1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Macromol Biosci. Author manuscript; available in PMC 2016 January 01.

-, HHS Public Access
«

Published in final edited form as:
Macromol Biosci. 2015 January ; 15(1): 52-62. doi:10.1002/mabi.201400436.

Non-Covalent Photo-Patterning of Gelatin Matrices Using Caged
Collagen Mimetic Peptides

Yang Li, Boi Hoa San, Julian L. Kessler, and Jin Hwan Kim
Department of Bioengineering, University of Utah, Salt Lake City 84112, USA

Qingguo Xu and Justin Hanes
Center for Nanomedicine, Wilmer Eye Institute, Johns Hopkins University School of Medicine,
Baltimore, MD 21231, USA

Seungju Michael Yu"
Department of Bioengineering, University of Utah, 36 S. Wasatch Drive, 3100 SMBB, Salt Lake
City 84112, USA

Abstract

Advancements in photolithography have enabled us to spatially encode biochemical cues in
biocompatible platforms such as synthetic hydrogels. Conventional patterning works through
photo-activated chemical reactions on inert polymer networks. However, these techniques cannot
be directly applied to protein hydrogels without chemically altering the protein scaffolds. To this
end, we developed a non-covalent photo-patterning strategy for gelatin (denatured collagen)
hydrogels utilizing a caged collagen mimetic peptide (caged CMP) which binds to gelatin strands
through UV activated, triple helix hybridization. Here we present 2D and 3D photo-patterning of
gelatin hydrogels enabled by the caged CMPs as well as creation of concentration gradients of
CMPs. We show that photo-patterning of PEG-conjugated caged CMPs can be used to spatially
control cell adhesion on gelatin films. CMP’s specificity for binding to gelatin allows patterning of
almost any synthetic or natural gelatin-containing matrix, such as zymograms, gelatin-
methacrylate hydrogels, and even a corneal tissue. Since the CMP is a chemically and biologically
inert peptide which is proven to be an ideal carrier for bioactive molecules, our patterning method
provides a radically new tool for immobilizing drugs to natural tissues and for functionalizing
scaffolds for complex tissue formation.
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1. Introduction

Native tissues exhibit complex architectural features ranging from micro to millimeter
length scale. Such complex features are managed by cells in response to spatio-temporally
dynamic microenvironment in the form of soluble cues (e.g., growth factors and hormones),
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as well as insoluble cues such as cell- and extracellular matrix (ECM)-bound signaling
molecules. Controlling the interactions between cells and their microenvironment is crucial
for guiding cells into formation of complex tissue constructs.[] Recent advancements in
micropatterning technology have enhanced our ability to spatially encode these biochemical
signals in the cell microenvironment within biocompatible platforms. Many research groups
have reported the use of photo-activated chemical reactions to pattern biomolecules onto
hydrogels comprised of simple synthetic and natural polymers, such as poly(ethylene glycol)
(PEG) and agarose.[2-14] Although such simple and inert polymer networks are easy to
pattern by photo-chemistry, they are generally not ideal for cell culture because they are not
adhesive to cells and/or cannot be degraded by cells. This lack of cell-interactive elements in
synthetic scaffolds greatly limits the ability of cells to proliferate, migrate and grow into
organized structures.[*®] Bioactivity of such hydrogels can be improved to some extent by
incorporation of basic cell interactive components (commonly derived from ECM), such as
cell binding,[®! and matrix metalloproteinase (MMP)-degradable domains.[2] Although these
patterned synthetic hydrogels are great systems to recapitulate and investigate the role of
spatiotemporal cues in vitro,[16] they are not ideal for engineering complex tissues.

Conventional hydrogel patterning techniques use photo-activated reactions to conjugate
biomolecules to chemically modified matrices;[2-1417] in contrast, in natural tissues, many
signaling molecules bind to ECM via non-covalent interactions (e.g., growth factor-ECM
binding).[18] This inspired us to seek a natural ECM patterning technique based on non-
covalent binding interactions. We envisioned that the non-covalent patterning of natural
ECM would maintain the native chemical composition of the ECM and that such a
patterning approach will have immediate translational applications in tissue engineering and
regenerative medicine.

Gelatin is one of the most widely used biocompatible platforms for tissue engineering and
drug delivery. Gelatin, which is an unfolded collagen denatured by heat or by fragmentation
of protein chains, can be derived from a variety of sources by inexpensive means. Gelatin
solution spontaneously forms a transparent hydrogel upon cooling from high temperature,
and as a natural ECM protein, it inherently contains cell binding motifs, such as the RGD
and GFOGER sequences,[19] as well as protease-cleavable sites, making it an ideal substrate
for tissue culture. Gelatin is frequently used to coat cell culture plates to improve attachment
of cells, and gelatin hydrogels have been used as scaffolds in delivering chondrocytes and
stem cells for osteochondral tissue repair.[2021] |t is also a popular matrix to deliver various
types of growth factors for tissue regeneration in vivo.[22-24]

