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Aptamer-Modified Nanohydrogel Microarrays for 
Bioselective Cancer Cell Immobilization

Zan Lamberger, Hendrik Bargel, and Martin Humenik*

Photolithography combined with surface nucleated protein self-assembly of 
azido-modified spider silk proteins is used to create an arbitrarily shaped, 
inherently cell repellent micropattern based on nanofibrillar networks. Using 
“click” chemistry with dibenzocyclooctin modified oligonucleotides, the 
microstructures are functionalized with DNA-aptamers, which selectively 
bind cancer cell markers protein tyrosine kinase 7 or nucleolin. The epitope-
specific cell interaction on the aptamer-modified surfaces is tested using 
human non-adherend leukemia T cells (Jurkat), as well as adherent cervix 
carcinoma (HeLa) and neuroblastoma (Kelly) cells. The cells can be immo-
bilized with high precision and cell densities on the pattern, also revealing 
spatially defined proliferation and spreading into distinct morphologies upon 
cultivation. The formation of integrin-based focal adhesions occurs in the 
case of the aptamer immobilized cancer cells, similarly to those anchored on 
RGD-modified pattern. The firm aptamer-marker anchorage allows for the 
formation of integrin-dependent cell adhesions. Due to the amenability of 
the recombinant spider silk protein towards chemical and genetical modifica-
tions, the presented micropatterned fibrous networks have great potential for 
further development of adjustable and biocompatible cell-specific arrays, ena-
bling applications in circulating cancer cell isolation and cultivation, studies 
on the cell’s pathogenesis, progression and metastasis capabilities as well as 
enabling development of platforms for personalized medicine.
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challenging, since these are often dis-
covered unintentionally as part of an 
undergone medical procedure or, in later 
states, due to associated problems with 
the resident tissue.[1] Contrarily, a quick 
identification and treatment of a tumor 
is crucial for successful healing as well as 
for prevention of its recurrence. Hence, 
rapid detection and analysis of the cancer 
cells became an essential prerequisite for 
improved therapies.[2]

There are several ways to obtain can-
cerous cells from a patient, the most 
common being tissue biopsies where 
tumor segments are removed surgically. 
Depending on the location of the tumor, 
such procedures can be difficult and very 
invasive for the patient. In comparison, 
liquid biopsies present a less invasive 
approach, since the bodily fluids can be 
analyzed for cancer cells[3]. The analysis of 
blood samples for circulating tumor cells 
(CTCs), which have detached from the 
main site of growth,[4] has been established 
as a convenient patient-friendly method.[5] 
The concentration and phenotype of the 
cells could be used to elucidate the state 

of the tumor and the associated progression of the disease, as 
well as monitor the success of any administered treatment.[6] 
Moreover, it is advantageous if separated cells remain in a 
viable state for later culturing and cell analyses. Specifically, 
the isolation of cancer cells and close monitoring of the cancer 
progression becomes essential for specific drug targeting and 
therapeutic successes, decreasing the risk of relapse.[7]

Many cancer cell targeting methods focus on markers,[8,9] 
represented by membrane proteins which are specifically 
overexpressed,[9] altered[10], or even relocated into the outer 
membrane[11] due to malignant cell transformations. Typ-
ical examples are protein tyrosine kinase 7 (PTK7), a plasma 
membrane protein,[12] as well as nucleolin, which is relocated 
from the nucleus to the outer cell membrane during oncogen-
esis.[13,14] The same inherent epitopes could also be exploited for 
specific cancer cell targeting and isolation using immobilized 
antibodies or aptamers.[15]

Adequate surfaces for such type of cell immobilization 
are required to be non-adhesive for proteins and cells,[13,16] 
non-toxic and easily modifiable to enable strong, specific, and 
tunable marker binding.[17] Recombinant spider silk proteins 
present a biocompatible material,[18] which can be processed 
into cross-beta nanofibrils under mild aqueous conditions. The 

Research Article

1. Introduction

Cancer cell research and therapy remain one of the fron-
tiers of biomedical research and development, despite many 
advances in the last decades. Early detection of tumors is still 

© 2022 The Authors. Advanced Functional Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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nucleated self-assembly is triggered by a low concentration of 
phosphate ions in solutions.[19,20] Employing surfaces of the 
same protein containing beta-sheet rich structures, e.g., micro-
particles,[19] molecular monolayers[21] or nanofilms,[22] the fibril 
formation could be re-directed onto these surfaces, resulting in 
immobilized fibrous networks with nanohydrogel properties.[22] 
The nanohydrogels showed inherently non-adhesive surface 
properties for cell and protein binding, whilst at the same time 
enabling incorporation of diverse DNA functionalities and 
related addressable immobilization of enzymes or DNA-modi-
fied cells.[22,23] Moreover, the chemical resilience of the fibrous 
networks enabled photolithography procedures and the produc-
tion of nanohydrogel micropattern.[23]

