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Hydrogel biomaterials derived from natural biopolymers (e.g., fibrin,
collagen, decellularized extracellular matrix) are regularly utilized in
three-dimensional (3D) cell culture and tissue engineering. In contrast
to those based on synthetic polymers, natural materials permit en-
hanced cytocompatibility, matrix remodeling, and biological integra-
tion. Despite these advantages, natural protein-based gels have
lagged behind synthetic alternatives in their tunability; methods to
selectively modulate the biochemical properties of these networks in
a user-defined and heterogeneous fashion that can drive encapsu-
lated cell function have not yet been established. Here, we report a
generalizable strategy utilizing a photomediated oxime ligation to
covalently decorate naturally derived hydrogels with bioactive pro-
teins including growth factors. This bioorthogonal photofunctionali-
zation is readily amenable to mask-based and laser-scanning
lithographic patterning, enabling full four-dimensional (4D) control
over protein immobilization within virtually any natural protein-
based biomaterial. Such versatility affords exciting opportunities to
probe and direct advanced cell fates inaccessible using purely syn-
thetic approaches in response to anisotropic environmental signaling.
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Over the past several decades, hydrogels have found wide-
spread utility as biomaterial constructs for three-dimensional

(3D) cell culture and tissue engineering (1–5). Fulfilling a role
similar to the extracellular matrix (ECM) in native tissue, gel
biomaterials can provide encapsulated cells with mechanical sup-
port in a defined geometry, anchors for adhesion and migration,
and bioactive chemical signals to guide complex cellular functions
(e.g., proliferation, differentiation) (6–8). Classically, such mate-
rials are categorized as “synthetic” or “natural” based on the or-
igin of their underlying components (9). Synthetic polymer-based
gels, including those composed of poly(ethylene glycol) (PEG)
and polyacrylamide, have gained significant traction within the
biomaterials community, owing to tunable control over their initial
network mechanics, chemical composition, and biodegradability
(10–12). Since these systems are synthetically defined, stimuli-
responsive functional handles can be installed during formulation
to afford constructs with exogenously modifiable properties.
Though synthetic gels have been engineered to be responsive to
many external stimuli (e.g., pH, temperature, enzyme) (13–15),
those sensitive to light can be uniquely modulated in four dimen-
sions (4D, comprising 3D space and time) through lithographically
defined irradiation (16, 17). In addition to regulating viscoelastic
properties of these materials (18–22), photochemical methodolo-
gies have been developed to immobilize bioactive peptides and
proteins in user-defined patterns within cell-laden gels (23–30).
Such spatiotemporal control over network biofunctionalization of-
fers exciting opportunities in recapitulating the dynamic biochemi-
cal heterogeneity characteristic to native tissues.
Despite the historically superior tunability of synthetic hydrogel

materials, many cell biologists and tissue engineers alike continue

to gravitate toward natural protein-based systems, including those
derived from fibrin, collagen I, gelatin, and decellularized extra-
cellular matrix (dECM) (31). These materials generally exhibit
higher biocompatibility and enhanced matrix remodeling com-
pared with synthetic alternatives. Moreover, natural biomaterials
innately provide encapsulated cells with many of the same bio-
chemical cues present in the native ECM, giving rise to greater
cell–material integration and functional engineered tissue (9). With
the goal of gaining 4D control over natural biomaterial properties,
recent efforts have sought to functionalize protein-based materials
with photosensitive moieties. Installation of alkene functionality
(e.g., methacrylate, acrylate) on reaction components has permitted
photopolymerization of natural gels (32–34), just as chemical cross-
linking with photoscissile moieties (e.g., nitrobenzyl) has enabled
their photodegradation (35, 36). Though existing methods offer
spatiotemporal control over the mechanical properties of natural
biopolymer-based hydrogels, strategies to selectively modulate the
biochemical aspects of these systems in a user-defined and het-
erogeneous fashion remain largely unexplored. When properly de-
veloped, these advances would further solidify natural gels as choice
materials for fundamental cell studies and translational applications.
A recent report from the Zenobi-Wong group was the first to

demonstrate photoimmobilization of proteins within natural
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hydrogels (30). Relying on a sortase transpeptidase-mediated cou-
pling of a chemically tagged streptavidin onto a photouncaged
polyglycine peptide grafted to a backbone material, biotinylated
proteins of interest could be noncovalently immobilized with spatial
control within natural gels. While the group beautifully demon-
strated controlled axon guidance using nerve growth factor within
an engineered hyaluronan-based matrix (37), photopatterned cell
function on or within protein-based biomaterials was not demon-
strated. Seeking to fill this important void, we postulated that the
photomediated oxime ligation—a chemistry recently developed and
reported by our group for photopatterning of synthetic polymer-
based materials (26, 38)—could be used to spatially modify natu-
ral gels, but with additional benefits associated with covalent protein
immobilization, chemical accessibility, design simplicity, and overall
ease of use. As this chemistry represents one of exceptionally few
bioorthogonal reactions that can be photochemically triggered,
thereby enabling user-defined control over when and where ligation
occurs with high specificity in the presence of living systems, we
identified the photomediated oxime ligation as uniquely capable of
spatiotemporally regulating cell function on/in protein-based gels.
In this paper, we introduce a generalizable strategy to covalently