Previously, we discovered that a collagen mimetic peptide (CMP) [sequence: (GPO),, n =
6-10, O: hydroxyproline] with strong propensity to fold into collagen-like triple helix can
specifically hybridize to unfolded gelatin chains.[25-34] This binding is primarily driven by
the triple helical hybridization between monomeric CMPs and the gelatin chains, which is
similar to small DNA fragments binding to complimentary DNA strands. To enable photo-
triggered gelatin binding, we incorporated a photo-labile nitrobenzyl protective group into
the CMP backbone and developed a caged collagen mimetic peptide [sequence:
(GPO)4,NBGPO(GPO),, designated as NB(GPO)g, NBG: N-o-nitrobenzyl-glycine] whose
folding and gelatin binding are activated by UV light.[31:35] The caged CMP cannot
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hybridize to gelatin due to the steric hindrance caused by the NB cage group, yet removal of
the cage group by UV light immediately triggers the peptide to hybridize with the gelatin
chains (Figure 1).[31]

The CMP, comprised of GlyProHyp repeats, is an excellent carrier for bioactive
molecules.[2%] The peptide is made entirely of neutral and hydrophilic amino acids which
make them highly inert with respect to protein adsorption and enzymatic degradation. In
addition, its simple chemical composition allows for easy modification and conjugation to
other peptides and bioactive molecules, and even to inorganic and polymeric
nanoparticles.[33:3¢] For example, CMPs have been conjugated to growth factor mimetics,
cell binding motifs, antibody Fab regions, monosaccharides, fatty acids and a number of
optical probes.[31:37-42] Sych synthetic versatility, in conjunction with the ability to
specifically hybridize with denatured collagen strand, makes CMP a truly unique tool for a
wide range of targeting and delivery applications.

In this report, we present an in depth investigation into the photo-patterning (Figure 1) of 2D
films and 3D hydrogels with caged CMPs and PEG-conjugated caged CMPs, as well as the
cell adhesion properties of the patterned films. In addition, we show the photo-patterning of
caged CMPs on other synthetic and natural gelatin-based materials, such as the gelatin-
methacrylate hydrogel and bovine corneal tissue, which demonstrates the versatility of the
method in patterning almost any gelatin-containing material for potential applications in
drug immobilization and tissue scaffold engineering.

2. Results and Discussion

2.1. Photo-Activation of Caged CMP

After synthesizing the fluorescently labeled caged CMPs, CFNB(GPO)q and
TAMRANB(GPO)q (CF: carboxyfluorescein, TAMRA: carboxytetramethylrhodamine, see
experimental section), we first studied the photo-cleavage efficiency of the nitrobenzyl (NB)
group on the CMP backbone. A series of CFNB(GPO)g solutions were irradiated with UV
light (365 nm, 15.5 mW/cm?) for a range of time periods, and analyzed by high performance
liquid chromatography (HPLC). Peak integration was used to calculate the fraction of caged
CFNB(GPO)q in each sample. Figure 2a shows an linear decrease of the CFNB(GPO)q
fraction overtime (R? = 0.9736 for the linear fitting of the data) and a steady photo-decaging
rate; 2.5 nmole of caged CMP was fully deprotected within 10 min. This photo-activation
efficiency was used to estimate the UV exposure time in the subsequent binding and
patterning experiments.

2.2. Photo-Triggered, Dose-Dependent Binding of CMP to Gelatin Matrix

To vary the concentration of photo-patterned CMP on gelatin substrates, we first
investigated CMP’s dose-dependent binding. We performed a binding assay on thin films of
gelatin hydrogels, where CFNB(GPO)q solutions of various concentrations were applied and
activated by a benchtop UV lamp for predetermined time periods. The fluorescence levels of
the gelatin-bound CF(GPO)q clearly indicated a dose-dependent binding of CMP to gelatin
(Figure 2b). Without UV exposure, the caged CFNB(GPO)g exhibited only negligible
affinity to gelatin even at the highest concentration tested (150 UM, no UV), because the
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steric clash of the bulky NB cage group prevents triple helical hybridization. This drastic
change in the caged CMP’s ability to bind to gelatin is the basis for its ability to be photo-
patterned onto gelatin substrates. The results show that the local concentration of the
patterned peptides can be readily controlled by both CMP dosage and UV exposure time.

2.3. Photo-Patterning of 2D Gelatin Films with Caged CMP

To demonstrate photo-patterning of CMPs on gelatin substrates, thin films of gelatin
hydrogels (10% w/v) of approximately 50 um thickness were fabricated and crosslinked by
EDC/NHS. Crosslinking of gelatin is not necessary for the patterning of CMPs since the
same CMP patterns can be created on uncrosslinked gelatin films using our method (data not
shown), but it is important for the use of the gelatin material in cell and tissue culture
because uncrosslinked gelatin gels dissolve in water at 37 °C.[43] We were able to pattern
crosslinked gelatin films using a UV lamp (same light source used in the binding assay) and
a transparency mask printed with desired patterns. Figur e 3a shows the feature size of the
patterns that were created on 2D gelatin films. For transparency line widths of 50 pm and
100 pm, the widths of the patterned CMP lines are below 60 pm and 120 pm, respectively,
as estimated by the relative fluorescence intensity profiles (Figure 3b). This demonstrates
great spatial fidelity which is comparable to other established covalent patterning
methods.[4°]

Multiple types of CMP can be immobilized in distinct patterns on the same gelatin film by
sequential application of the patterning process. Figure 3c shows a film patterned with
horizontal lines of CFNB(GPO)g and vertical lines of TAMRANB(GPO),. By employing
CMPs conjugated to bioactive molecules,37] this approach could be used to display multiple
bioactive cues to cells on gelatin scaffolds in a spatially controlled fashion. Therefore, the
caged-CMP mediated photo patterning method can potentially provide new library screening
platforms for identifying desired interactions between cells and matrix-bound factors.