Herein we used the photolithographic approach to create arbi-
trarily shaped microwells to spatially define the self-assembly of 
azido-modified recombinant spider silk protein N3-eADF4(C16) 
into microstructured networks on surfaces. Modification of 
the protein pattern via copper-free strain-promoted cycload-
dition enabled incorporation of DNA-aptamers to bind typical 
cancer markers PTK7 or nucleolin expressed on human non-
adherend leukemia T cells (Jurkat), as well as adherent cervix 
carcinoma (HeLa) and neuroblastoma (Kelly) cell lines. The 
aptamer-marker interaction was studied in the cell suspensions 
as well as on spatially constrained surface microstructures 
made of the aptamer-modified spider silk fibrils.

2. Results and Discussion

2.1. Aptamer Binding Affinity in Cell Suspensions

The expression of cancer marker PTK7 and/or nucleolin 
depends on cultivation conditions and the developmental sta-
dium of the cells. The re-localization of nucleolin into the cell 
membrane has been reported for HeLa and Jurkat cells[14,24] 
and proposed for the Kelly line.[25] The overexpression of PTK7 
in the case of Jurkat,[26,27] HeLa,[28] and Kelly[29] lines has been 
shown as well. To test which of the typical markers is pre-
sented in the cell membranes under the employed cultivation 
conditions, we analyzed the binding of fluorescently labeled 
tetramethylrhodamine (TAMRA)-DNA aptamers sgc8 (anti-
PTK7)[26] and AS1411 (anti-nucleolin)[30] to the cell surface using 
flow cytometry. Moreover, we also determined the difference 
between the 3′- or 5′-modified aptamer variants in their marker 
affinity (Figure 1A, B and Figure S1, Supporting Information). 
In general, both aptamers, the anti-PTK and the anti-nucleolin 
possessing 5′-TAMRA revealed a clear affinity to Jurkat and 
HeLa cells, as well as weaker binding to Kelly cells. In com-
parison, weaker bindings were observed in case of the 3′-modi-
fied aptamers to the Jurkat and HeLa cells and no binding to 
the Kelly line. Thus, for further functionalization of spider silk 
fibrous networks and for cell-surface immobilization studies 
5′-modified aptamers were employed herein.

2.2. Marker-Based Cell Immobilization on Fibrous Nanohydrogels

The recently established preparation of eADF4(C16) nano
hydrogels immobilized on surfaces[22,23] was used to assemble 

N3-eADF4(C16) in well-plates coated by the unmodified protein. 
Hence, the self-assembled nanohydrogels could be functional-
ized using 5′- dibenzocyclooctin (DBCO) oligonucleotides. We 
optimized the system to increase the DNA functionalization 
capacity of the nanohydrogels. First, the amount of the pro-
tein in the film employed to nucleate the fibril assembly was 
compared with amount of the self-assembled material on top. 
Therefore, eADF4(C16) was coupled with carboxy fluorescein 
(cFlu) on its N-terminus.[19] Films cast in well plates revealed 
a twice as high fluorescence signal in comparison to the same 
protein assembled in the nanohydrogels on top (Figure  S2A, 
Supporting Information). In the next step, we optimized the 
azide-alkyne coupling reaction, testing different reaction times 
and temperatures, since the catalyst-free strain-promoted 
cycloaddition reveals typically lower reaction rates,[31] requiring 
3 days for the efficient coupling of nucleic acids to the spider 
silk networks.[23] As the spider silk fibrils represent a robust 
nanomaterial withstanding even higher temperatures,[32] reac-
tion conditions up to 80  °C were tested. The amount of oli-
gonucleotide coupled on to the nanohydrogel substrates was 
examined using a complementary fluorescein amidite (FAM) 
modified probe (Figure  S2B, Supporting Information). The 
reaction at 80  °C resulted in a doubled coupling yield in one 
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Figure 1.  Analysis of aptamer-cell binding in solution and on aptamer-
modified nanohydrogels. The binding of TAMRA modified aptamers sgc8 
(orange), AS1411 (blue) and the ssDNA control (black) was tested on 
HeLa cells in case of the 5′- (A) and 3′- modification (B) in solution. 
Further, HeLa cells were seeded on unmodified, ssDNA, and correspond-
ingly aptamer-modified nanohydrogels for 30 min and counted after the 
washing steps in (C) showing specific binding to the anti-PTK aptamer 
on the surface. To demonstrate the differences in specific and unspecific 
cell binding, fluorescence microscopic images showing the distribution 
of the cells on ssDNA and sgc8 modified surfaces are shown in (D) and 
(E), respectively. Plotted values in (C) presented as mean ± cell counts, 
n = 3, p-values were calculated using a one-way ANOVA, *p < 0.05. Scale 
bars in (D) and (E) 250 µm.
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third of the reaction time compared to the previously used 
37  °C[23] (Figure  S2B, Supporting Information). The nucleic 
acid coupling capacities of both the film and the nanohydrogel 
morphologies were compared as well (Figure  S2C Supporting 
Information). Considering a two times higher amount of pro-
tein in the film as in the nanohydrogel (Figure S2A, Supporting 
Information), the normalized binding capacity of the oligonu-
cleotides in nanohydrogel was sixteen times higher than on the 
film.

