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Abstract

We demonstrate the ability to spatially pattern biochemical signals into nanofibrous materials
using thiol-ene reactions of thiolated molecules to presented norbornene groups. This approach is
used to pattern three molecules independently within one scaffold, pattern signals with depth
through a scaffold, and to spatially control cell adhesion and morphology.
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Biomaterials are being developed to investigate and control cellular interactions with their
surroundings; however, the majority of engineered systems present signals (e.g. mechanics,
topography, adhesion) in a spatially uniform manner, despite the role that spatially
controlled signals — both biophysical and biochemical — play in a number of different
processes in vivo.[1-31 For example, spatial organization of soluble signals occurs as early as
gastrulation when morphogen gradients activate various signaling pathways (e.g. sonic
hedgehog, WnT, activin)[4-7] to guide tissue development. This organization continues in
adult tissues where spatial regulation of growth factors directly influences processes such as
chondrogenesis(®l, angiogenesis[®!, and immune responses.[20] Beyond soluble factors,
spatially controlled signaling of insoluble extracellular matrix (ECM) proteins is also
important, as localized fibronectin deposition directs neural crest formation (11 and tumor
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angiogenesis,[12] vitronectin expression in the ventral neural tube promotes motor neuron
differentiation,[13] and spatial alignment of collagen fibers contributes to soft tissue
functions of the cornea,l4] articular cartilage,[*! and arterial wall.[6] Notably, these ECM
proteins all contain amino acid sequences known to induce integrin-mediated cell
adhesion,[17] suggesting a broader role for cell adhesion in spatially dictating cell behavior.

A variety of patterning techniques have been previously developed to engineer materials
with precisely defined features, including the patterning of ECM proteins.[18] Studies using
microcontact printing, a technique where proteins are “stamped” onto a substrate using a
preformed master mold, have indicated that spatial patterning of cell adhesive proteins
influences cellular processes including spreading, differentiation, proliferation, and
death.[19. 201 Other patterning techniques such as soft lithography, 21 3-D printing,[22] and
microfluidic devices[?3] have also been successful in forming patterns and gradients of ECM
proteins to control cell-material interactions. In particular, photopatterning has emerged as a
promising technique in which a desired reaction (e.g. crosslinking,[24 bond scission,[2%]
covalent attachment(28]) is spatially controlled to specific regions exposed to light,[27]
without associated changes in surface topography that are typical of mechanical techniques
like microcontact printing, 3-D printing, and soft lithography. Using photopatterning,
hydrogel mechanics,[28: 291 biomolecule attachment,[3%1 and porosity,[25] have all been
spatially patterned in 3-D.

While these material systems have allowed the spatial presentation of a range of biochemical
and biophysical features, they are inherently non-fibrous, whereas natural ECM is composed
of nanofibrous proteins that provide structural cues to guide cell behavior.[311 Studies have
indicated that these structural features including fiber diameter, morphology, alignment, and
stiffness affect cell adhesion, migration, differentiation, and proliferation[32-371,
Consequently, structural features have been patterned into nanofibrous materials — often
through electrospinning — to control both the morphology of individual fibers (e.g.
ribbon, 381 helical coils,[39 hollow core, 4] porous,[4tl) and the topography of the entire
nanofibrous scaffold. Several methods including selective deposition of fibers through
specialized collectors,[42-44] microcontact printing,[4°] direct melt writing, [4¢]
photolithography,[47] and dissolution printing[#8] have been used to control cell interactions
with patterned electrospun fibers. Importantly, patterns formed by these techniques are
characterized by differences in topography such that regions exist with and without fibers or
with altered fiber orientation and fiber density. These biophysical patterns differ from
biochemical patterns or gradients in which the pattern is formed from localization of
biomolecules without associated changes in topography. Biochemical patterns may be more
indicative of natural ECM signaling that occurs through gradients and spatial localization of
biomolecules;[1-3. 48] however, current material systems are limited in their ability to
incorporate nanofibrous architectures with spatially regulated biochemical features to
investigate cell-material interactions.