Unlike conventional photo-patterning systems, in which hydrogel scaffolds are photo-
activated to covalently capture soluble peptides,[24.7.9.1744] our method is prone to blurring
of the photo-pattern due to the UV-decaged CMP’s ability to diffuse away from the
activation site before binding to the gelatin substrate. We were able to minimize this blurring
by concentrating and drying the CMP solution on the gelatin film prior to UV exposure (see
experimental section and Figure 3a,c). In a near-dry state, the diffusion of CMP is greatly
limited which allows for patterning with high spatial fidelity. The hydrogel film quickly re-
hydrates during the wash step after UV exposure. Because the film is thin, unbound CMPs
were removed quickly during washing, leaving sharp 2D patterns (Figure 3a-c). In contrast,
when wet films were used, wider lines and blurry edges with concentration gradients were
produced (Figure 3d). Therefore, by controlling the wetness of the gelatin substrate, the
caged CMP could be used to create either clear-cut photo-patterns or diffusion-mediated
concentration gradients, both of which could be useful for advanced cell culturing systems.

2.4. Creation of Concentration Gradients of Patterned CMPs on Gelatin Films

Signaling molecules, such as growth factors, are often presented to cells in the form of
concentration gradients, as they diffuse through tissues. The concentration gradients are
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believed to control cell differentiation and tissue morphogenesis by inducing and
maintaining the expression of target genes at distinct concentration thresholds. Although
many researchers have created concentration gradients of soluble cues using microfluidic
devices,[4546] it remains a challenge to generate gradients of matrix-bound bioactive
molecules, particularly in natural tissue scaffolds. To this end, we developed a method of
creating concentration gradients of the patterned CMPs by continual change of UV exposure
time. This was accomplished by placing a cover on top of the transparency mask to partially
block the UV beam during decaging of the TAMRANB(GPO)q on the gelatin film. The
cover was moved at a predetermined speed, creating a patterned area in which the UV
exposure time was increased continuously from one end to the other. The experiment
produced patterned lines with linear concentration gradients of immobilized
TAMRA(GPO)q as seen Figure 3e and 3f. This result demonstrated the high fidelity of the
decaging kinetics also seen in Figure 2a. Using this technique, we were able to control all
three key features of the gradients- the total concentration of the bound peptides, and the
slope and length of the gradients, simply by varying the caged CMP concentration, UV
exposure time, and the rate at which the cover moved across the gelatin surface. This
experiment showcases an effective way to produce patterned gradients on gelatin at a sub-
millimeter length scale. We believe that more complex gradient features can be achieved by
the use of sophisticated light barrier, or by using an advanced programmable light
source.[27]

2.5. Cell Adhesion Studies of PEG-CMP Patterned Gelatin Films

To evaluate the potential of the patterning technique in modulating cellular behavior, we
prepared a conjugate of a PEG polymer and caged CMPs which can be photo-patterned on
gelatin and reduce local cell adhesiveness. As a natural ECM, gelatin and collagen are
highly adhesive substrates for cell attachment, and their adhesive nature is the main cause
for abnormal tissue adhesion after surgery.[47-48] Modifying exposed collagen with a large
hydrophilic PEG polymer could block cell binding sites, making them cell-
repelling.[27:28.38.44] Caged CMPs featuring a cysteine residue at the N-terminus [sequence:
AcCK(CF)Ahx(GPO),;NBGPO(GP0O),AhXY, Ac = acetylation, Ahx = aminohexanoic acid
linker] were attached to a 40 kDa 8arm-PEG-maleimide polymer via the Michael addition
reaction.[1549] Each caged CMP was labeled with a CF fluorophore to allow easy
visualization of the photo-pattern. The conjugated product, named 8arm-PEG-CFNB(GPO)g,
was successfully patterned on an EDC-crosslinked thin gelatin film, and fibroblasts were
seeded afterwards. Shortly after seeding (~5 h), cells only attached to the unmodified areas
of the gelatin film, and even after three to four days of incubation, the areas patterned with
PEG-CMP were devoid of cells. In contrast, a confluent cell layer formed in untreated areas
(Figure 4). The results show the ability of this technique to control the organization of cells
in gelatin matrices and the potential to spatially immobilize CMP-conjugated therapeutic
drugs and bioactive molecules. In addition, this approach could be used to prevent abnormal
tissue adhesion after surgical procedure.