Using the optimized setup in well-plates, the N3-modified 
nanohydrogels were further functionalized with 5′-DBCO-sgc8 
or -AS1411 aptamers. The binding preferences of cancer cell 
lines to the aptamers in suspension (Figure  1A, B, Figure  S1, 
Supporting Information) were compared to the binding capa-
bility of aptamer-modified nanohydrogels (Figure  1C–E, 
Figure S3, Supporting Information). Densities of the immobi-
lized cells on the tested surfaces (Figure  1C–E and Figure S3, 
Supporting Information) revealed that the anti-PTK aptamer 
was highly suited to anchor all the screened cancer cell lines. In 
comparison to the flow cytometric analysis, where the sgc8 was 
only weakly bound to the Kelly line (Figure S1C, D, Supporting 
Information), the immobilization efficiency on the nanohy-
drogel surface (Figure  S3D, F, Supporting Information) was 
comparable to that of the Jurkat and HeLa lines. This could be 
explained by a probable multiple aptamer binding between the 
nanohydrogel and the cell surface resulting in a higher avidity 
in comparison to the corresponding affinity of individual 
aptamers,[33] used in the flow cytometric analysis in solution. 
Current fluorescence activated (FACS) or magnetic activated 
(MACS) cell sorting systems[34] rely on affinity-based one-to-
one binding between the cellular marker and labeled antibody 
tracker, whereas avidity-based cumulative binding of aptamers 
to cancer cells immobilized on the nanohydrogels could repre-
sent an advantage in future developments of devices, providing 
more sensitive and specific isolation of rare (low-concentration) 
CTCs. Moreover, the presented surface platform made of the 
biocompatible protein-fibril scaffold can also directly serve as a 
culturing surface, eliminating the need for further downstream 
handling as in FACS and MACS, since the coupled recogni-
tion antibodies carrying fluorescent dyes and magnetic beads, 
respectively, could affect the subsequent cell culture via cyto-
toxic effects. Depending on their size and composition, mag-
netic nanoparticles can also be taken up by the cell and poten-
tially lead to cell damage.[35]

Importantly, the unmodified nanohydrogels and nanohydro-
gels modified with a random single-stranded DNA sequence 
(ssDNA) showed only negligible unspecific cell binding 
(Figure  1C and Figure  S3, Supporting Information). Speci-
ficity of the aptamer-marker interaction was also tested. After 
immobilization of Jurkat cells on a sgc8 modified nanohydrogel 
surface, an aptamer complementary probe was added. Due to 
the formation of double-stranded DNA, the changed secondary 
structure of the aptamer resulted in resolving of the conforma-
tion dependent binding to the marker and release of the cells 
(Figure S4, Supporting Information).

To assess the aptamer-modified nanohydrogels concerning 
their cell binding capabilities, we compared HeLa binding to 
sgc8 aptamer in Figure 1C–E to surfaces made of eADF4(C16)-
RGD variant (Figure  S5, Supporting Information), which has 

been established to enhance attachment of cells to spider 
silk-based coatings[36,37] and printable hydrogels.[38,39] On the 
one side, the aptamer-to-marker binding resulted in similar 
binding densities as native RGD-to-integrin binding on the cor-
responding protein films (both at ≈55 000 cells  cm−2). On the 
other side, assembled nanohydrogels made of the same pro-
tein displayed approximately 40% better cell adhesion in com-
parison to the RGD-films (Figure S5, Supporting Information) 
likely due to improved binding motif accessibility. This sup-
ports our findings on increased density of the exposed binding 
sites enabled by the fibrillar nature of the nanohydrogels (Sec-
tion 2.2, Figure S2, Supporting Information).

