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ABSTRACT

Nucleated protein self-assembly of an azido modified spider silk protein was employed in the
preparation of nanofibrillar networks with hydrogel-like properties immobilized on coatings of the
same protein. Formation of the networks in a mild aqueous environment resulted in thicknesses
between 2 and 60 nm, which were controlled only by the protein concentration. Incorporated azido
groups in the protein were used to "click" short nucleic acid sequences onto the nanofibrils, which
were accessible to specific hybridization-based modifications, as proved by fluorescently labeled DNA
complements. A lipid modifier was used for efficient incorporation of DNA into the membrane of
nonadherent Jurkat cells. Based on the complementarity of the nucleic acids, highly specific DNA-
assisted immobilization of the cells on the nanohydrogels with tunable cell densities was possible.
Addressability of the DNA cell-to-surface anchor was demonstrated with a competitive oligonucleotide
probe, resulting in a rapid release of 75-95% of cells. In addition, we developed a photolithography-
based patterning of arbitrarily shaped microwells, which served to spatially define the formation of



the nanohydrogels. After detaching the photoresist and PEG-blocking of the surface, DNA-assisted
immobilization of the Jurkat cells on the nanohydrogel microstructures was achieved with high fidelity.

KEYWORDS: Self-assembly, nanofibrils, nanohydrogels, DNA modification, cells, surfaces, patterning

Materials scientists face challenges in fabricating artificial biomaterials that effectively mimic cell
interactions as provided by a native extracellular matrix (ECM) with entire macro-, meso- down to
nanofibrous architectures. Thus, to prepare such biocompatible scaffolds for a full tissue regeneration,
a plethora of requirements have to be fulfilled, such as adequate mechanical and structural support,
control of cell attachment, migration, proliferation and differentiation as well as appropriate
bioresorbable features to allow the body to heal itself at the same rate as implant degradation.'
Conventional approaches which use bulk materials and modifications thereof are rather laborious in
screening the huge amount of potential material parameters to identify the optimal cellular responses.
To speed up the process, platforms for material—cell interactions have been developed in the case of
synthetic polymers, peptides, ECM components, or polysaccharides.>® The resource efficient
approaches of culturing and analyzing cells via position-specific immobilization employed microtiter
plates,”? high-density spotting,'®® microfabrication,’*” or microfluidic technologies.'®® Involvement
of living-cell assays on the cell microarrays requires a stable attachment of cells, inert surfaces which
do not interfere with cultivated cells and are stable in contact with cultivation media as well as upon
steriliza-tion.2%#2 DNA-assisted immobilization on patterned surfaces could be applied for cell
immobilization regardless of the cell type,23-25 to program cell-surface and cell-cell adhesion with
high position fidelity to study complex cell biology on the 2D and 3D level,?® but the technology
was not involved in studies of screening platforms for material-cell interaction yet.

Biopolymer nanofibrils exhibit a combination of strength and toughness, while also capable of
presenting biological fUnctions.3%3 Such fibrous systems, morphologically rendering 2(A) Molecular
structures and schematic representations of the lipid, DBCO, and azido moieties, which were used for
modification of the DNA strands, spider silk protein and cells. (B) The azido modified spider silk protein
self-assembled into fibrillar networks on a spider silk pattern defined by a photolithography. Employing
the coupling of DBCO-oligonucleotides to the azide-nanohydrogel and incorporation of the
complementary lipid-oligonucleotides into the cellular membrane, immobilization of the cells on the
micropatterned nanohydrogels could be achieved via highly specific DNA interactions.

ECM, likely form hydrogel networks which are the preferred material morphology to interact with cells
in tissue engineering applications.3? We have shown that recombinant variants of spider silk proteins
self-assembled into nanofibrils via a nucleation mechanism specifically triggered by phosphate ions in
a mild milieu®*3* and tolerated a wide range of genetical®® or chemical®*®3” modifications. Generally,
the recombinant spider silk proteins and materials made thereof are noncytotoxic, nonimmunogenic,
and degradable,?®39 thus representing a highly suitable biomaterial for tissue engineering
applications.*® Recently, we introduced chemically modified DNA-spider silk conjugates which enabled
a combination of the protein self-assembly into fibrils and the programmability of DNA hybridization
into hierarchically organized hybrid materials.3¢3”4! Redirection of the protein fibrillization via
nucleation onto surfaces of the same protein3® resulted in the development of immobilized fibrillar
networks with nanohydrogel properties and an aptameric functionality, which enabled
accommodation of sensitive biologicals as well as controlled release thereof.**?
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Figure 1. Characterization of self-assembling nanohydrogels. (A-C) Representation of nanohydrogel heights assembled from
2,5, and 10 uM N3-eADF4(C16) resulting in 2, 43, and 56 nm-thick fibrillar networks on a 36 nm thick film layer of
eADF4(C16) (Table S1), respectively. (D) In the upper panel the studied cases are represented schematically. (1)
Nanohydrogel (nh) directly assembled from the rep-eADF4(C16) conjugate on the eADF4(C16) nanofilm (nf); (2) Ns-
eADF4(C16) nh on eADF4(C16) nf functionalized by DBCO-rep after the assembly; (3) N3-eADF4(C16) nf only; (4) Ns-
eADF4(C16) nh only; and (5) eADF4(C16) nh on eADF4(C16) nf (5). In the lower panel, amounts of surface presented rep-
sequence (red) in the reaction setups (1-5) were compared after the hybridization of a complementary probe FAM-cap
(blue). Color bar from -10 to 100 nm in (A-C).

