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Click-Chemistry Immobilized 3D-Infused Microarrays in
Nanoporous Polymer Substrates

Michael Hirtz,* Wengqian Feng, Harald Fuchs, and Pavel A. Levkin*

Microarrays are widely used in many fields of biological and
biomedical research as well as in medical diagnostics.!"% For
reliable use, the microarrays should be stable, homogeneous
and easy to read out, while at the same time, miniaturizing is
desired for reduced use of consumables and sample. Recently,
we have shown the advantageous properties of nanoporous
poly(2-hydroxyethyl methacrylate-co-ethylene dimethacrylate)
(HEMA-EDMA) polymer for the generation of miniaturized
microarrays in comparison to conventional spotting substrates.!’!
The microarrays fabricated on the nanoporous HEMA-EDMA
polymer could feature smaller spot sizes (at least one order of
magnitude less than in typical ink jet printing) while retaining
sharper feature edges when compared to other commonly used
substrates for spotting as paper, nitrocellulose and nylon mem-
branes. This higher pattern fidelity allows for the reduction of
spot size, while still obtaining well-defined features, thus facili-
tating readout of the arrays and saving materials. However, a
substrate with similar properties but functionality for covalent
binding of spotted substances would be of great importance to
many applications in spotting and sensing, nanostructured sur-
faces being, e.g., used for enhanced capture and detection of
bacteria.®! Alkyne modification of glass substrates!”! allowed for
the formation of covalently bound microarrays by spotting with
molecules functionalized with the azide group.!'” To combine
the favorable properties of the nanoporous polymeric substrates
(average pore size 150 nm)!”! with the covalent binding demon-
strated on the glass substrates, we here present an alkyne modi-
fication of the porous polymer (alkyne-HEMA-EMDA) allowing
for click-chemistry coupling of azides via copper(I)-catalyzed
azide-alkyne cycloaddition (CuAAC).''"331 This prominent
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click reaction found many applications, e.g., in the generation
of nanosized molecular junctions.'l The polymer retains its
desirable spotting properties and covalently immobilized high
quality microarrays can be generated. The 3D impregnation of
the polymer with a fluorescently labeled azide is quantified by
confocal microscopy and leads to considerably higher spot fluo-
rescence intensities compared to strictly 2D surfaces as modi-
fied glass. Furthermore, the microarrays can be multiplexed
and used for binding of proteins, as is demonstrated by selec-
tive binding of streptavidin and specific antibody on an allergen
array.

Figure 1a shows the schematic spotting setup as used in the
present work. A quill-like microchannel cantilever, called sur-
face patterning tool (SPT),"” is brought into contact with the
alkyne-HEMA-EMDA surface for defined time lengths allowing
the imbibition of spotting solution into the polymer. By high
precision scanning in x- and y-directions via the stage of a dip-
pen nanolithography (DPN) platform (NLP 2000, Nanolnk,
USA), the spot features of the microarray are generated one
after the other. The spotting solution is based on water with
admixing of glycerol to prevent drying out. It contains an azide-
modified molecule for immobilization, sodium ascorbate, and
copper sulfate to catalyze the CuAAC reaction. The chemical
structure of the used azides is given in Figure 1b for tetrameth-
ylrhodamine (TAMRA) azide and Figure 1c for biotin azide,
respectively.

A typical outcome of a spotting with TAMRA-azide is shown
in Figure 2a. This pattern of 100 spots arranged in a square with
a pitch of 50 um (yielding an array area of 500 x 500 pm?) was
written with a dwell time of 0.5 s by a single quill-like pen in
=1 min. Generally, the spotting procedure can be parallelized by
introduction of pen arrays,1% yielding even higher throughput
with larger areas and additional possibility of intrinsic multi-
plexing. In our present setup, we realized multiplexing by
subsequent writing with tip changing for the different inks,
which could principally be automated as alternative route to
multiplexed arrays. Due to the CuAAC mediated covalent
immobilization of desired molecules, the pattern becomes
highly stable in solution (Figures S1 and S2, Supporting Infor-
mation). The average radius of a dot feature in such arrays is
(9.9 £ 0.5) pm, a histogram of the radius distribution is given in
Figure 2f. To demonstrate the 3D structure of the generated pat-
terns due to imbibition of ink into the 3D porous polymer layer,
we employed confocal microscopy. A 3D representation of a
typical array as obtained from confocal microscopy is shown in
Figure 2b with a cross-section through one row of dots shown
in Figure 2c. The outlines of the dot features as obtained by a
thresholding of fluorescent intensity are added to the section
and from this the hemispherical shape of the deposited dot fea-
tures within the polymer film becomes obvious. To characterize
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Figure 1. a) Schematic view of the patterning process on the porous polymers. The inset shows the CuAAC reaction taking place on the alkyne-HEMA-
EMDA substrate. Structures of the azides that were immobilized are shown in b) for TAMRA-azide and c) for biotin-azide.