Despite detected weak binding of anti-nucleolin AS1411 to 
the cell lines studied in suspension (Figure 1A and Figure S1A, 
Supporting Information), negligible cell immobilization was 
observed on the correspondingly modified fibrous surfaces 
(Figure 1C and Figure S3A, Supporting Information). The sec-
ondary structure of the G-quadruplex aptamer AS1411 reveals 
polymorphism of antiparallel and parallel topologies which 
equilibrium enables binding of the proper conformations to 
the nucleolin ligand.[11,40] However, such equilibrium is not pre-
sent in case of the immobilized aptamers in the fibrous net-
works, thus most probably a reduced population of the proper 
conformations along with observed weak overexpression of the 
marker resulted in the lack of cell immobilization.

The affinities between the aptamers and the markers may 
differ significantly between suspension and surface targeting 
approaches, as shown here. In general, a higher affinity at the 
surface could be expected due to the enhanced interaction of 
the cell surface with the immobilized aptamers. However, the 
secondary structure of the aptamers, which is uniquely defined 
for the specific aptamer/marker pair, could lead to loss of 
binding due to surface-related constraints.

2.3. Spatially Controlled Cancer Cell Immobilization on 
Micropatterned Nanohydrogels

As shown in our previous research, the spider silk protein 
fibrous networks were sufficiently stable in photolithography 
procedures.[23] A positive-tone photoresist was applied on 
amino-modified glass substrates to produce microchambers 
with an accessible chemically modified bottom (Figure  S6A 
and B, Supporting Information), followed by the site-specific 
covalent immobilization of the recombinant silk protein and 
surface nucleated self-assembly of azido modified fibrous net-
works in the micropatterned reaction vessels. After removal of 
the photoresist, the fibrous pattern was modified using DBCO-
oligonucleotides, similar to the nanohydrogels in the well 
format (Figure  S6C, Supporting Information). Before applica-
tion of the cells, the exposed amino surface was blocked using 
branched PEG, enhancing the cell repelling effect of the non-
patterned areas.

To test the site-specific immobilization of cancer cells, the 
micropatterned surfaces were functionalized with anti-PTK 
aptamers and seeded with the Jurkat, HeLa and Kelly cell 
lines. Fluorescence images of the live stained cells (Figure  2) 
showed that all tested cell lines preferentially bound on the 
micropattern made of anti-PTK modified fibrous networks. 

Adv. Funct. Mater. 2022, 32, 2207270
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Outside of the pattern, the adherent Kelly and HeLa as well as 
non-adherent Jurkat cells showed a similar low affinity to the 
PEG-modified surface due to its high hydrophilicity.[41] Since 
Kelly cells formed clusters during their cultivation and re-sus-
pension, the aptamer-based immobilization of the cells in well 
plates (Figure S3E and F, Supporting Information) as well as on 
the patterned surface (Figure 2C) resulted in less homogeneous 
distributions compared to well resuspended HeLa (Figures  1 
and  2B) or Jurkat cells (Figure  S3B, Supporting Information 
and C, Figure 2B). Moreover, the clustered cells revealed higher 
avidity for the aptamer-modified surfaces than single cells from 
the mixture, hence being more resilient to washing-off. The 
spatial binding selectivity of the aptamer-modified pattern was 
compared to those made of unmodified protein or the protein-
modified with ssDNA, showing only randomly deposited cells 
with very low coverage density (Figure S7, Supporting Informa-
tion, shown exemplarily for HeLa).

2.4. Micropattern with Mixed Functionalities

An advantage of self-assembling three-dimensional fibrous net-
works is not only the high binding capacity, as demonstrated 
in Figure S2 (Supporting Information), but also the possibility 
to produce functionally mixed networks, as demonstrated on 
a macroscopic fibrous system with two different thrombin 
binding aptamers, recently.[22] Here, the dual functionalization 
of the micropatterned system was demonstrated by combining 

self-assembly of the functionable N3-eADF4(C16) and fluores-
cently labeled TAMRA-eADF4(C16), whereas the dye served as 
a model for a covalently coupled drug in the microstructured 
network of fibrils (Figure 3).

In the consecutive assembly and in the co-assembly approach 
(Figure 3A, B) respectively, HeLa cells could be immobilized in 
similar densities compared to the monofunctionalized pattern 
(Figure  2), whereas presence of the red fluorescent dye was 
clearly visualized resembling the shape of the micropattern. In 
future developments, such aptamer-modified networks could 
be combined for example with spider silk variants containing 
switchable linkers for triggered drug release[42] which could be 
explored in combination with the aptamer-based cancer cell 
immobilization in parallel.