In the present work, we utilize a norbornene-functionalized hyaluronic acid (HA, a linear
polysaccharide composed of alternating d-glucuronic acid and N-acetyl-d-glucosamine) to
generate electrospun nanofibrous hydrogels, spatially pattern biomolecule attachment via
thiol-ene chemistry, and show how the unique structural and biochemical features of these
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scaffolds may be used to guide and investigate cell behavior. Notably, these electrospun
scaffolds are formed from hydrophilic precursors, requiring crosslinking to stabilize the
structure upon hydration. This results in a scaffold with water-swollen fibers, indicative of a
hydrogel that mimics soft-tissue microenvironments. In contrast, commonly electrospun
polymers (e.g. polycaprolactone, poly(lactic acid), poly(lactic-co-glycolic acid)) contain
semi-crystalline/hydrophobic domains and remain rigid fibers with limited water absorption
when placed in agueous environments.

Norbornene-functionalized HA (NorHA, Figure 1A) was synthesized by an esterification of
the primary hydroxyl group of HA with 5-norbornene-2-carboxylic acid (~20% of HA
repeat units modified with norbornene groups calculated from H NMR spectroscopy). HA
was chosen as the starting material due to the ease of chemical modification of the repeat
structure and naturally low cell adherence in the absence of adsorbed or covalently attached
cell-adhesion molecules. To generate nanofibrous hydrogels, solutions of NorHA (3.25 wt
%), polyethylene oxide (PEO, 2.75 wt%), bovine serum albumin (BSA, 1 wt%), Irgacure
2959 (12959 — UV initiator, 0.05 wt%), and dithiothreitol (DTT) in phosphate buffered
saline (PBS) were electrospun (Figure 1B) as thin films onto thiolated coverslips (to
facilitate scaffold attachment). PEO was included as a carrier polymer to improve fiber
formation during electrospinning, and BSA was included to limit non-specific adsorption of
thiolated peptides during patterning. SEM imaging of fibers (Figure 1C) confirmed smooth
fiber morphology, random fiber orientation, and submicron fiber diameters (220 + 50 nm).
The electrospun scaffolds were crosslinked and patterned with biomolecules via a process
outlined in Figure 1D. Compared to the specificity of photoreactive groups like
benzophenones, arylazides, and diazirines,[°] norbornene functional groups are specific in
their selectivity to thio-radicals as compared to norbornene radicals or non-radical thiols,
which permits selective crosslinking (through the number of di-thiols) and patterning
(through the number of mono-thiols) of biomolecules in a step-wise process.[?9: 511 First,
crosslinking was initiated in dry scaffolds by exposure to UV light (320-390 nm) under inert
atmosphere. Scaffolds that were not exposed to UV light dissolved upon hydration. By
controlling the thiol:norbornene ratio of the initial solution (0.4) via the concentrations of
DTT and NorHA, only a portion of the norbornene groups within the fibers were consumed
during di-thiol mediated crosslinking, which retained norbornene groups for subsequent
patterning. Next, the scaffolds were hydrated in a solution containing the photoinitiator
12959 and a mono-thiolated biomolecule and exposed to UV light through a photomask,
permitting thiol-ene reactions at locations exposed to light. Subsequent washes with PBS
removed any thiolated biomolecules, yielding a patterned nanofibrous hydrogel.

