
pores in the matrix.12,22 Interestingly, the DNA permeation rate
showed an opposite trend to the PEG molecular weight
(Figures S10 and S11 of the Supporting Information), and the
most signiﬁcant enhancement of DNA diﬀusion was observed
when PEG was lower than 1000, indicative that there may be a
threshold for the pore generation eﬃciency of diﬀerent PEG,
while PEG bigger than 1000 was likely to be physically trapped
inside the network.
Thus, the inner side of PVP/PEG semi-IPN becomes
accessible using PEG200, which will tremendously improve the
sensitivity of DNA detection. We exempliﬁed such a bioassay
by incorporation of the DNA probe and detecting ﬂuorophore
E
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labeled 33 nt oligo DNA (Figure 3). Two oligo DNAs with
acrylate group ending were anchored to the bottom layer and
third layer of a four-layer microparticle during the fabrication
step. They were used as the probes to detect their own
complementary Cy3-labeled DNA (Cy3-DNA). As shown in
panels b and c of Figure 3, the DNA oligomer targets were
successfully hybridized with the proper layer in the particles
without interference from other layers after incubation for 2 h.
Calibration of DNA detection was investigated by varying the
Cy3-DNA concentration. Figure 3d showed that the detection
limit for 33 nt oligo DNA could be as low as 1 pM with a 105
linear range from ∼1 pM to ∼100 nM, and the ﬁtted formula (y
= 27.832 e0.3734x) was found to ﬁt the data well, with R2 =
0.9897. Given the high eﬃciency of incorporation of the DNA
probe, the detection limit can be easily tuned depending upon
the abundance of target DNA.
Last, we exhibit the ﬂexibility of incorporating functional
groups into the microparticles, which is usually lacking for most
photoresists. First, PAH is selected with abundant amino
groups, which is highly useful for bioconjugation. Using the
same photolithography protocol, PAH was selectively inserted
into the second layer of a two-layer microparticle at a weight
ratio of 3.1% to PVP (Figure 4a). The accessible amino groups
were conﬁrmed by the DNA absorption test because DNA is
negatively charged and PAH is positively charged at pH 7.4. As
shown in panels b and c of Figure 4, Cy3-DNA was strongly
absorbed on the exterior of the top layer, which was indicative
of abundant amino groups left on the particle surface. The
relatively low ﬂuorescence inside the particles also implied the
hindrance of DNA diﬀusion into the particles without porogen,
which was consistent with the results shown in Figure 3. These
amino groups were conveniently reacted with carboxylic PEG
through carbodiimide cross-linker chemistry (Figure 4a).
Therefore, the absorption of DNA was totally avoided after
shielding the positive charges (−NH3+) of PAH and exhibited
equal ﬂuorescence intensity to the plain particles without
incubation with Cy3-DNA (panels b and d of Figure 4).
Non-covalent interactions can also be introduced into our
chemically anisotropic particles, which is exempliﬁed by
selectively anchoring streptavidin on one layer of a multilayer
particle. The streptavidin−biotin interaction is widely used in
bioassays because of a few advantages over other interactions.23,24 Biotinylated PEG was dissolved in the pre-polymer
solution and was retained in the second layer of a two-layer
microparticle (Figure 4e). The incorporation of PEG-biotin was
validated by incubation of the two-layer particles with Cy5labeled streptavidin (Cy5-streptavidin). As shown in panels f
and g of Figure 4, the top layer of each microparticle showed a
much stronger ﬂuorescent signal than the bottom layer and
control particles, which did not contain PEG-biotin.
In conclusion, we have developed a PVP/PEG-triacrylate
system as a tunable photoresist material to fabricate hydrophilic, ultralow autoﬂuorescence and multifunctional microparticles using standard lithography. Other macromolecules and
functional groups can be incorporated into the polymer system
for encoding the multilayer particles and potentially other
applications. We simply demonstrate the use of the multilayer
particles for detection of oligo DNA with sensitivity at ∼1 pM.
This exempliﬁed semi-interpenetrating polymer-based material
bridges the conventional lithography and the hydrogel particle
ﬁeld and broadens the choices of hydrophilic photoresist in
biological application.

Figure 4. (a) Incorporation of chemically reactive groups to
microparticles. (b) Relative ﬂuorescence intensity of microparticles.
The columns correspond to the relative ﬂuorescence intensity of plain
microparticles (A.F.), poly(allylamine hydrochloride) (PAH)-modiﬁed
microparticles with Cy3-DNA absorption (bottom middle, c), and
mPEG-carboxymethyl (mPEG-CM)-coated PAH microparticles with
Cy3-DNA absorption (bottom right, d). (c) and (d) Fluorescence
images of particles after incubation with Cy3-DNA. The inset in panel
c shows a zoom-in image of one particle. Scale bar = 50 μm. (e)
Incorporation of streptavidin−biotin interactions to microparticles. (f)
Relative ﬂuorescence intensity of microparticles. The columns
correspond to the relative ﬂuorescence intensity of plain microparticles
(A.F.), PEG-biotin-modiﬁed microparticles after complex with Cy5streptavidin (bottom right, g), and blank microparticles without PEGbiotin after incubation with Cy5-streptavidin (control). The relative
ﬂuorescence intensity is the average ﬂuorescent intensity in the
microparticles minus the average intensity in the background. (g)
Fluorescence image of particles after incubation with Cy5-streptavidin.
Scale bar = 50 μm.
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