2.5. Switch in Cell Attachment Mechanism upon Cultivation on 
Fibrous Micropattern

We tested prolonged cultivation of the cells on the micropat-
terned substrates, along with investigating possible residual 
cytotoxic effects of the employed photolithography process. To 
produce cell attractive conditions as a positive control for the 
cultivation, we also prepared a fibrous pattern from an adhe-
sion promoting eADF4(C16)-RGD. We compared the RGD-
pattern allowing cell-unspecific, integrin-mediated binding 
(Figure  4A/1–D/1) to the specific PTK-aptamer interaction 
on microstructures using HeLa and Kelly cells, respectively 
(Figure  4A/2-D/2, A/3–D/3). Contrarily to the round-shaped 
cells visible directly after surface binding (Figure  2,3), the 
cultivated cells revealed apparent spreading (Figure  4B and 
Figure S8, Supporting Information) and covered up to 70% of 
the RGD modified pattern, while 30–40% was covered on the 
aptamer-modified variants (Figure  S8B, Supporting Informa-
tion). The HeLa cells immobilized on the aptamer-modified 
nanohydrogels (Figure  4A/2) spread slower than those on the 
RGD substrate (Figure  4A/1), reaching the full confluence on 
the micropattern after 24 h in comparison to 6 h, respectively. 
The spreading cells preferred to orient inside of the micropat-
tern borders, which was well visible especially in case of the 

Adv. Funct. Mater. 2022, 32, 2207270

Figure 2.  Immobilization of various cell lines on U-, B- and T-letter 
micropattern assembled from anti-PTK aptamer-modified fibrous net-
works. Fluorescence microscopic images of live stained Jurkat in (A), 
HeLa in (B) and Kelly cells in (C) at two different magnifications after a 
30 min immobilization and subsequent washings. Scale bars for whole 
UBT pattern 300 µm in (A)–(C).

Figure 3.  HeLa cells immobilized on double labeled micropattern. Nano-
hydrogels of TAMRA-eADF4(C16) were assembled in the microwells 
either consecutively in (A) or in a mixture in (B) with N3-eADF4(C16). 
Finally, the mixed networks were activated for cell binding using coupling 
of DBCO-aptamers.
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highly confluent HeLa cells (Figure  4B/1,2), elongating along 
the edges and not expanding onto the pegylated surface. The 
cells which occasionally remained aside from the pattern 
after the seeding and washing steps, however, kept the initial 
round shape, hence highlighting the biocompatibility of the 
fibrous pattern (Figure  S8A, Supporting Information). The 
differences between cells on distinctly modified surfaces as 
well as between the studied cell lines were investigated using 
focal adhesion staining. Total internal reflection fluorescence 
(TIRF) microscopy[43] enabled focusing on the cell-membrane/
nanohydrogel interface (Figure  4C,D). The fast cell spreading 
in case of the RGD surface modification, enabled due to native 
integrin-based adhesion, was accompanied by the formation of 
numerous focal points across the whole cell-to-substrate con-
tact area (Figure  4C/1,D/1). The clusters resulted from overlay 
of the green fluorescence stained vinculin at the ends of red 

fluorescence stained actin filaments.[44] Interestingly, the focal 
adhesions could be observed also in case of spreading HeLa 
(Figure 4C/2,D/2) and Kelly cells (Figure 4C/3,D/3) after 24 h, 
despite the cells being initially immobilized via marker-aptamer 
interactions. In case of HeLa cells, the density of focal points 
across the membrane was apparently lower in comparison 
to the dense network on the RGD surface (compare C and D 
In The 1st and 2nd rows in Figure  4), but overall the cells on 
both substrates revealed a similar number of focal adhesions, 
whereas the Kelly line (Figure  4C/3,D/3, Figure  S8C, Sup-
porting Information) formed rather rare focal props on the 
cell borders, most probably due to the cell’s preference to form 
multicellular clusters instead of monolayers.