Herein, we utilized the surface-controlled spider silk selfassembly to develop "click" nanohydrogels as
a biomaterial platform suitable for microfabrication techniques to create distinct nanohydrogel
patterns on surfaces and enabling versatile functionalization with nucleic acids (Scheme 1). We
demonstrated that the DNA-spider silk nanohydrogels represent environmentally robust and
biocompatible surface modification with low cell adhesion properties allowing highly specific cell
immobilization and release upon DNA-specific interactions in well and microarray formats.



RESULTS AND DISCUSSION

Nucleic Acid Functionalized Nanohydrogels.Previously, we have shown that the conjugates of the
recombinant spider silk protein eADF4(C16) with short single-stranded DNA aptamers directly
assembled into the DNA-functionalized nanohydrogels.?* Herein, the functionalization was induced in
a postassembly approach. In the first step, N3-eADF4(C16), a recombinant spider silk protein selectively
modified by an azide containing tether on the N-terminus was assembled on top of
nonfunctionalized eADF4(C16) films, applying a surface seeding mechanism.3*42 AFM analysis revealed
an increasing thickness of the nanofibril networks with the increasing protein concentration (Figure
1A-C). Interestingly, the increase was not proportional, as nanohydrogel thickness showed a 23.8-fold
increase in the case of nanohydrogel assembled from 2 uM vs 5 uM and only 1.3-fold increase in case
of assembly at 5 uM vs 10 uM (Table S1 and Figure S1). The fibril formation is a nucleation-dependent
process starting with a slow lag phase, the duration of which is strongly dependent on protein
concentration. Once the nuclei are formed, fibril growth in solutions tends to be rapid and less sensitive
to the monomer concentration.3* Therefore, it is likely possible that the self-assembly on surfaces at 2
UM protein was still in the lag phase after 24 h of incubation, while 5 and 10 uM proteins have already
reached the end of the process. Despite the significant height differences of the nanohydrogels, the
roughness analyses showed rather similar values (Table S1), suggesting uniform assembly of the
protein on the even nanofilm.

In the second step, the Ns-nanohydrogel functionalization was achieved using short dibenzocyclooctin
(DBCO) modified oligodeoxynucleotides* in a strain-promoted azide—alkyne cycloaddition.*® Coupling
of the modified capture sequence (DBCO-cap) on the azido nanohydrogel was examined via
fluorescein-phosphoramidit-labeled complementary reporter sequence FAM-rep (Figure S2). The
coupling yield was directly proportional to the employed DBCO-cap concentration (Figure S2B) in the
concentration regime 1 — 10 uM. The slow reaction kinetic extended the reaction time from 48 hiina
homogeneous solution*? to 72 h for the heterogeneous coupling to the solid support even at elevated
temperature (37 °C). The postassembly functionalization of the spider silk fibrillar network was further
compared to alternative modification setups (Figure 1D, cases 1—5). The nanohydrogels assembling
directly from the conjugate rep-eADF4-(C16) ( case 1) exhibited the highest density of accessible DNA
strands in comparison to the postassembly coupling on N3-eADF4(C16) nanohydrogels, which yielded
a slightly lower capacity (case 2, 70%). However, the postassembly modification strategy overcame the
time-consuming preparation of the DNA-spider silk conjugates,®®*2 which can be especially valuable in
multiplex approaches where a plethora of binding sequences, such as aptamers, could be tested. Two
other morphologies, azide modified films (case 3) as well as N3-eADF4(C16) nanohydrogels without the
underlying spider silk film (case 4), showed a very low fluorescence of 8% and 5%, respectively,
highlighting two important aspects. First, the benefit of employing a nanofibrillar network instead of a
plain film, due to a significantly larger surface area presented on the nanofibrils which could be
exploited for the exposition of functional groups. Second, the importance of the eADF4(C16) film as a
basis for the hydrogel immobilization via the nucleating nanofibril assembly.?? Noteworthy, the
fluorescein-labeled detection probe showed no unspecific binding on unmodified eADF4(C16)
nanohydrogels (case 5).