To demonstrate patterning, thiolated peptide fluorophores (Red: GCDD-Rho, Green:
GCEEE-FITC, Blue: GCDDD-Methoxycoumarin) were synthesized via solid-phase peptide
synthesis and used in all subsequent studies to confirm the photopatterning reaction. When
patterned using a photomask with either 50 um diameter circles or line widths, the measured
width of the scaffold pattern was 57 + 5 um for circles and 55 + 6 um for lines, which is
consistent for high fidelity between the photomask and visualized pattern (Figure 2A-B). A
horizontal line intensity profile within a patterned region showed intensity peaks and valleys
that were consistent with the nanofibrous heterogeneity of the scaffold (Figure 2B). Altering
experimental photopatterning conditions (e.g. UV light intensity, biomolecule concentration,
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exposure time to UV light) allowed for precise control over the surface density of
biomolecules (Figure S1, Supporting Information). Hydrated fiber diameters were measured
(740 £ 140 nm) by confocal microscopy and confirmed the swollen nature of the nanofibers
when compared to the initial dry fiber diameters (220 £ 50 nm). While previous approaches
to pattern electrospun scaffolds have focused on altering topography by forming grooves or
pores,[42-47.52] the presented technique spatially patterns biomolecule attachment without
changes in surface topography. To ensure that nanofibrous architecture was unchanged
between regions with patterned biomolecules (areas in green in Figure 2A-B) and regions
without biomolecules (areas in black in Figure 2A-B), an electrospun scaffold was formed
with a thiolated peptide-fluorophore in the initial solution so that the hydrated fiber
diameters could be measured without any secondary patterning. These scaffolds were
swollen in buffer and fiber diameters (730 + 110 nm) were similar to fiber diameters
observed in patterned scaffolds, indicating similar fiber dimensions regardless of the
patterned biomolecule attachment.

Cellular processes are often influenced by more than one biomolecule,[®3: 341 which
motivates the localization of several biomolecules into scaffolds for more complex cell-
material studies. Therefore, we evaluated the patterning of NorHA scaffolds with multiple
biomolecules by photopatterning three thiolated peptide fluorophores. Specifically, GCDD-
Rho was patterned onto a scaffold, the scaffold was washed with PBS to remove unreacted
thiolated peptides, and the patterning/washing process was repeated for both GCEEE-FITC
and GCDDD-Methoxycoumarin. Wide field fluorescent microscopy (Figure 2C) illustrates
the patterning of multiple biomolecules, as all three peptide fluorophores retained their
distinct pattern within the same scaffold. Notably, regions where the patterns overlap
indicate that unreacted norbornene groups were available after initial thiol-ene patterning for
subsequent patterning of additional biomolecules.

While the majority of electrospun scaffolds are opaque upon hydration (due to hydrophobic
and/or semi-crystalline materials), electrospun NorHA scaffolds transform from opaque
films to swollen, translucent hydrogels after crosslinking and hydration (Figure S2,
Supporting Information). This property suggests that patterns can be transmitted throughout
the bulk of the scaffold. To determine pattern fidelity with depth, thick scaffolds (~1.5 mm
thick after hydration) were incubated in a thiolated fluorophore solution for 30 minutes and
then photopatterned with 200 um lines through the entire scaffold. Increased light from out
of plane fluorescence and a limited depth of focus prohibited imaging within the interior of
the bulk scaffold; however, the scaffold was imaged from the top and bottom surfaces to
show the depth of the pattern. Visible heterogeneity from the nanofibrous architecture is
visible throughout the scaffold (Figure 2D) with confocal images showing that the pattern
was maintained through the thickness of the scaffold, albeit with more diffuse pattern
boundaries at the greatest depths from the original light exposure.

One of the most ubiquitously studied biomolecules in cell-material interactions is RGD, an
amino acid sequence found in ECM proteins such as fibronectin, vitronectin, laminin, and
collagen that is known to induce integrin-mediated adhesion of cells to surfaces. Given its
importance in various cellular processes,[1”] we photopatterned regions of RGD in a
nanofibrous scaffold to alter cellular adhesion and morphology. A thiolated RGD peptide
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was included with GCDD-Rho to visually indicate pattern formation (Figure 3A, PBL-
Polymeric Biomaterials Lab). 3T3 fibroblasts were then seeded onto scaffolds, cultured for
three days, and stained for F-actin (FITC-phalloidin) and nuclei (DAPI). Fluorescent images
illustrate cells adhered preferentially to regions containing RGD, replicating the shape of the
pattern with high fidelity (Figure 3B-D). Quantification of cell density further confirmed the
observed differences in cell adhesion (Figure 3E, S3, Supporting Information). For the
limited number of cells that were adherent on regions without RGD, the cell aspect ratio
(measure of cell elongation, Figure 3F) and cell area (Figure 3G) was drastically different
than regions containing RGD. Cells were considerably more elongated with larger cell areas
in regions containing RGD compared to regions without RGD, agreeing with previous
studies of cell adhesion on isotropic, non-fibrous hydrogels containing RGD.[5: 561 Images
of scaffolds prior to and after incubation in 3T3 growth media for three days (Figure S4,
Supporting Information) indicated that fiber morphology was unaltered for the duration of
the study. This general cell behavior was also observed in scaffolds seeded with human
umbilical vein endothelial cells (HUVECs —Figure S5, Supporting Information), offering
evidence for the broad applicability of the material system to investigate other cell types.