the ink transport process during lithography, dot patterns with
varying dwell times were spotted (Figure 2e). The radius of the
dot features increases from =8 pm up to 14 pm with increasing
dwell time from 0.1 to 2.0 s (Figure 2g). For imbibition of a
fluid into a porous substrate, theory predicts a dependence on
time proportional to #/3.171 The spot radius versus dwell time
dependence in our system follows this prediction, deviating
only for smaller dwell times especially in the case of 0.1 s
(smallest dwell time possible in our setup). This could be an
artifact introduced by a combination of the DPN system used,
contacting the surface some time longer than intended for this
small dwell time near the system’s limit, and the deviation of
our SPT (which has an opening at the apex of =1 pm) from
a point source as assumed in the theoretical description.
Figure 2d contains a section through one row of the dot array in
Figure 2e and shows that also the functionalized volume within
the polymer film is dependent on dwell time as expected.
With the radius r being proportional to /3, it is expected that
the volume V of functionalized polymer (being a half sphere)
should be directly proportional to t. Plotting of the dot fea-
ture volume against dwell time (Figure 2h) reveals that our
system exhibits a linear dependence on dwell time. Likewise
to the radius, even at short dwell time the deposited volume
does not reach zero, again reflecting a minimum volume of ink
transfer just by touching the surface with a SPT. The volume
character of the microarray features leads to a strong increase
in fluorescence intensity compared to the strictly 2D nature of
the features on glass slides. In the TAMRA-azide spots a 20-fold
increase in signal intensity could be observed (Figure S3, Sup-
porting Information).

To demonstrate the capability of the approach for multi-
plexing and the stability of the microarrays for analyte binding
from solution, we created bicolor patterns with alternating
TAMRA-azide and biotin-azide spots. This was done by writing
TAMRA-azide spots as described above, but leaving each second
spot free and then subsequently filling these empty spaces with
biotin-azide spots after replacing of the SPT. Biotin can serve as
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a strong binding motive for streptavidin,!!® effectively immobi-
lizing the protein onto the biotin-azide functionalized spots in
the array (Figure 3a). Since the biotin-azide is not fluorescent,
only the TAMRA-azide spots are visible in fluorescent images
of the array prior to fluorescently labeled streptavidin binding
(Figure 3b). After incubation of the microarray with a solution
containing fluorescein conjugated streptavidin, the prior invis-
ible biotin-azide spots light up in the green channel of the fluo-
rescent imaging indicating successful and selective binding of
the protein.

To further elucidate the prospects of the polymer coating
based microarrays for sensing and binding of biological rel-
evant proteins, we compared the binding of antibodies to
antigen-arrays on glass slides and alkyne-HEMA-EDMA
polymer substrates (Figure 4). Glass was chosen as compar-
ison for its broad use in similar assays, and to clearly contrast
the 3D infused arrays to purely 2D ones (no diffusion in or
swelling of substrate). For this experiment, microarrays of dini-
trophenol (DNP)-azide were patterned on alkyne modified glass
and alkyne-HEMA-EDMA substrates as described above. DNP
can act, among other uses, ' as a model allergen for the activa-
tion of mast cells, 223 here we use it as target for specific anti-
body binding.**?°! After spotting and washing of the samples,
solutions with different concentrations of fluorescently labeled
anti-DNP antibodies (starting from 10 pg mL™ in the highest
concentration and then diluted 1:1 by volume with phos-
phate buffered saline (PBS) for each following dilution step).
Figure 4a shows a typical outcome of such antibody binding
to a DNP microarray on an alkyne-HEMA-EDMA sample,
showing clearly preferential binding of the antibody to the
DNP features of the array. Quantifying the resulting fluores-
cence signals for the series of antibody dilutions on alkynized
HEMA-EDMA and comparison with the analog experiment
on glass substrate samples further validates the discussed
feature volume effect (Figure 4b); while for low antibody con-
centrations (0.125 and 0.250 relative antibody concentration),
both substrate systems behave similarly, the signal on the
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Figure 2. a) Fluorescent microscopy image of a pattern TAMRA-azide dot array. Scale bar equals 100 ym. b) 3D image of a 10 x 10 dot array obtained
with confocal microscopy to determine the volume distribution of the TAMRA-azide within the polymer film. c) Section through a line of dots from (b).
Scale bar equals 50 pm, dot volume is outlined. d) Section through a line of dots from (e) written with different dwell times. Scale bar equals 50 pm, dot
volume is outlined. e) 5 x 5 dot array with columns written with different dwell times. Scale bar equals 100 pm. f) Histogram of the radius distribution
of 100 dot features written at a dwell time of 0.5 s. g) Dependence of the dot radius on dwell time. The dashed line follow r=11.4 t'/3. h) Dependence
of dot volume on dwell time. The dashed line follows r=2803.3 t + 1982.4.