Modification of the Cell Membrane with SingleStranded DNA.To test suitability of the DNA-modified
nanohydrogel surfaces for selective immobilization of cells, we modified the cell membrane of
nonadherent Jurkat T-cells with a complementary sequence. The spontaneous insertion of an
amphipathic lipid?®>**% was chosen as a mild, straightforward, rapid, and efficient process applicable



across multiple cell types.*® For this purpose, the insertion of a commercially available distearoyl-lipid
5' modification with the rep sequence (DSL-rep) was examined (Figures 2, S3, and S4).”

To establish the procedure, the impact of DSL-rep concentration as well as the incubation times on the
incorporation efficiency were analyzed using flow cytometry and the fluorescently labeled
complementary capture sequence (carboxy-tetramethylrhodamin TAMRA-cap) (Figures 2 and S3A).
Kinetics of the DNA-lipids insertion into membranes were shown in literature as a time-dependent
saturation.® Here, the examined progression of the insertion did not show a similar maximum
threshold (Figure S3A); however, to keep the cell stress at a minimum, the shortest time (5 min)
showing significant increase in labeling degree (60% in comparison to 30 min) was chosen for the cell
incubation. Another important issue, the persistence of the DNA modification in the plasma membrane
was examined as well. Already within the first hour, a drop of approximately 80% of the membrane
modification was indicated (Figure S3B). As discussed in literature, the instability of lipid-DNA
modifications is caused either by their release into the surrounding medium or internalization into the
cell,***7 whereas factors such as temperature48 or hydrophobicity of the lipid moiety46 influence this
process. Indeed, the lipid-DNA labeling density declined slower at 4 °C in comparison to the room
temperature and to 37 °C.

The density of DNA incorporated into the cells apparently increased with the increasing concentration
of DSL-rep, as visualized in Figure 2B—E. However, nonhomogeneous distributions of the DNA
modification in the cell populations have been noticed from the micrographs and were further
confirmed by flow cytometry, showing an overall broad signal distribution in the concentration regime
between 0.5 and 20 uM of DSL-rep (Figure 2F). Quantification of the TAMRA-cap fluorescence
intensities revealed a linear increase in DSL-rep labeling densities (Figure 2G). Hence, the utilization of
the lipid-DNA in micromolar range enabled adjustment of the modification degree of the cells, whereas
the viability of the cells was not concentration dependent and in the range of nonlabeled cells (Figure
S4).

DNA-Assisted Immobilization and Triggered Release of Cells. To test the specificity of the DNA
modified spider silk nanohydrogels in DNA-assisted cell binding, rep-cells were applied on cap-
nanohydrogels. The nonadherent Jurkat cell line was ideal to test the stringency of the immobilization
specificity, as possible interactions with the nanohydrogel surface could be related directly to the
specific rep/cap hybridization, instead of other cellular effects supporting surface-cell interactions in
case of adherent cells.*® The incubation of rep-cells on cap-nanohydrogels for 30 min resulted in a
dense cell distribution after washings (Figure 3A). In contrast, native Jurkat cells showed negligible
unspecific interaction on DNA-functionalized as well as unmodified eADF4(C16) nanohydrogels (Figure
3C,D), similarly to the DNA-modified rep-cells on the nonfunctionalized nanohydrogels (Figure 3B).
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Figure 2. Analysis of DSL-DNA incorporation into cells. (A) Schematic representation of the cell membrane modification
using DSL-rep sequence (red) and detection of the modification via hybridization with the complementary sequence
TAMRA-cap (blue). Fluorescence micrographs of Jurkat cells after treatment with 0.5, 2, 5, and 10 uM DSL-rep in (B-E),
respectively, after staining with live stain calcein-AM (green), nuclei stain DAPI (blue), and rep sequence specific stain
TAMRA-cap (red). The fluorescence intensities of nonlabeled control cells (red), 0.5 uM (blue), 2 uM (orange), 5 uM (light
green), 10 uM (dark green), and 20 uM (violet) DSL-rep labeled cells were analyzed after the hybridization of TAMRA-cap
using flow cytometry in (F) and evaluated as median fluorescence intensities (MFI) in (G).