2.6. Three Dimensional Patterning of Caged CMPs in Gelatin Hydrogels

In vivo, cells interact dynamically with a variety of bioactive cues presented within a 3D
microenvironment. Adding the 3™ dimension of interactions between ECM and cells can
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bring cellular behavior closer to natural tissues which is not easily recapitulated on 2D flat
surfaces.[1] To test the CMP patterning technique in a 3D setting, we prepared a gelatin
hydrogel of 1 mm thickness soaked in either CFNB(GPO)q or 8arm-PEG-CFNB(GPO)g. To
prevent the blurring/expansion of the photo-pattern within the bulk hydrogel due to
unparallel UV light, the hydrogel attached to the transparency mask was irradiated by a laser
beam through an infinity-focused objective lens under a fluorescence microscope (DAPI
channel, ~10 mW/cm?) instead of the simple mercury lamp. After photo-patterning and
extensive washing, the x-y cross-section micrographs at different z depths were recorded by
confocal microscopy, and the fluorescence intensity profiles of the CMP and the PEG-CMP
patterned hydrogels were acquired. Figure 5 shows the fluorescence signals of the patterned
CMP and PEG-CMP, with the patterned lines fading away approximately 500 pm below the
irradiated top surfaces. This attenuation is likely due to the peptide (labeled with
carboxyfluorescein and caged with nitrobenzyl) absorbing the UV beam as it travels down
through the thick gel, resulting in a decrease of light intensity and corresponding reduction
in concentration of decaged CMPs.[4] The feature of CMP pattern seems diffusive compared
to the mask (Figure 5a), presumably because the decaged CMP molecules diffused away
from the photo-activation site prior to binding to the gelatin matrix. The diffusion
simultaneously created a concentration gradient on both sides of the patterned line, and the
widths of the diffusive gradients seemed consistent at all depths despite the decrease in
activated CMP concentration (Figure 5a). In contrast, the pattern of 8arm-PEG-
CFNB(GPO)g showed much higher spatial fidelity than the CFNB(GPO)g, with little line
expansion from the pattern of the photo-mask (Figure 5b). This, we hypothesize, is the result
of two main factors: (i) slower diffusion due to the large molecular mass of the PEG-CMP
conjugate (~70K Da, which is over 20 times the mass of the CMP) and (ii) possibly the
multi-ligand effect of the eight CMP arms giving stronger gelatin binding. Many matrix-
associated signaling molecules (e.g., growth factors) are proteins of relatively large
molecular mass. Therefore, according to our results, CMP conjugated to such proteins might
benefit from their high molecular mass and therefore be immobilized on 3D gelatin scaffolds
with good spatial fidelity. Overall, the results demonstrate the feasibility of creating patterns
and concentration gradients of biomolecules in a 3D gelatin hydrogel through photo-
patterning caged CMPs. The limitation regarding the patterning depth and line diffusion
could be overcome by using more light-sensitive cage groupsl®% and multiphoton confocal
microscopy, both of which are currently under development in our lab.

2.7. Patterning CMPs on Hybrid Gelatin Materials and Natural Tissues

Gelatin is a popular biopolymer used in a variety of biomaterials and drug delivery systems.
Due to its high water solubility, it is commonly used in crosslinked forms and/or combined
with other synthetic materials to limit the dissolution process and enhance cell
adhesiveness.[17:51-53] We envisioned that the CMP photo-patterning method can be applied
to these gelatin-based hydrogel systems to give spatially-encoded functionalities. We tested
the versatility of CMP patterning on a gelatin zymogram gel and a gelatin-methacrylate
hydrogel. The zymogram gel is a polyacrylamide based hydrogel (SDS-PAGE gel)
containing 0.1% gelatin which is added as a substrate for studying collagenases activity.[54]
Although not a traditional scaffold for tissue engineering, gelatin zymogram is a readily
available gelatin-based hybrid material, and similar polyacrylamide hydrogels have been
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used as matrices to direct stem cell differentiation.[5%! Gelatin-methacrylate hydrogel
(GelMA) is a photopolymerizable synthetic hydrogel formed from gelatin whose amine-
containing side chains are modified with methacrylate groups. GelMA has become a
promising hydrogels for tissue engineering and microfluidic applications because it can not
only interact with cells (i.e., cell binding and matrix degradation) but can also be easily
fabricated into a variety of shapes and configurations similar to photo curable synthetic
polymers (e.g., PEG-diacrylate). For examples, the Khademhosseini group and others have
developed bioprinted microchannels and hydrogel microarrays based on GelMA.[56-59]

As shown in Figure 6a & b, both the zymogram and the GeIMA hydrogels were
successfully photo-patterned with CMPs using our technique. The patterning resulted in
clear fluorescent lines and a letter “U” shape with line sizes on the order of hundreds of
micrometers. Because the CMP-gelatin binding affinity comes from the triple helical
propensity of the gelatin chains and not from any specific epitope, the patterning efficiency
was not compromised although GelMA is a chemically modified and highly crosslinked
version of natural gelatin.[*”] GeIMA hydrogel contains photo-polymerizable groups and can
be photo-patterned with acrylate-containing molecules.[3] However, since the hydrogel
itself crosslinks via the same patterning chemistry, it is difficult to decouple the patterning of
the gel from further crosslinking of the gel which strongly affects the gel’s mechanical
property that critically dictates the behavior of seeded cells.[X] The caged CMP technique
provides a patterning tool that is independent from the crosslinking of the GelMA hydrogel,
and therefore can be utilized as an alternative patterning method or in combination with the
chemical patterning of the GelMA scaffolds.