Research on cell adhesion motif independent immobiliza-
tion suggests that firmly bound cells may exert mechanisms 
for cytoskeletal rearrangement resulting in spreading-like 
morphologies.[45] However, the observed focal adhesions typi-
cally form upon integrin clustering processes around cell adhe-
sive motifs, such as RGD, which facilitate cell attachment and 
spreading within the extracellular matrix (ECM).[44,46] Cancer 
cells are prone to obtain their oncogenic behavior by altering 
innate cell adhesion and motility pathways. It is well-estab-
lished that cancerous cells have a profound role in remodeling 
their surrounding by reorganization and degradation of pre-
existing ECM architecture, or by stimulating local matrix secre-
tion.[47] Moreover, stabilization of cell-to-surfaces binding could 
initiate upregulation of ECM component secretion and focal 
adhesion formation.[48] Although, the aptamer-spider silk net-
works lack native cell binding motifs, the firm aptamer-marker 
binding on nanohydrogels (C and D in the 2nd and 3rd rows 
in Figure 4) apparently provided sufficient time to start cellular 
remodeling of the proximate fibrous spider silk-based networks 
via incorporation of native ECM components, resulting in the 
successful cell proliferation. Previously, spider silk protein 
materials displayed good long-term biodegradability in vitro by 
enzymes[49] and in vivo,[50] rendering them well suited scaffolds 
for tissue engendering. The solid hydrogels of self-assembling 
silk proteins provided sufficient stability for the initial immobi-
lization and cultivation phases and allowed the captured cells 
to gradually replace the artificial scaffold and create a native 
cell environment without negatively affecting cellular homeo-
stasis.[38,39,50] The stability of the aptamers involved is also 
apparently sufficient for both the cell immobilization, as they 
can still be detected after cell release by annealing a fluorescent 
probe (Figure  S4C, Supporting Information) and the cultiva-
tion enabling cell spreading (Figure  4). In our previous study, 
cultivation of DNA-modified HeLa cells immobilized on com-
plementary modified nanohydrogels failed due to short-term 
stability (<2  h) of the DNA modification integrated via a lipid 
anchor into the cellular membrane.[23]

3. Conclusion

Recombinant spider silk protein was used as seeding sur-
faces upon which an azido-modified protein variant was 
self-assembled into fibril-based networks. The nanohydro-
gels were functionalized with anti-marker DNA-aptamers 
using “click” chemistry, thereby turning the otherwise cell 

Adv. Funct. Mater. 2022, 32, 2207270

Figure 4.  Spreading HeLa and Kelly cells on micropatterned protein 
networks. HeLa cells were immobilized and cultured on the RGD in (1) 
and anti-PTK aptamer modified pattern in (2), whereas Kelly cells were 
cultivated on the aptamer micropattern in (3). The cells were stained for 
vinculin in green, the actin cytoskeleton in red and nuclei in blue and 
visualized at different magnifications in (A)–(D) after 6 h in (1) and 24 h 
in (2) and (3) of cultivation. Fluorescence microscopy was used in (A) 
and (B), bright field in (B) and the colocalization of vinculin and actin in 
the membrane on the cell-substrate interface was depicted using TIRF 
microscopy in (C) and (D). Scale bars 300 µm in (A), 100 µm in (B) and 
in 30 µm (C) and (D).
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repellent spider silk nanohydrogels into scaffolds enabling 
the marker-dependent cancer cell immobilization. The estab-
lished principles were applied to the formation of nanohy-
drogel micropattern via photolithography. The Jurkat, HeLa 
and Kelly cell lines could be immobilized by employing selec-
tive interaction between cellular marker PTK7 and aptamer 
sgc8 incorporated into the protein nanohydrogel. Unmodi-
fied microstructures or those modified with a random nucleic 
acid sequence remained cell repellent. However, the stable 
aptamer-based cancer cell binding provided the possibility of 
prolonged cell cultivation leading to cell spreading and conflu-
ency within the microstructures after 24 h. The investigation of 
a vinculin/actin colocalization on the cell membrane-surface 
interface using TIRF revealed the formation of integrin-related 
focal adhesions, similarly to those found on RGD-microstruc-
tures. The finding points toward cancer remodeling processes 
resulting in successful interpenetration of the fibrous spider 
silk matrix with secreted native ECM components.

The demonstrated patterning of the biocompatible recom-
binant spider silk RGD-tagged and aptamer conjugate vari-
ants combined with its genetic[37,51] and chemical modification 
capability[22,23,32,52] as well as variability of the applied photo
lithographic approach in relation to the pattern shapes and 
dimensions, confer the potential of the microstructured DNA-
modified fibrous networks for the preparation of multifunc-
tional and selective cell binding substrates. The genetical and 
chemical modifiability of the system represents a clear advan-
tage in comparison to other commonly employed protein[53] or 
polysaccharide-based platforms[54] which are accessible only to 
chemical modifications. In addition, self-assembly of spider silk 
variants offers the possibility of co-assembly, allowing adjust-
ment of the composition and concentration of exposed binding 
motifs.[22] Compared to synthetic polymers, although character-
ized by their variability in producing microstructured systems 
for cell interactions,[55] the proteinaceous and fibrillar nature 
of the spider silk system is more similar to native ECM, along 
with its biodegradability and remodeling capability.