Additionally, we designed cap-based sequences containing one to three mismatched base pairs to
assess the importance of the hybridization fidelity and potential additional non-DNA-based effects
which could influence the cell-nanohydrogel interactions (Figure S5). Whereas the DNA-assisted
immobilization was not sensitive to the presence of one mismatch (Figure S5A vs B), already two and
three mismatches reduced the cell densities significantly to the low background levels (Figure S5C,D vs
E). Importantly, the fidelity of the complex system, the multivalent DNA-based cell-nanohydrogel



interactions in cell culture media, corresponded well with the simple model of monovalent FAM-rep
binding in Tris/NaCl buffer (Figure S5F vs G). These experiments confirmed that the DNA recognition
is fundamental for the DNA-assisted binding, and potential unspecific interactions between the cell
surface, and the spider silk protein-based nanohydrogels in the complex biomacromolecule system are
negligible. The high specificity of the cell-nanohydrogel binding represents a very important
prerequisite for the selection of the substrates employable in high-throughput live cell arrays.®

As the higher labeling concentration of DSL-rep caused an increased density of DNA modifications
(Figure 2), correspondingly the higher probability of hybridization events between rep-cells and cap-
nanohydrogels resulted in increasing density of the immobilized cells (Figure 3I, cases 1-3, black bars),
whereas lack of the specific rep/cap anchorage resulted in negligible cell counts (Figure 3|, cases 4 and
5), confirming the observation from the micrographs (Figure 3A-D).

Generally, in DNA hybridization pairs, one of the strands can be replaced by a strand possessing an
extended complementary region (Figure 3F), making the binding energetically more favorable.50
Hence, a fluorescein-labeled competitive probe (FAM-cap-comp) was successfully tested in the
exchange of TAMRA-cap in solution (Figure S6) as well as on rep-cells in suspension (Figure 3G,H) and
used to release the rep-cells from the cap-nanohydrogel (Figure 3I, cases 1-3, green bars), showing
significantly decreased cell densities. Whereas more than 93% of rep-cells at the low surface density
(0.5,jUM DSL-rep, case 1) were released, at higher cell labeling concentrations, 86-78% of the rep-cells
were washed away (cases 2 and 3, respectively).

Extension of the cap-comp incubation resulted in no significant difference in the release efficiency
(Figure S7). Moreover, comparison with the control group (medium) indicated that short-term release
(<1 h) is triggered specifically by the strand displacement, whereas for longer times (>1 h), the
decrease in immobilized cells density was also due to an unspecific detachment, as in absence of the
cap-comp probe only 59% after 2 h and 35% cells after 4 h was presented on the surface. The steady
cell detachment might result from the loss of the lipid-DNA due to dynamic remodeling of the lipid
membrane, internalization, or even degradation by a nuclease activity®**? and corresponds also with
the decrease of DNA labeling density on the cell in suspension, as demonstrated in Figure S3B.
However, if required, a stabilization of oligonucleotides in the membrane could be achieved by lipid
anchor derivatives, helper oligonucleotides, or cholesterol-based modifiers.** For example, the lipid
and cholesterol modifier showed very similar effectiveness in the Jurkat cell's modification and DNA-
assisted immobilization (Figure S5F). In the future, it would be possible to exchange the artificial DNA
cell-surface anchor with, e.g., aptamer- or antibody-to-cell membrane marker interactions, which
could be more suitable for a long-term cell incubation, whereas still providing a cell type addressability.

The morphology of the specifically immobilized Jurkat cells was further analyzed by confocal laser
scanning microscopy (CLSM). After the immobilization, the rep-cells were fluorescently labeled using
TAMRA-cap to target remaining free rep sequences on the cell surfaces. The series of CLSM images in
Figure 3E showed formation of short filopodia, i.e., extended actin-filaments inside membrane
protrusions® on the cell-nanohydrogel interface (E1 and E2). The formation of such filopodia in case
of the suspension cells is consistent with the observations in vivo, where circulating T-cells are
activated by stimulation of various surface proteins, leading inter alia to T-cells adhering to the vessel
epithelium and migrating into the surrounding tissues for exertion of the immune response.>*5% Along
with these processes, the cytoskeleton is rearranged, enabling adhesion, spreading, and the formation
of filopodia.?
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Figure 3. Performance of DNA-functionalized nanohydrogels in the DNA-assisted immobilization and release of cells. (A-D)
Comparison of fluorescence micrographs of DSL-rep labeled in (A and B) and unmodified cells in (C and D) after live staining
on the cap modified in (A and C) and the unmodified eADF4(C16) nanohydrogels in (B and D). For confocal microscopy in
(E), the cells modified with 15 DSL-rep were immobilized as in (A), and unoccupied rep-strands were labeled with the
complementary TAMRA-cap (0.5 uM). The cross sections were performed with a z-stack distance of 2.88 fim from the
bottom to the top (E1-E6). (F) Strand displacement principle replacing the shorter rep/cap hybridization (red/blue) with the
longer rep/cap-comp (red/green) via (T)6 overhangs was applied on the cells to label the rep-cells in suspension in the
presence of TAMRA-cap (red fluorescence) in (G) and upon addition of FAM-cap-comp in (H) to show predominant binding
of the green fluorescent competitive probe on the surface of rep-cells. (I) Cell densities of the immobilized cells as
evaluated from fluorescence micrographs obtained after the immobilization (black bars) and release (green bars),
respectively, in cases of cells modified with 0.5, 2, and 5 uM DSL-rep and immobilized on the cap-nanohydrogels (1-3) as
well as 5 iM DSL-rep modified and native cells on unmodified nanohydrogels (4 and 5), respectively. The release in cases 1-3
was triggered by incubation of the competitive cap-comp probe for 30 min.