One unique advantage of the CMP patterning is that it could be directly applied to natural
tissues with high collagen/gelatin content. High levels of denatured collagen are found in
many pathological or damaged tissues (e.g., arthritis and wounds) since high level of ECM
remodeling occurs during wound healing. Therefore, photo-immobilization of CMP
derivatives on these abnormal tissues could be developed into a new therapy in wound
healing. Previously, our group and others have shown that CMP can readily bind to
denatured collagen strands through triple helical hybridization both ex vivo and in
vivo.[31:32.60] |n this study, we demonstrated the ability of caged CMPs to bind to natural
tissues through photo-patterning corneal stroma. The corneal stroma was chosen since it is
primarily composed of collagen and because it has an ideal laminar geometry which can be
laid flat for patterning. More importantly, corneal collagen damage and denaturation are
closely associated with many ophthalmologic procedures and disorders such as laser eye
surgeries and keratoconus.[61-651 After removal of the epithelium, a fresh bovine corneal
tissue was treated with hot water for 10 s to mimic eye injury. This procedure presumably
generated large amount of denatured collagen strands. The tissue was then soaked in the
CFNB(GPO)q solution and exposed to UV light through a mask as described above. After
patterning and washing, regular line patterns of approximately 400 pm in width and 4 mm in
length were clearly seen from the fluorescence image (Figure 6¢). As a proof-of-concept,
this experiment demonstrates the great potential of the CMP patterning technique in
spatially immobilizing exogenous molecules on native tissues that contain high levels of
denatured collagen, which are extremely challenging to pattern with conventional synthetic
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photo sensitive materials. We believe that this technique can lead to new strategies in drug
application particularly for tissues that can readily be exposed to light such as eyes and skin.

4. Conclusions

The ability to micropattern hydrogels has provided new tools to manipulate cell behaviors.
Most efforts have focused on conventional patterning processes on synthetic polymers or
chemically altered forms of naturally derived biopolymers. Such artificial systems are
generally inferior to natural scaffolds for in vivo use and for engineering tissue constructs to
be used in tissue replacement therapies. Since conventional photo-patterning methods cannot
be easily applied to scaffolds based on natural ECM proteins, we developed a new photo-
patterning strategy for gelatin hydrogels that relies on non-covalent hybridization
interactions between gelatin strands and collagen mimetic peptides. By employing photo-
masks and the caged CMP that can be photo-triggered to bind to gelatin, CMPs and 8arm-
PEG-CMP conjugates were patterned onto 2D gelatin films and 3D gelatin hydrogels.
Depending on the patterning conditions, a range of photo-patterns were achieved, from
clear-cut line patterns which are tens of micrometers in width, to highly diffusive
concentration gradients over hundreds of micrometers. The study showing patterning of
8arm-PEG-CMP can confine growth of fibroblasts to localized areas on a gelatin surface
suggests the feasibility to spatially control cell behaviors using the patterning technique and
CMP-conjugates, and due to the high molar mass and multivalency, the 8arm-PEG-CMP
can pattern even a thick 3D hydrogel with high spatial fidelity. This ability to photo-pattern
the caged CMP is highly versatile as demonstrated by patterning of various gelatin-
containing hydrogels and a corneal tissue. To our knowledge, this is the first ex vivo study
that shows direct photo-patterning of a natural tissue via peptide binding, and clearly
demonstrates the unique application enabled by this technique. With this first proof-of-
concept work, we envision that the CMP-mediated photo-patterning strategy will provide
unpresented tools for engineering spatially complex tissue constructs, especially those based
on natural ECM scaffolds, and also facilitate translation of conventional photo-patterning
technologies to in vivo therapeutic applications.

4. Experimental Section

4.1. Materials

Gelatin from porcine skin (gel strength ~300 g Bloom) was obtained from Sigma-Aldrich
(St Louis, MO). For peptide synthesis and labeling, Fmoc-Gly-OH, Fmoc-Pro-OH, Fmoc-
Ahx-OH, H-Gly-OH, fluorenylmethyloxy chloroformate (Fmoc-Cl), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), and hydroxybenzotriazole (HOBt) were
purchased from Advanced ChemTech (Louisville, KY). O-(Benzotriazol-1-yl)-N,N,N',N'-
tetramethyluronium hexafluorophosphate (HBTU) was purchased from AAPPTec
(Louisville, KY), N,N-diisopropylethylamine (DIPEA) from Acros (Geel, Belgium), and
dimethylformamide (DMF), N-Methyl-2-pyrrolidone (NMP), and trifluoroacetic acid (TFA)
were purchased from Fisher (Pittsburgh, PA) and used without further purification. Fmoc-
Hyp(tBu)-OH, Fmoc-Cys(trt)-OH, Fmoc-Lys(Dde)-OH and
bromotripyrrolidinophosphonium hexafluorophosphate (PyBroP) were purchased from
EMD millipore (Temecula, CA). TentaGel R RAM resin was purchased from Peptides

Macromol Biosci. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 9

International (Louisville, KY). 5(6)-carboxytetramethylrhodamine (TAMRA) was
purchased from Life Technologies (Grand Island, NY). Piperidine, (7-azabenzotriazol-1-
yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyAOP), nitrobenzaldehyde, 5(6)-
carboxyfluorescein (CF), triisopropylsilane (T1S), N-hydroxysuccinimide (NHS),
methacrylic anhydride (MA) and all other unspecified chemicals were purchased from
Sigma-Aldrich. 8arm-PEG-maleimide was purchased from JenKem Technology USA
(Plano, TX). MES [2-(N-morpholino)ethanesulfonic acid] buffered saline was purchased
from Thermo Pierce (Rockford, IL). DAPI (4',6-diamidino-2-phenylindole) was obtained
from Roche Applied Science (Indianapolis, IN). Cell culture supplies were purchased from
Life Technologies.