Selective isolation and cultivation of tumor cells are of pro-
found importance in the fields of medicine, pharmacology, and 
molecular biology. The presented compatibility of the micropat-
terned nanohydrogel surface with cancer cell culturing condi-
tions is advantageous for designing of platforms which enable 
profiling and identification of immobilized cancer cells using 
visualization of distinct membrane markers.[56] In further devel-
opments, the presented system of the micropatterned nanohy-
drogels can be joined with polydimethylsiloxane (PDMS)-based 
microfluidics to create CTC isolation devices. These could be 
used for further culturing and profiling of the cell samples to 
gain insights into cancer progression and metastasis based 
on the characteristics of the captured and subsequently cul-
tured cells. In addition, it may be possible to transfer the 2D 
cell substrates after cell immobilization to a 3D environment 
that is more native to most cells by using higher concentra-
tion solutions of the spider silk proteins (>1% w/v) that readily 
self-assemble into fibril-based hydrogels.[39] Such hydrogels, if 
applied on top of the micropatterned platform, would be useful 
to study proliferation, migration, and formation of multicellular 
cancer-based systems in ECM-like fibrous environments. Such 
properties of circulating tumor cells significantly influence 

their role in metastasis.[57] In addition, the arbitrarily change-
able shape and composition of the micropattern could be used 
for studies on the influence of different shapes and topogra-
phies on cell differentiation and proliferation and/or in cell 
migration experiments.[58] Thus, the presented development 
of microstructured aptamer-functionalized fibrous networks 
represents a crucial step in the generation of tunable cellular 
arrays enabling the culture of CTCs and valuable studies on 
their pathogenesis, progression and metastasis capabilities, 
especially with a focus on personalized medicine.

4. Experimental Section
Photolithographic Preparation of Patterned DNA-Modified Fibrous 

Networks: Glass coverslips (∅19  mm) were cleaned using acetone, 
isopropanol and the Radio Corporation of America (RCA) procedure, 
before activation with 100% O2-plasma at 0.2  mbar for 1  min and a 
silanization using 0.1% (v/v) APTES in ethanol for 16 h, as described.[59] 
The amino activated slides were pre-baked at 120  °C for 10  min on a 
precision hot plate HP 60 (Präzitherm PZ 28-2, Harry Gestigkeit GmbH, 
Germany) to evaporate adsorbed H2O. Afterward, the coverslips were 
placed onto a spin coater SCE-150 and 55 µl of Ti-Prime (Microchemicals 
GmbH, Germany) were applied at 50  rps for 30 s with an acceleration 
time of 3 s. The coated plates were incubated for 2 min at 120 °C on the 
hotplate and spin coated with 55 µl of the Microposit 1813 G2 positive 
photoresist (Micro Resist Technology, Germany) followed by spin 
coating of 55 µl of the AZ 1512 HS positive photoresist (Microchemicals 
GmbH, Germany) resulting in a combined photoresist thickness of 
approximately 1 µm. The coverslips were post-baked at 115 °C for 1 min, 
and subsequently illuminated using a mask-less lithography equipment 
SmartPrint based on a µLCD projection technology (Microlight3D) at 
435  nm (10.2  mW  cm−2) for 60  s. The microwells were developed in 
1:4 (v/v) AZ 400  K Developer (Microchemicals GmbH, Germany)/H2O 
solution using agitation for 30  s. To render the microstructures more 
resilient against longer incubations in aqueous media, hardening was 
conducted using exposure to a deep UV light (Benda NU-6 KL UV lamp) 
at 254 nm for 2.5 min.

After the photolithography, the amino-modified surfaces in the 
deprotected micro wells were covalently modified in a solution of 
2.5  µM eADF4(C16) and 2.5  mg/ml N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimid (EDC) hydrochlorid in 50  mM HEPES-Na, pH 7.1 for 
16  h. Thereafter the coverslips were washed with 50  mM HEPES-Na 
pH 7.1 and incubated in a solution of 5  µM N3-eADF4(C16) or the 
fluorescently modified variant in 100  mM K-Pi, 50  mM HEPES pH 7.1 
for 16 h, similarly to the preparation of the nanohydrogel in well-plates 
(see Supporting Information). K-Pi buffer was used to initiate the self-
assembly of fibrils.[19] The coverslips were washed with 10 mM Tris/HCl 
100 mM NaCl and Milli-Q H2O.

The photoresist was stripped using a bright field lamp (Makita 
DEADML801) at the maximum intensity for 2  min followed by 10  min 
incubations in solutions of 1:4 (v/v) AZ 400 K Developer/H2O, 2:1 (v/v) 
acetone/ethyl acetate, acetone and Milli-Q H2O.