The diameter of the cell was increased at the cell base if compared to higher stacks from E-1 to E-6,
indicating cell flattening. The TAMRA-cap labeling on the rep-cells revealed granular structures in the
membrane visible at the base (E-1) as well as on the upper part of the cells (E-5) evoked most probably
due to the inherent clustering of membrane lipids and proteins.>®

Patterning of Nucleic Acid Modified Cells.Photolithography could be used to pattern different types
of macromolecules on surfaces or in thin hydrogel layers® to trigger and control cell-surface
interactions. Direct patterning of DNA strands has been shown as a valuable approach in creation of
microenvironments consisting of different cells and cellular signals.2®*” Herein the concept of DNA-
assisted cell immobilization was further challenged on patterns made of spider silk nanohydrogels via
maskless digital projection photolithography (Figure 4A) to establish a microstructured biomaterial



platform. For this, amino-activated glass substrates were used in a combination with a positive-tone
photoresist to define arbitrarily shaped microwells 50-200 um in diameter and 1 um in depth as
characterized with optical (Figures 4B and S8A) and contact profilometry (Figures 4C and S8B,C).
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Figure 4. DNA-assisted cell immobilization on micropattern. (A) Schematic representation of the micropatterning approach
using a positive-tone photoresist (reddish) enabling the creation of microwells for spatially defined immobilization and
selfassembly of the DNA-modified nanohydrogels (green), which could be exposed after the photoresist stripping on a PEG-
blocked surface (pale blue) to the binding of DNA-labeled cells. (B) Optical profilometry image of the microshaped wells
obtained in the photoresist after positive-tone photolithography. (C) Crosssectional profile of the B-well. (D) AFM scan of a
nanohydrogel micropattern corner after photoresist stripping. (E) Fluorescence micrograph of the microshaped
nanohydrogels obtained after photoresist stripping, modification with NH,-cap sequence, and hybridization of the
complementary FAM-rep probe. (F-H) DSL-rep modified Jurkat cells immobilized on the letter shaped cap-nanohydrogel
micropattern in a fluorescence microscope after live staining.
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After the pattern irradiation and development of the photoresist, the amine-exposed bottom of the
microwells enabled chemical immobilization of the unmodified eADF4-(C16). The covalently coupled



protein layer was exploited as a nucleation site for the subsequent position specific selfassembly of
the fibrillar networks from the same protein. To increase the density of the nucleic acid strands in the
microspace to a maximum, 5'-amino modified capture DNA was then coupled to the nanohydrogels
exploiting N-(3-dimethylaminopropyl)-N'-ethylcarbodiimid-hydrochlorid (EDC) activation of the
abundant glutamic acid residues (16 per the protein sequence). Finally, the DNA-modified
nanohydrogel micropatterns were cleared of the photoresist using stripping in organic solvents, and
the unveiled amino modified glass surface was blocked using NHS-activated branched PEG. The AFM
scans showed the presence of the well-defined nanohydrogel edges with heights between 10 and 20
nm (Figures 4D and S9A,B), which were, however, lower in comparison to the nanohydrogels
assembled in the open system of Si-wafers (Figure S1, Table S1, at 5 uM protein). It is possible that the
harsh photoresist stripping procedure caused partial disassembly of the nanohydrogel upper layers.
Importantly, the stripping procedure did not affect the shape of the resulting nanohydrogels
micropatterns as well as the functionality of the DNA modifier, as shown exemplarily on the cap-
nanohydrogels after the hybridization of complementary FAM-rep strand (Figure 4E). Thus, the
micropatterns were used in the cell immobilization procedure employing rep-cells. After 1 h incubation
and washings, the cell localization was visualized using fluorescence microscopy after live staining
(Figures 4F-H and S9C-F) and AFM scans (Figure S9G,H), showing clear binding preference of the DNA-
modified cells to the correspondingly DNA-modified nanohydrogel micropattern. In case of the
nanohydrogel pattern made of the unmodified spider silk protein, the unmodified as well as rep
modified cells were easily washed off (not shown). Nanohydrogel microstructures such as the letters
U, B, and T (Figure 4F-H), triangles as well as squares (Figure S9D-F) demonstrated well shape fidelity
of cell-nanohydrogel structures down to 50 um in diameter. The AFM scans revealed the cells
remaining strictly inside the micropattern borders, i.e., high preference toward specifically provided
DNA-assisted binding, which was supported by the nonfouling properties of the surrounding PEG
surface.