4.2. Synthesis and Characterization of Fluorescently Labeled Caged CMPs and PEG
Conjugated Caged CMPs

Standard peptide synthesis was carried out using an automated peptide synthesizer (model
433A) from Applied BioSystems on TentaGel R RAM resin (reactive site density: 0.18
mmol/g), as reported previously.[6¢] The caged CMP NB(GPO)q was prepared by
introducing Fmoc(N-o-nitrobenzyl)Gly-OH (synthesized according to Tatsu et al.[31.67]) in
the middle of the standard peptide synthesis.[31 The Hyp residue following the NBGly was
conjugated for over 24 h using 9 molar equiv of Fmoc-Hyp(tBu)-OH, 8.8 molar equiv of
PyBroP, and 20 molar equiv of DIPEA to overcome the low reactivity of the NBGly.
Synthesis of the remaining sequence including the GGG spacer was completed by HBTU
chemistry, followed by on-resin labeling with 6 molar equivalent of CF or TAMRA
activated by 6 molar equivalent of PyAOP in NMP for over 24 h.[68701 The full length
fluorescent CMPs were cleaved from the resin by treating the resin with TFA/TIS/H,0
(95:2.5:2.5) for 3 h, and the cleaved peptide was purified by reverse phase HPLC on a
semipreparative Vydac C18 column using a linear gradient mixture of water (0.1% TFA)
and acetonitrile (0.1% TFA) (5-45% acetonitrile gradient in 40 min, flow rate: 4 mL/min).
The purified peptides were analyzed by matrix assisted laser desorption ionization time-of-
flight mass spectroscopy (MALDI-TOF MS, UltrafleXtreme, Bruker Daltonics): m/z
calculated 3110.2 [M + Na]* for CFNB(GPOQ)g, found 3109.4 [M + Na]*; m/z calculated
3142.3 [M + H]* for TAMRANB(GPO)g, found 3141.4 [M + H]*.

To prepare PEG-conjugated caged CMP, AcCK(Dde)Ahx(GPO),NBGPO(GPO),AhxY
which contains Dde protected Lys residue was synthesized on solid support and peptide’s N-
terminus was capped on-resin by acetylation (Ac) reaction. The Dde group was removed by
treating the peptide-resin with 3% hydrazine monohydrate in 10 mL NMP for 5 min, and CF
was subsequently coupled onto the deprotected Lys side chain on resin using PyAOP. The
CF labeled caged peptide AcCCK(CF)Ahx(GP0),NBGPO(GP0O),AhxY was cleaved from the
resin with TFA/DTT/H,O/TIS (88:5:5:2) and purified by HPLC. MALDI-TOF MS analysis:
m/z calculated 3579.8 [M + H]™ for the purified peptide, found 3577.4 [M + H]*. The
purified CF-labeled caged CMP (5 mg, 12 molar equiv) was dissolved in a mixture of 280
uL of DMSO and 520 pL of 1xPBS (phosphate buffered saline), and 4.66 mg of 8arm-PEG-
maleimide (1 molar equiv) in 50 pL of 1xPBS was added to the peptide solution in a drop-
wise fashion. The thiol-maleimide reaction was allowed to take place overnight at room
temperature and the final product of 8arm-PEG-CFNB(GPO)q conjugate was purified by
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HPLC on a semipreparative Vydac C18 column using a linear gradient mixture of water
(0.1% TFA) and acetonitrile (0.1% TFA) (20-50% acetonitrile gradient in 30 min, flow rate:
4 mL/min).

4.3. Study of Photo-Triggered CMP Binding on Gelatin Films

Except for the 3D gel patterning, a mercury arc lamp (1447T17 UV lamp, McMaster-Carr)
was used as the UV light source in all the following CMP binding and photo-patterning
experiments. To investigate the photo-activation kinetics of the caged CMP, a series of
CFNB(GPO)q solutions (50 UM in 50 pL 1xPBS) were exposed to 365 nm UV light (15.5
mW/cm?) in a 96-well plate for designated time periods (0-20 min), followed by HPLC
analysis on a Vydac C18 analytical RP-HPLC column using a linear gradient mixture of
water (0.1% TFA) and acetonitrile (0.1% TFA) (13-43% acetonitrile gradient in 30 min,
flow rate: 1 mL/min, UV detection: 275 nm). For each sample, the faction of caged CMP
was calculated from the ratio of the peak area between CFNB(GPO)q and others
corresponding to the photo-cleaved CMP.

To test the dose-dependent binding of CMP on gelatin films, wells in a 96-well black/clear-
bottom plate (Costar) were coated with warm gelatin solutions (10% w/v in 1xPBS) and the
solutions were allowed to gel and form thin films at 4 °C. PBS solutions containing
CFNB(GPO)q of various concentrations (5-150 uM) were added onto the gelatin films and
exposed to 365 nm UV light (15.5 mW/cm?2). This UV intensity was arbitrarily chosen in
this study; however, the intensity and the UV exposure time could be adjusted to avoid
affecting cell viability in future studies which may involve cell encapsulation. The duration
of the UV exposure time was proportional to the CMP concentrations. Wells for the UV-
negative control groups were covered with aluminum foil. After incubation at room
temperature for 2 h, the unbound materials were removed by rinsing with PBS buffer. The
fluorescence levels of the films were measured with a SpectraMax Gemini XPS microplate
reader (Molecular Devices, ex: 489 nm, em: 533 nm). Each binding experiment was
conducted in triplicate.