In addition to spatially regulated biomolecule attachment, the nanofibrous architecture of
electrospun NorHA scaffolds facilitates control of cell morphology through structural cues.
To evaluate the influence of these structural features, scaffolds were generated with
unaligned nanofibers (random fiber orientation as in previous examples) or aligned
nanofibers (formed through increased mandrel speed during fiber collection), and thiolated
RGD was uniformly presented throughout the scaffold. The angles of the longitudinal axis
of fibers were measured for scaffolds and confirmed alignment or random orientation
depending on the speed of the mandrel during fiber collection (Figure 4A, B). Cells were
preferentially elongated in the direction of fiber alignment (Figure 4A), whereas cells were
randomly oriented in the absence of fiber alignment (Figure 4B). This ability to modulate
cell alignment via structural features was then combined with the ability to spatially regulate
RGD attachment. Specifically, 100 um lines of RGD were patterned parallel to fiber
alignment or perpendicular to fiber alignment. When RGD was patterned parallel to fiber
alignment, cells elongated in the direction of fiber alignment and localized into regions
containing RGD (Figure 4C—F). Interestingly, when RGD was patterned perpendicular to
fiber alignment, cells maintained their preferential elongation in the direction of fiber
alignment and localized into patterned regions containing RGD (Figure 4G-J). Thus, cell
morphology and elongation may be tuned independent of the spatial localization of cells.
The observation of cells maintaining elongated morphology in the direction of nanofiber
alignment when presented with a perpendicular pattern of cell adhesion further points to the
importance of including structural features with spatially localized biochemical features in
studies investigating cell behavior.

In this communication we present a novel technique to generate, crosslink, and spatially
pattern electrospun hydrogels with biomolecules to guide cell behavior. Patterns with spatial
resolution as low as 50 pm were achieved and the technique was amenable to patterning
multiple biomolecules into a single scaffold. Smaller patterns may be possible with
improved photomasks or other patterning techniques (e.g., multi-photon patterning). Patterns
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were not limited to the surface of scaffolds as patterns were able to form through the depth
of thicker scaffolds (~1.5 mm). Cell adhesion and morphology were modulated by spatially
patterned RGD such that cell density, elongation, and area increased in regions with RGD,
while cells retained their orientation with nanofiber alignment within patterned regions.
Importantly, this platform allows for independent control of biophysical cues (nanofibrous
structure, alignment) and spatially altered biochemical cues (RGD, thiolated peptide) such
that more complex cell-material interactions may be investigated in a synthetically produced
material system. The technology is amenable to a range of other signals, such as fiber
mechanics, the incorporation of electrostatic interactions, and the binding of full proteins
(after diffusion into the scaffold), in a spatially patterned manner.

Experimental Section

NorHA synthesis and electrospinning parameters

Experimental procedures for NorHA synthesis, thiolated peptide fluorophore synthesis, and
electrospun scaffold formation are provided in the Supporting Information.