CONCLUSIONS

The presented study shows development of immobilized selfassembling fibrillar networks from the
recombinant spider silk protein eADF4(C16) into fibrillar networks of variable thicknesses from 2 to 60
nm. Introduction of an azide linker in the self-assembling protein allowed further functionalization of
the nanohydrogels with DBCO-modified nucleic acid sequences via bioorthogonal conjugation. The
DNA-nano-hydrogels revealed high specificity toward hybridization of complementary
oligonucleotides, which allowed highly selective immobilization of DNA-labeled nonadherent Jurkat
cells on the DNA-modified nanohydrogels with adjustable cell densities. The DNA-based cell-to-surface
anchor could be specifically cleaved via the strand displacement mechanism using a nucleic acid
competitor and resulting in the release of 75-95% of the anchored cells. The robustness of the surface
immobilized nanohydrogels was demonstrated in a micro-patterning process. Employing digital
projection photolithography on a positive-tone resist, the nanohydrogel networks could assemble in
the shape defined microwells and retained the pattern fidelity as well as DNA-functionality after
photoresist stripping, allowing spatially controlled DNA-assisted cell immobilization. The possibility of
the micro-patterning as well as the dual properties, cell repelling if unmodified and cell attractive if
specific cues were present, predestine the DNA-spider silk fibrillar networks for development of
tunable biocompatible surfaces. The majority of materials used for cell patterning are based on the
use of synthetic polymers specifically tailored to the selected patterning technique, especially when



immobilization of biologically active components is required.®” As a result of this customization,
these materials are chemically different from the bulk materials used in tissue engineering and
implants in general,’® making it difficult to directly link cell responses between microscopic and bulk
platforms. In the case of the recombinant spider silk protein, the fibrous nature of bulk hydrogels,>®
reflecting the ECM matrix, has become the basis for biofabrication approaches in tissue
engineering.3>%061 Here, we applied spider silk self-assembly using the fibrous, hydrogel-like
morphology that persists on the surface®*? to expose specific biotargeting functions represented by
DNA interactions as a model. Moreover, any insights gained on the microstructured platforms based
on the presented nanohydrogels will facilitate and accelerate the transfer of knowledge toward bulk
hydrogels suitable for 3D printing of scaffolds or coatings of implants. Further modifications of the
proteinaceous platform, including fused enzymes,® factors, or peptide tags,®? are likely possible to
specify or modulate the chemical and biological responses of the fibrillar scaffold. The possibilities to
micropattern as well as functionalize the protein-based nanohydrogel surfaces using the DNA-spider
silk conjugates with aptameric functionality®®®* would enable targeting of specific cell markers. Thus,
further developments of spider silk nanohydrogels will enable their integration into platforms suitable
for isolation of circulating cancer cells, single cell cloning in stem cell therapies, CRISPR-based genetic
manipulations, or a production of protein therapeutics.

METHODS

If not stated otherwise, all chemicals were supplied by Merck KGaA (Germany) in analytical grade.
Recombinant spider silk protein eADF4(C16) was prepared as published.65 Synthetic oligonucleotides
were obtained from biomers.net (Germany). Ultrapure water in the experiments was obtained using
a Millipore system (Merck KGaA).

Processing of Spider Silk Films. The recombinant spider silk protein eADF4(C16) was processed as
described recently.42 The protein films in well-plates were drop-casted from a hexafluoroiso-propanol
(HFIP) (abcr GmbH, Germany) solution at 1.6 mg/mL, and 100 uL/well were added into 96-well plates
(F-Bottom, uClear, black, Cellstar, Greiner Bio-One International GmbH, Germany), resulting in 0.5
mg/cm? protein films.