4.4. Photo-Patterning Gelatin Films with Caged CMPs

The line patterns were prepared using CorelDraw and printed onto transparencies by
CAD/Art Services (Bandon, OR). A solution of 10% wi/v gelatin in 1xPBS was prepared
and heated to 50 °C. Twenty-five uL of the heated gelatin solution was added to the surface
of a superfrost plus microscope slide (Fisher) and covered with a Permanox plastic slide.
The sandwiched gelatin solution was allowed to gel at 4 °C for 10 min, followed by careful
removal of the upper plastic slide. The gelatin film (size: ~5 cm?, thickness: ~50 pm) was
crosslinked overnight in a MES solution (pH 4.7) containing EDC (10 mM) and NHS (2
mM),[43] and washed with PBS and water. A solution (150 pL) of CFNB(GPO)g or
TAMRANB(GPO)q (50 uM) was applied to the film surface and allowed to fully diffuse into
the thin gel for 10 min, and the excess solution was removed from the surface of the gel by
pipetting. The film was air-dried in dark. The transparency mask was placed directly on the
dry film with the printed side facing down, and another microscope slide was placed on top
of the mask to ensure flatness of the whole system. The film was exposed to UV light (from
a mercury arc lamp, 365 nm, 15.5 mW/cm?) through the mask for 4 min. After removing the
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mask, the film was washed in a staining jar with 100 mL of PBS for 5 min three times to
remove the unbound peptides. The patterned gelatin films were imaged using a Nikon
Eclipse E600 microscope. All fluorescence images were analyzed using ImageJ (National
Institutes of Health, Bethesda, MD).

4.5. CMP Concentration Gradient on Gelatin Films

As described above, a transparency mask with line pattern was placed on top of a dry EDC-
fixed gelatin film containing TAMRANB(GPO)q on a microscope slide. A piece of
aluminum foil placed directly on top of the mask was attached to the moving block of a
syringe pump (Harvard Apparatus, Holliston, MA). The syringe pump was programmed to
move the aluminum cover approximately 500 to 1400 pm at a speed ranging from 1.4 to 7.8
um/s across the mask during the UV exposure time. The gelatin film was washed with PBS
and imaged as described above.

4.6. Cell Adhesion Studies of PEG-CMP Patterned Gelatin Films

A thin gelatin film (size: ~2.5 cm?, thickness: ~50 um) was prepared on a petri dish (Nunc)
and crosslinked by EDC/NHS. A solution (50 L) of 8arm-PEG-CFNB(GPQ)q (31.25 puM) in
water was carefully applied to the film surface and allowed to dry completely. The film was
exposed to UV light (from a mercury arc lamp, 365 nm, 27 mW/cm?) for 15 min through a
transparency mask directly placed on the film surface, followed by three runs of 5 min wash
with 1xPBS solution at 37 °C. The patterned petri dish was sterilized with 70% ethanol in
water for 20 min and washed with sterile 1xPBS solution. NIH 3T3 fibroblasts (5x10*
cells/mL) in 10 mL of Dulbecco's modified eagle medium (supplemented with 10% fetal
bovine serum and 1% mixture of penicillin-streptomycin antibiotics) were added to the petri
dish, and incubated at 37 °C in a 5% CO, atmosphere. The growth media were exchanged
every 3 days. Cell attachment was monitored and recorded with an EVOS light microscope
(Life Technologies). When confluent, the cells were fixed with PBS buffered 4%
formaldehyde solution for 3 h and stained by DAPI (1.65 pg/mL in PBS) for 1 min. After
washing, the cells and patterned lines of fluorescent PEG-CMPs were imaged using a Nikon
Eclipse E600 microscope.

4.7. Patterning 3D Gelatin Hydrogels

After detaching the media chamber from the silicone gasket of an 8 well Permanox chamber
slide (Nunc, Thermo Scientific), 100 uL of heated gelatin solution (10% wi/v, 70 °C) was
added to a well, and a glass slide was placed on top of the solution and gasket. The solution
was cooled to gel at 4 °C for 10 min before the gasket and plastic slide were removed,
leaving a gelatin hydrogel of 1 mm thickness. The gel was crosslinked (EDC: 10 mM, NHS:
2 mM, in MES buffer) at room temperature overnight. After washing in 1xPBS for 2 h, the
hydrogel was soaked in 150 uL of CFNB(GPQ)q (20 uM) or 8arm-PEG-CFNB(GPO)q (2.5
uM) for over 4 h with gentle shaking. The transparency mask was directly placed on the gel
surface with the printed side facing down, and the gel was irradiated for 6 min with the
Nikon Eclipse E600 microscope (DAPI channel) through a 4x infinity corrected objective
lens (beam size: 6 mm in diameter, ~10 mW/cm?). Unbound CMPs were removed by
washing the gel in PBS extensively overnight (or for 2 days at 37 °C for PEG-CMP). CMP
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(or PEG-CMP) distribution in the hydrogel was imaged using a laser scanning confocal
microscope (FV1000, Olympus) and analyzed by ImageJ.

4.8. Patterning Zymogram Gel and Corneal Tissue

A piece of 10% zymogram (gelatin) gel (Life Technologies, 1 mm thickness) was soaked in
a5 pM CFNB(GPO)q solution overnight followed by photo-patterning as described above.
The gel was washed with PBS and water overnight, and imaged by a digital camera. Corneal
tissues were harvested from fresh bovine eyeballs purchased from local slaughterhouse. The
corneal epithelium was carefully removed by surgical tools. The exposed corneal stroma
was treated with 1 mL of hot water (75 °C) for 10 s and rinsed with cold PBS. The tissue
was soaked in 200 pL of CFNB(GPO)g solution (50 pM), and covered with a transparency
mask and exposed to UV light for 10 min. The sample was incubated at 4 °C for 30 min and
washed with PBS, followed by fluorescence imaging using the Xenogen IVIS Spectrum
optical imaging device (Caliper Life Sciences, excitation: 500 nm, emission: 540 nm). The
fluorescence signals were analyzed by Living Image Software (Caliper Life Sciences).