glass substrate levels off, while on alkyne-HEMA-EDMA sub-
stantially higher intensities are found for increasing antibody
concentration (0.500 and 1.000 relative concentration). This
behavior indicates that the accessible binding sites (i.e., DNP
moieties) on the glass slide are already completely saturated
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on the glass slide at the 0.250 relative antibody concentration.
Therefore, further increase in antibody concentration cannot
result in an increased fluorescence signal. On the alkyne-
HEMA-EDMA substrate, additional binding sites are avail-
able in the bulk volume of the feature, hence enabling further
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Figure 3. a) Scheme of binding of streptavidin to multiplexed biotin-/TAMRA-azide microarrays. b) Fluorescent microscopy image (green and red
channel combined) of a multiplexed biotin-/TAMRA-azide microarray after washing. Only the TAMRA containing spots are visible. ¢) Same microarray
after incubation with fluorescein conjugated streptavidin. Now the previously invisible biotin-azide spots light up in the green channel. All scale bars
equal 100 ym. The insets in the lower left of (b) and (c) show fluorescence intensity along the dashed lines.

increase in binding and fluorescence intensity on higher rela-
tive concentrations.

In conclusion, we present a novel platform for the
immobilization of azide functionalized compounds and sub-
sequently protein binding. The use of quill-like pens enables
the delivery of higher ink volumes than, e.g., microcontact
printing or similar methods, therefore allowing infiltration
into the porous substrate. This gives increased intensity from
fluorescent compounds since the whole functionalized volume
can contribute to the signal. Additionally, the method allows
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for multiplexed arrays with different compounds within one
array. The micropatterns show high stability under immersion
in solvents and can be used for selective binding of proteins
as, e.g., streptavidin or antibodies. The volume nature of the
microarray features on alkyne-HEMA-EDMA substrate allows
for additional binding sites when using the arrays as protein
targets, resulting in a higher dynamic range of quantifiable
concentrations when compared to 2D microarrays on non-
porous substrates. While the porous nature of the functional-
ized volume limits the access by liquid exchange and diffusion

m Glass
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Figure 4. a) Fluorescence microscopy image of a DNP-azide microarray on an alkynized HEMA-EDMA substrate after incubation with fluorescently
labeled anti-DNP-antibody. Scale bar equals 100 pm. b) Comparison of fluorescent intensity of the microarrays features on glass and alkyne-HEMA-
EDMA substrates after incubation with different concentrations of antibodies.
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speed to this additional sensitive area, the higher dynamic
range gained enables testing of a much wider range of target
concentrations, allowing easier application of such assays. As
the overall size of pores is in the range of 150 nm, this sets an
upper limit of target size, though typical protein targets will
not be inflicted, as they are much smaller. Overall, these prop-
erties make the presented porous polymer film an attractive
substrate for microarraying, e.g., for biomedical or environ-
mental testing.

Experimental Section

Substrate  Preparation: The fabrication of alkyne-HEMA-EDMA
polymer film was described in our previous work.?l Briefly, a 12.5 ym
thin, hydrophilic porous polymer film was firstly prepared on a glass
substrate using photoinitiated copolymerization of 2-hydroxyethyl
methacrylate and ethylene dimethacrylate in the presence of porogens
(nonalkynized HEMA-EDMA).2] This procedure leads to the formation
of a thin film of a highly cross-linked and porous (due to the presence
of porogens) polymethacrylate layer. The porous structure is permeable
network of interconnected polymer nanoglobules with pores of around
150 nm. The polymer surface was esterified by immersing into a
dichloromethane solution containing 4-pentynoic acid (22.8 X 1073 m),
coupling reagent N,N”-diisopropylcarbodiimide (22.8 x 107 wm), and
catalyst 4-(dimethylamino)pyridine (9.2 X 1073 m) and stirring at RT for
4 h. A porous HEMA-EDMA layer functionalized with alkyne groups
(alkyne-HEMA-EDMA) was produced.