After the stripping procedure, N3-eADF4(C16) nanohydrogel 
micropattern was covered with 50 µl of 5 µM DBCO-DNA in 10 mM Tris/
HCl 100 mM NaCl pH 7.5 at 80 °C for 24 h in a humid atmosphere. The 
coverslips were washed with 10 mM Tris/HCl 100 mM NaCl pH 7.5 and 
H2O, followed by drying with compressed air.

Finally, the deprotected APTES modified glass surface with the 
nanohydrogel pattern, was blocked using 5  µM N-hydroxysuccinimide 
activated TMS(PEG)12 (Thermo Scientific Pierce) in 50 mM HEPES pH 
7.1 for 16 h. Afterward, the coverslips were washed with 10 mM Tris/HCl 
100 mM NaCl and H2O, followed by air dying and storage at 4 °C.

Cell Capture on Microarrays: The patterned substrates were sterilized 
with 70% ethanol for 10  min and washed thrice with Aptamer buffer 
(10  mM Tris/HCl pH  7.5 100  mM NaCl, 25  mM KCl, 5  mM MgCl2). 
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The passaged cells stained with 0.3 µM Calcein AM (live staining) were 
seeded onto the coverslips (350  000  cells  cm−2 for the immobilization 
and 100 000  cells  cm−2 for the immobilization with subsequent 
cultivation). The suspension was left to sediment for 30 min at RT and 
the coverslips were washed 3–5 times with PBS, to remove unbound 
cells. The remaining cells were visualized with a fluorescence microscope 
(DMi8, Leica Microsystems GmbH, Germany).

Focal Adhesion Immunostaining: The Actin Cytoskeleton and Focal 
Adhesions Staining Kit (EMD Millipore Corp., USA) with a modified 
protocol was used for the staining. The medium was withdrawn from 
the wells, and 3.7% (v/v) Glutaraldehyde in PBS (115 mM NaCl, 4 mM 
KH2PO4, 16  mM Na2HPO4, pH 6.8) was applied onto the cells and 
incubated for 20 min, followed by two wash steps with PBS containing 
0.05% (v/v) Tween-20 and permeabilization with 0.1% (v/v) Triton 
X-100 for 5  min. The cells were washed twice with PBS, 0.05  % (v/v) 
Tween-20 (PBS-Tween) and blocked with 1% (w/v) BSA in PBS for 
30  min. The anti-Vinculin mouse antibody (1  mg  ml−1 stock) (EMD 
Milipore Corp., USA) was applied at a 1:1000 v/v dilution for 1  h, 
then washed four times with PBS-Tween for 5 min, and an additional 
wash with 1% (w/v) BSA in PBS for 5 min. The secondary Alexa Fluor 
488 goat anti-mouse antibody (2  mg  ml−1 stock) and the TRITC-
conjugated Phalloidin (0.06 mg ml−1) (EMD Millipore Corp., USA) were 
both applied at a 1:1000 dilution (v/v) in 1% (w/v) BSA in PBS for 1 h. 
These were washed twice with PBS-Tween, incubated with 1:1000 DAPI 
(0.1 mg ml−1) (EMD Milipore Corp., USA) in 1% (w/v) BSA in PBS for 
5 min and washed with PBS-Tween. The stained cells were kept in PBS-
Tween to prevent drying out.

Total Internal Reflection Fluorescence Microscopy: The focal adhesions-
stained cells on the patterned glass coverslip substrates as those in 
8-well µ-slides (ibiTreat, ibidi GmbH, Germany) were imaged using 
a Leica DMi8 Infinity TIRF microscope (Leica, Germany) with a 100x 
objective. After TRIF angle calibration, images were taken with automatic 
TIRF configuration setting, with adjustment of the penetration depth 
for optimal illumination and azimuth using LASX software (v.3.6). 
Lasers at 405, 488 and 561  nm were used to visualize fluorescence 
staining of nuclei (DAPI, emission: 435–485  nm), vinculin (primary 
anti-vinculin mouse and secondary Alexa Fluor 488 goat anti-mouse 
antibody, emission: 493–547 nm) and actin (TRITC Phalloidin, emission: 
566–707 nm).

Statistical Analysis: If not indicated otherwise, the experimental data 
were evaluated using the arithmetic mean and standard deviation of 
triplicates. Comparison of multiple sample groups was statistically 
assessed with an one-way ANOVA test using the data analysis function in 
the software Excel (Microsoft Corporation, USA). Data were considered 
statistically significant if p ≤ 0.05.
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