Crosslinking and patterning of NorHA nanofibrous hydrogels

To crosslink and attach fibers to a glass substrate for imaging and cell culture experiments,
NorHA was electrospun (~50 um thick after swelling) onto thiolated glass coverslips
(Supporting Information) and exposed (in the dry state) to UV light (Omnicure s1000 — 10
mW cm~2, 320-390 nm) for 15 minutes under inert atmosphere (N,). For photopatterning of
thick scaffolds, fibers were collected as free-swelling films and exposed to equivalent
crosslinking and patterning conditions as fibers collected on thiolated glass. Scaffolds were
sterilized via germicidal UV light for 45 minutes and maintained under sterile conditions
thereafter. Scaffolds were then inverted and hydrated face down into a custom-built shallow
well (1.5 ml) with a solution containing the thiolated molecule to be patterned. For non-cell
culture experiments, solutions contained thiolated peptide fluorophore (0.25 mM GCDD-
Rho, 0.25 mM GCEEE-FITC, or 2.5 mM GCDDD-Methoxycoumarin), 1 wt% bovine serum
albumin (BSA - to limit non-specific attachment of thiolated peptides), and 0.05% (v/v)
12959 in PBS. For cell-culture studies, 0.5 mM thiolated RGD (sequence:
GCGYGRGDSPG, GenScript) was included as a cell adhesive biomolecule and 0.25 mM
GCDD-Rho was included to indicate RGD location. Photomask transparencies (CAD/Art
Services, Inc.) were placed on the backside of the inverted coverslip and the scaffold was
irradiated through the photomask and glass coverslip for 90 seconds with UV light (10 mW
cm~2). Patterned scaffolds were moved into individual wells of a 6 well plate, incubated at
37°C in PBS, and washed three times daily for two days to remove any unreacted thiolated
molecules. The ability to control surface density of biomolecules was demonstrated by
altering UV intensity, fluorophore concentration, or exposure time to UV light while
keeping all other conditions equivalent and analyzing fluorescence intensity of 10 patterned
sections (Figure S1, Supporting Information). To demonstrate the patterning of multiple
ligands, previously patterned scaffolds (after several washes) were again inverted face down
into a well of a different thiolated fluorophore and the photopatterning process (UV
irradiation and washing) was repeated to sequentially introduce thiolated peptide
fluorophores.
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Scaffold characterization

Cell culture

To image electrospun NorHA hydrogels, fibers were collected onto aluminum foil and
imaged (dry) with a FEI Quanta 600 environmental scanning electron microscope (SEM), or
collected onto thiolated coverslips and imaged (hydrated) using confocal laser fluorescent
microscopy (Zeiss LSM 510 Meta Confocal Microscope) or wide field fluorescent
microscopy (Olympus BX51). To determine fiber diameters, scaffolds were imaged in 6
distinct scaffold areas and fiber diameters were quantified using Image J (>25 fibers per
image, 63x magnification — confocal, 9500x magnification — SEM). Fluorescence intensity
profiles were generated by drawing a horizontal line across images and analyzing pixel
intensity using ImageJ. Fiber angle was quantified by measuring the direction of individual
fibers (40x wide field, >20 fibers per image, >150 fibers) in relation to a standard vertical
line arbitrarily set at 0 degrees.

NIH 3T3 fibroblasts or HUVECs (Lonza) were seeded at a density of 5,000-10,000 cells
cm~2 in growth media (3T3 — DMEM 1x +Glutamax supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin: HUVECs - EGM™-2 Bulletkit™, Lonza), rinsed
with PBS after 30 minutes incubation at 37°C, and cultured for 3 days in growth media
(refreshed on day 2). Cells were fixed in 4% formalin and stained for F-actin (FITC-
phalloidin, Life Technologies) and nuclei (DAPI, Life Technologies) and imaged by wide
field fluorescent microscopy. Cell counts per area (nuclei mm=2) were measured by
thresholding images of nuclei (20x magnification, DAPI) in ImageJ and analyzing the
number of nuclei via the built in function in ImageJ (6 distinct images per region of interest:
— RGD, + RGD). Cell aspect ratio, defined as the maximum orthogonal length of a cell to
the width of each cell, was manually measured in ImageJ (20x magnification, >15 cells per
image, >60 cells per region of interest) and reported as a histogram. Cell area was measured
by thresholding images (F-actin, nuclei) in ImageJ and analyzing the area of individual cells
via the built in function in ImageJ (20x magnification, >15 cells per image, >60 cells per
region of interest).