Spotting Setup: The spotting procedures were done on a NLP
2000 system (Nanolnk, USA) equipped with SPT pens (SPT-S-C10S,
Bioforce Nanosciences). Prior to use, the SPTs were freshly plasma
cleaned by oxygen plasma (10 sccm O2, 100 mTorr, 30 W for 2 min)
and used immediately. The SPT was mounted onto the tip holder by
double-sided sticky tape, and the pen reservoir was filled with 1 pL of
azide solution. All spotting procedures were implemented at a relative
humidity of 60% and with the sample stage tilted by 8° with respect to
the SPT tip to minimize the chance of contact between the ink reservoir
and the sample surface. For all patterns, except for the pattern used for
spot size versus dwell time analysis, a dwell time of 0.5 s was used.

Streptavidin Binding: After the spotting process, the samples were
washed extensively with deionized water (18.2 MQ cm) to remove excess
ink. Prior to adding the streptavidin solution, samples were blocked with
5% bovine serum albumin (BSA)2® (Sigma-Aldrich) in PBS (Gibco) for
10 min. Subsequently, the samples were washed three times by pipetting
on and off 100 pL of PBS (three times each) and then incubated for
10 min with a solution of 5 pg mL™3 of streptavidin fluorescein conjugate
(Calbiochem/Merck). After repeating the washing steps, samples were
imaged with fluorescence microscopy.

Antibody Binding: Microarrays of DNP-azide were generated on alkyne-
HEMA-EMDA and glass substrates (glass substrates alkyne modification
was performed as described in the literature)l®'% as described above
and washed with DI water (18.2 MQ cm) to remove excess ink. Then,
the samples were blocked with 5% BSA (Sigma-Aldrich) in PBS (Gibco)
for 10 min. Subsequently, the samples were washed three times
by pipetting on and off 100 pL of PBS (three times each) and then
incubated with different concentrations of mouse anti-DNP antibody
previously fluorescently labeled by a Mix-n-Stain CF 488A antibody
labeling kit (both Sigma-Aldrich, Germany) for 60 min. The highest
concentration of antibody was 10 pg mL™" and more and more diluted
solutions were created by admixing the previous solution 1:1 by volume
with PBS, resulting in relative concentrations of 0.500, 0.250, and
0.125, respectively, compared to the highest concentration. After
incubation, the samples were washed three times again and then
imaged by fluorescence microscopy.

Imaging Setup: Fluorescent microscopic images were obtained on
an Eclipse 80i upright fluorescence microscope (Nikon) equipped with
an Intensilight (Nikon) for illumination and a CoolSNAP HQ2 camera
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(Photometrics). The confocal images were recorded using a Leica TCS
SP5 confocal microscope.

Image Analysis: The fluorescent microscopy images used for the
determination of size distribution and influence of dwell time were
analyzed with Image).2>3% After converting the images to black and white
by a threshold filter, the spot sizes were obtained by particle analyses.
Particles smaller than 20 pixels were excluded from analysis to exclude
noise-induced artifacts. To determine the functionalized polymer volume
from the confocal images, this procedure was applied to each layer of the
image stack, the resulting areas multiplied with the thickness of one layer
and associated volume slices for each point were summed up.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. Stability of pattern on polymer with alkyne functionalization. The images show a
TAMRA-azide microarray on alkyne-HEMA-EMDA (a) directly after lithography, (b) after
initial washing, and (c) after overnight immersion in water. On the first washing, the
microarray lose a lot of the initial intensity, since excess ink (not bound to the pore surfaces)
is removed, indicated by the enlarged exposure time (10 ms prewash to 200 ms after washing).
The microarray remains stable even after overnight immersion into water, not losing

additional fluorescence intensity. Scale bars equal 200 pm.

Figure S2. Alkyne functionalization after DMSO washing. The images show the TAMRA-
azide microarray on alkyne-HEMA-EMDA after additional overnight immersion in water and
washing in DMSO. Scale bar equals 200 um. The pattern remains stable under these
prolonged immersion and washing with DMSO. Also washing with ethanol is tolerated (data

not shown).
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Figure S3. Comparison of fluorescence intensity from microarrays on polymer film and glass:
(a) microarray of TAMRA-azide on alkyne-HEMA-EDMA after washing and immersion into
water for 48 h (exposure time 200 ms). (b) Microarray on alkynized glass surface after
washing (no prolonged immersion into water, exposure time 1000 ms). Scale bars equal 200
um. The intensity from the microarray on the polymer is about 20 times greater than from the
glass surface (taking into account the 5-fold exposure time and mean spot intensities of
(7401 £ 724) a.u. for the polymer and (1886 £ 103) a.u. for the glass substrate, respectively),
because of the volume functionalization on the polymer film (in contrast to a molecular

monolayer on glass).