For AFM imaging, Si-wafers were cleaned using the RCA procedure® and 100% O, plasma at 0.2 mbar
for 1 min as well as silanized with (3-aminopropyl)triethoxysilane (APTES) vapors in a desiccator for 16
h. The APTES modified glass slides were annealed at 60 °C for 1 h. eADF4(C16) was dissolved in formic
acid (10 mg/ mL), and 20 AL of the protein solution was spin-coated (spin coater SCE-150, Schaefer
Technologie GmbH, Germany) at 3 s acceleration and 4000 rpm for 30 s. To render the films in well-
plates as well as on the Si-wafers water insoluble, samples were exposed to methanol vapors in a
desiccator for 16 h.%¢

Self-Assembly of Nanohydrogels. Aqueous protein solutions were prepared upon a solubilization in 6
M GuaSCN and dialysis as described previously.3® The protein solution was centrifuged at 55,000 rpm
(centrifuge Optima MAX-XP, rotor TLA-55, Beckman Coulter Inc., USA) at 4 °C for 55 min. Using the
eADF4(C16) films as a seeding surface, nanofibrillar networks were assembled on top using 2-10 uM
unmodified, azido modified,*® or DNA-conjugated eADF4(C16)% in 100 uM potassium phosphate, pH



8 in a humid chamber for 24 h and washed with 10 mM Tris/HCI, 100 uM NaCl, pH 8 before further
modifications.

Azide-Alkyne Coupling. After the assembly of nanohydrogels from 10 uM Ns3-eADF4(C16),
commercially synthesized DBCO-DNAs (capture sequence (cap) ttttttattcctcgcctgtc and reporter
sequence (rep) ttttttgacaggcgaggaat from ref 36 as well as mismatched sequences (Figure S5)) were
incubated at different concentrations in 10 uM Tris/HCI, 100 mM NacCl, pH 8 at 37 °C using a humid
chamber for different time periods, followed by washing three times with 10 uM Tris/HCI, 300 uM
NaCl, pH 8. Functionalization of the nanohydrogels with the rep- or cap sequences was validated by
the addition of 0.5 uM 5'-fluorescein labeled complementary DNA probes at 37 °C for 1 h followed by
three washings with 10 uM Tris/ HCI, 300 uM NaCl, 5 mg/mL BSA, pH 8 and fluorescence scans in a
plate reader (Mithras LB 940; Berthold Technologies GmbH, Germany). For further DNA-assisted cell
immobilizations, coupling of DBCO-DNA in a concentration of 10 uM was performed with an incubation
time of 72 h.

DNA-Labeling of Cells. 108 cells were washed, resuspended in PBS, and labeled by the addition of 0.520
UM DSL-rep (commercial 5'-distearoyl lipid modifier on rep sequence) or CHOP-rep (commercial 5'-
cholesterol prolinol modifier on rep sequence) in a total volume of 50 uL. The cells were incubated
with occasional gentle agitation for 5 min. The cells were washed three times with 1 mL of ice-cold PBS
to remove the unbound DNA and stained in suspension using 0.3 uM calcein-AM, 0.3 uM DAPI and 0.5
UM TAMRA-cap before visualization in a fluorescence microscope (DMi8, Leica Microsystems GmbH,
Germany). If not otherwise stated, 5 uM rep sequences were used for the cell membrane modifications
and DNA-assisted immobilizations.

DNA-Assisted Immobilization of Cells. Rep-labeled cells were resuspended in RPMI-1640 medium,
seeded at a density of 150,000 cells/cm? on the DNA-modified spider silk nanohydrogels, and
incubated at 37 °C, 5% CO; in a humid atmosphere for at least 30 min. If not indicated otherwise, cells
were simultaneously live-stained by the addition of 0.3 uM calcein-AM. Unbound cells were then
removed by washing with PBS, and the remaining cells were visualized in medium using a fluorescence
microscope (DMi8, Leica Microsystems GmbH, Germany). The cell densities in the fluorescence images
were analyzed using a Fiji software (Imagel, Open source). The image threshold of the FITC channel
was adjusted to obtain as many separate cells as possible, and the average cell counts were obtained
using a function "analyze particles" from three wells per experiment.

Cell Release. For microscopic analysis of the DNA strand displacement on cell surface, the DSL-rep
modified cells were treated either with 5 uM 5'-TAMRA-cap oligonucleotide or with an equimolar
mixture of TAMRA-cap and 5'-fluorescein labeled competitive sequence FAM-cap-comp sequence
(ttattcctcgectgt-caaaaaa) at 37 °C for 10 min. After washing with PBS, the cells were visualized using
the fluorescence microscope.