Statistical analysis

Statistical differences between compared groups were determined using single factor
ANOVA with a p value less than 0.05 indicating significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Electrospun nanofibrous hydrogel formation, crosslinking, and biochemical ligand

patterning. (A) Synthesis of norbornene-hyaluronic acid (NorHA) with norbornene group
shown in red. (B) Electrospinning process and (C) morphology of nanofibers post
electrospinning (Scale bar: 5um). (D) Schematic illustrating gross fiber appearance (top
row) and the corresponding molecular reactions (bottom row) associated with the steps to
crosslink and pattern biochemical ligands in nanofibrous hydrogels. Crosslinking occurs in
the dry state via UV light initiated thiol-ene reactions of a di-thiol and norbornene groups on
NorHA (to stabilize the nanofibrous structure upon hydration). Subsequent patterning is
achieved by exposing scaffolds to UV light through a photomask in the presence of a UV
initiator and thiolated biomolecules to react with remaining norbornene groups.
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Figure2.
Spatial resolution of biomolecules within a nanofibrous scaffold. (A-B) Photomask and

corresponding patterns after UV light mediated covalent attachment of a thiolated peptide
fluorophore (GCEEE-FITC) to an electrospun NorHA hydrogel. (A) and (B-right) are each
one focal plane in a confocal image. (B-left) Intensity profile of a horizontal line across the
image. Scale bars: (A,B-right) 25 um, (B-left) 100 pm. (C) Demonstration of patterning
multiple ligands onto the same electrospun NorHA hydrogel. Patterning included 200 pm
lines of thiolated peptide fluorophore (GCDD-Rho), 200 um lines of a second thiolated
peptide fluorophore (GCEEE-FITC), and 100 um circles of a third thiolated peptide
fluorophore (GCEE-Methoxycoumarin). The overlaid image demonstrates patterning of
three different biomolecules onto the same nanofibrous scaffold. Scale bars: 100 um. (D)
Patterns with depth in a thick scaffold. 200 um lines were patterned through the top of the
scaffold and x-y and z-projections are shown for the top (right) and bottom (left) of the
scaffold indicating patterning to a depth of 1.5 mm. Scale bars: 50 um.
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Patterning of biochemical ligands alters cell attachment and morphology. (A) Photomask
(white areas indicate areas permitting transmittance of UV light) used to covalently attach
thiolated RGD to the nanofibrous scaffold (PBL — Polymeric Biomaterials Lab). (B-D) 3T3
fibroblasts adhere to the RGD pattern with high fidelity. Scale bars: (B,D) 100 um, (C) 500
pum. Quantification of the number of cells per area (E), aspect ratio (F), and cell area (G)
shows differences in cell adhesion, elongation, and morphology between nanofiber regions
patterned with RGD and nanofiber regions without RGD. (p<0.001)
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Figure 4.

Altered cell behavior in the presence of topographical cues and spatial patterning of RGD.
(A) Cells orient and elongate with aligned nanofibrous topography on NorHA scaffolds with
uniform RGD, (B) whereas cell orientation and elongation is abrogated in the absence of
aligned nanofibers. Scale bars: 100 um. (C-D) Cells orient and elongate with aligned
nanofibrous topography on 100 um wide cell adhesive lines of RGD parallel to nanofiber
orientation. Scale bars: (C) 200 um, (D) 100 um. (E) Counts of nuclei (DAPI) as a function
of horizontal position, and (F) angle of cells from image (C). (G-H) Cells elongate and
orient with aligned nanofibrous topography (horizontal) but are spatially restricted
(vertically) when RGD is patterned in 100 um lines perpendicular to nanofiber orientation.
Scale bars: (G) 200 um, (H) 100 um. (1) Counts of nuclei (DAPI) as a function of horizontal
position, and (J) angle of cells from image (G). Staining in all images: Green: F-Actin
(FITC-Phalloidin), Blue: Nuclei (DAPI), Red: RGD (GCDD-Rho).
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