4.9. Patterning Gelatin Methacrylate Hydrogels

The methacrylated gelatin was synthesized according to Nichol and coworkers.[17] Briefly,
0.25 g of gelatin (porcine skin) dissolved in 2.5 mL of 1xPBS buffer in a 60 °C water bath
was mixed with 31.25 UL (1.25% v/v) of methacrylic anhydride (Alfa Aesar, Ward Hill,
MA). Reaction was allowed to proceed for 1 h followed by quenching by diluting the
solution with 7.5 mL of warm (50 °C) 1xPBS buffer. The diluted solution was dialyzed
against deionized water using a 10 kDa cutoff dialysis cassette (Pierce) at 50 °C for 5 days.
The solution was lyophilized, and the gelatin powder was dissolved in deionized water to
produce a 10% wi/v gelatin-methacrylate solution. Fifty uL/mL of 10% w/v 2-hydroxy-1-(4-
(hydroxyethoxy)phenyl)-2-methyl-1-propanone (Irgacure 2959, Sigma-Aldrich) in 50:50
DMSO and water was added to a solution of 10% GelMA at 50 °C. Approximately 18 pL of
the warm GelMA/Igracure solution was polymerized via exposure to UV light (from a
mercury arc lamp, 365 nm, 15.5 mW/cm?) for 5 min between a superfrost plus microscope
slide and a silanized glass coverslip separated by thin spacers. The upper coverslip was
removed in water to expose the crosslinked GelMA film, and the film was patterned with
CFNB(GPO)g or TAMRANB(GPOQ)g as described.
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Schematics of the photo-triggered activation of the caged CMP (a) and the experimental

setup and process of photo-patterning gelatin films with caged CMPs.
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Photo-triggered binding of caged CMP CFNB(GPO)q on gelatin. (a) UV decaging efficiency
estimated from a set of 50 uM CFNB(GPO)g solutions exposed to UV light (365 nm, 15.5
mW/cm?) with variation in exposure time followed by HPLC analyses. The percentage of
caged CFNB(GPO)q remaining in each sample was calculated from HPLC peak integration.
(b) Dose-dependent binding of photo-triggered CFNB(GPO)q on gelatin films measured by
fluorescence. Without UV activation, the caged CFNB(GPO)q exhibited negligible affinity to

gelatin even at the highest concentration tested. The binding assay was performed in

triplicate, and error bars represent £SD.
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Figure 3.

Photo-patterning of fluorescent CMPs on thin gelatin films. (a) Fluorescence micrographs of
the photo-patterned gelatin films along with photographs of the transparency masks showing
the line patterns with 100 um and 50 pm widths. (b) Relative fluorescence intensity profiles
of the line patterns shown in (a). (c) A fluorescence image of a gelatin film sequentially
patterned with two fluorescent CMPs [CF(GPQ)g in green, TAMRA(GPO)g in red]. (d) A
fluorescence image of a gelatin film patterned with the same method used in (c) but using a
wet gelatin film, which results in diffusive gradients of patterned CMPs. (e) Fluorescence
images of three photo-patterned lines of TAMRA(GPO)q with different linear concentration
gradients (i-iii) generated by continuous variation of UV exposure time using a movable
cover. (f) Relative fluorescence intensity profiles of the line patterns (i, ii, iii) shown in ().
Scale bars: 300 um in (c, d), 500 mm in (e).
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Figure4.
Optical photographs (a, b) and a fluorescence image (c) of fibroblasts cultured on a gelatin

film that was photo-patterned with 8arm-PEG-CF(GPQ)g. Cells exclusively attached to the
unpatterned areas and formed a confluent monolayer. The immobilized CF-labeled PEG-
CMP conjugate appears as clear orange (a, b) or green lines (c); the fibroblasts were fixed
and stained with DAPI to visualize the nuclei (c). Scale bars: 1 mm in (a), 400 mm in (b),
and 380 mm in (c).
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Figureb5.
Photo-patterning of the caged CMP in 1 mm thick 3D gelatin hydrogels. Top: representative

X-y cross-section images of the fluorescent lines of patterned CF(GPO)g (2) or 8arm-PEG-
CF(GPO)g (b) at the indicated z depths from the UV-irradiated hydrogel surface, shown in
grey scale. Scale bar: 300 um. Bottom: corresponding relative fluorescence intensity profiles
across the patterned lines at the indicated z depths.
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Figure®6.
Photo-pattering of caged CMPs on various gelatin containing matrices. (a) A photograph of

lines of CF(GPO)g patterned into a gelatin zymogram polyacrylamide hydrogel shown
together with the image of the mask (0.4 mm transparent lines with 4 mm wide spacing). (b)
A letter U created by TAMRA(GPO)q patterned on a film of photo-crosslinked gelatin
methacrylate hydrogel (scale bar: 500 um). (c) A fluorescence image of lines of CF(GPO)g
(arrows) patterned on the stroma of a bovine corneal tissue (scale bar = 4 mm).
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