To release the cells immobilized via cap/rep hybridization, 5 uM of FAM-cap-comp probe was added
to the rep-cells on cap-nanohydrogels and incubated at 37 °C, 5% CO; for 30 min or longer time periods.
Cells were washed subsequently with PBS and visualized in a medium using the fluorescence
microscope.



Photolithographic Preparation of Microwells. Glass cover-slips (@ 19 mm) were cleaned using
acetone, isopropanol, and RCA procedure, before activation with 100% O,-plasma (0.2 mbar for 1 min)
and silanized using 0.1% (v/v) APTES in ethanol for 16 h.%” The amino activated slides were prebaked
at 120 °C for 10 min on a precision hot plate HP 60 (Torrey Pines Scientific, Inc., USA) to evaporate
adsorbed H,0. Thereafter the coverslips were placed onto a spin coater, and 55 ulL of Ti-Prime
(Microchemicals GmbH, Germany) was applied at 50 rps for 30 s with an acceleration time of 3 s. The
coated plates were incubated 2 min at 120 °C on the hot plate and spin coated with 55 uL of the AZ
1512 HS positive photoresist (Microchemicals GmbH, Germany), resulting in a photoresist thickness of
approximately 1 um. After a postbake at 100 °C for 2 min, the coverslips were illuminated using a
SmartPrint maskless lithography equipment based on a uLCD projection technology (Microlight3D,
France) at 435 nm (10.2 mW-cm™) for 40 s. The microwells were developed in 1:4 (v/v) AZ 400 K
developer (Microchemicals GmbH, Germany)/H20 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) for 2.5 min following a hard bake at 130
°C for 5 min.

Nanohydrogel Assembly in Microwells. After the photolithography, the amino modified surface in the
deprotected microwells was covalently modified in a solution of 2.5 uM eADF4(C16) and 2.5 mg/mL
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimid-hydro-chlorid (EDC) in 50 mM HEPES/Na, pH 7.1 for
16 h. Thereafter, the coverslips were washed with 50 mM HEPES pH 7.1 and incubated in a solution of
5 uM eADF4(C16) in 100 uM K-Pi, 50 mM HEPES pH 7.1 for 16 h. The coverslips were washed with 10
UM Tris/HCl, 100 mM NaCl, pH 8 and subsequently with Milli-Q H,0.

Preparation of DNA-Nanohydrogel Patterned Surface. The assembled nanohydrogels were
functionalized in the microwells with 5/-amino modified oligonucleotides (5 uM) and 5 mg/mL EDC in
50 mM HEPES pH 8 for 16 h. Thereafter, the substrates were washed with 10 uM Tris/HCI, 100 uM
NaCl pH 7.5 and H20. The photoresist was stripped off using a bright field lamp (Makita DEADML801)
at the maximum intensity for 2 min followed by 10 min consecutive incubations in a solution of 1:4
(v/v) AZ 400 K developer/H,0, 2:1 (v/v) acetone/ethyl acetate, acetone, and Milli-Q H,0. The exposed
amino groups were blocked with 5 uM NHS activated branched PEG®® (methyl-(PEG12)3-PEG4-NHS
ester, Thermo Fisher Scientific Inc., USA) in 50 uM HEPES pH 7.1 for 16 h, to gain antifouling properties
of the photoresist free surface.

Cell Immobilization on the Nanohydrogel Pattern. The substrates with nanohydrogel pattern were
sterilized in 70% ethanol for 10-20 min, washed 3X with PBS, and placed into a 12-well polystyrene cell
culture plate (Nunc, ThermoSientific). 150,000 DSL-rep modified cells per cm? were seeded onto in the
presence of 0.3 uM calcein-AM in RPMI-1640 medium at 37 °C, 5% CO and a humid atmosphere for 1
h. Subsequently the supernatant was removed, and the coverslips were washed 3X with cold PBS.
Medium was then applied in case of fluorescence microscopy imaging or 70% EtOH for a fixation in
case of AFM scanning.

Statistical Analysis If not indicated otherwise, the experimental data were evaluated using the
arithmetic mean and standard deviation of triplicates. Comparisons of multiple sample groups were
statistically assessed using a one-way ANOVA test in the software Origin (OriginLab Corporation, USA).
Data were considered as statistically significant if p < 0.05. Fluorescence intensities obtained in flow
cytometry experiments, which histograms predominantly show an asymmetric non-normal
distribution of the populations, were evaluated by the median, representing a more robust estimation
to statistical outliers.%®
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