decorate naturally derived biomaterials with bioactive proteins in-
cluding growth factors to spatially control encapsulated cell fate.
Taking advantage of primary amines ubiquitously present on pro-
teins (both at their N terminus and on lysine side chains), we min-
imally functionalize natural gel precursors with a 2-(2-nitrophenyl)
propoxycarbonyl (NPPOC)-photocaged alkoxyamine (H2NO-)
through reaction with an activated N-hydroxysuccinimide ester
(-OSu), a modification chemistry chosen due to its comparatively
long-term reagent stability, synthetic accessibility, and validated
use for installing functional handles onto proteins (Fig. 1A). The
trifunctional NPPOC-HNO-OSu small molecule can be produced
on gram scale through readily accessible chemistry (SI Appendix,
Method S1) and used to modify a wide variety of natural bioma-
terials. Upon exposure of the functionalized gel to cytocompatible
near-ultraviolet (UV) light (λ = 365 nm), the photocage is cleaved
in a dose-dependent manner, liberating the alkoxyamine and

permitting localized condensation with aldehyde-functionalized
proteins (Fig. 1 B and C). Through mask-based and laser-
scanning lithographic activation of this photomediated oxime li-
gation, we achieve full 4D control over protein immobilization
within three distinct natural biopolymer-based hydrogels. High-
lighting the versatility of the approach, we pattern two responses
that—despite considerable effort by our laboratory and others—
have not been achieved using purely synthetic materials, namely,
two-dimensional (2D) primary rat hepatocyte proliferation on
collagen gels using immobilized epidermal growth factor (EGF)
and 3D U2OS Notch signaling activation within fibrin gels deco-
rated with tethered Delta-1.

Results and Discussion
To test our workflow and verify its compatibility with different
natural biomaterials, we biochemically decorated gels based on
collagen I (4 mg mL−1) or fibrin (10 mg mL−1) with full-length
proteins. Prior to gelation via conventional methodologies, col-
lagen I and fibrin gel precursors were incubated with varying
amounts of NPPOC-HNO-OSu (0 to 1 mM) to create constructs
bearing different concentrations of the photocaged alkoxyamine.
Through theoretical calculations and experimental measure-
ments, we found that well under 1% of collagen and fibrin’s
primary amines were modified with the photocaged alkoxyamine
following all treatment conditions; this small extent of labeling
(<1 modification on average per protein) was anticipated to have
minimal impact on ECM protein function (SI Appendix, Methods
S2–S4 and Fig. S1). For each protein-based gel system, trans-
parent hydrogels were formed in cylindrical molds (diameter = 3.2
mm, height = 1 mm) and exposed to near-UV light (λ = 365 nm,
10 mW cm−2, 10 min). Based on previously reported NPPOC
photouncaging kinetics (26, 39), irradiation conditions were expected
to yield complete alkoxyamine photoliberation in a manner that is
fully cytocompatible. After light exposure, gels were swollen in a
solution containing an aldehyde-functionalized mCherry (mCherry-
CHO), a red fluorescent protein site-specifically modified with the
reactive carbonyl at its C terminus through sortase-tag enhanced

Fig. 1. Hydrogel modification and photopatterning through photomediated oxime ligation. (A) Conjugation of NPPOC-HNO-OSu to primary amines present
on the protein-based hydrogel. (B) A reactive alkoxyamine is liberated upon photocleavage of the NPPOC cage with cytocompatible light (λ = 365 nm). (C)
Aldehyde-modified proteins are covalently immobilized within the hydrogel via oxime ligation.

2 of 7 | PNAS Batalov et al.
https://doi.org/10.1073/pnas.2014194118 Photopatterned biomolecule immobilization to guide three-dimensional cell fate in

natural protein-based hydrogels

D
ow

nl
oa

de
d 

at
 U

N
IV

E
R

S
IT

Y
 O

F
 W

A
S

H
IN

G
T

O
N

 o
n 

Ja
nu

ar
y 

19
, 2

02
1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014194118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014194118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014194118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014194118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014194118/-/DCSupplemental
https://doi.org/10.1073/pnas.2014194118


protein ligation (STEPL) (27, 40) (Fig. 2A and SI Appendix, Meth-
ods S5–S7). After gel–protein conjugation by oxime ligation, gels
were washed to remove unbound protein prior to analysis. Taking
advantage of the patterned protein’s inherent fluorescence, we
quantified the extent of mCherry immobilization via fluorescent
confocal microscopy (Fig. 2B). As expected, we observed a linear
correlation between the amount of NPPOC-HNO-OSu employed
and the total amount of protein phototethered within each gel. The
variance in patterning slope between the collagen I and fibrin sys-
tems was attributed to differences in the total amine content of the
gel precursors, resulting in a scaled functionalization for a given
activated ester concentration. Control gels reacted with any amount
of NPPOC-HNO-OSu but never exposed to light yielded no
mCherry immobilization, indicating that the alkoxyamine remained

fully caged throughout gel formation and successfully inhibited
protein ligation and that nonspecific protein fouling of the gel did
not occur (SI Appendix, Fig. S2).
Encouraged that our synthetic workflow could be used to

functionalize natural gels with full-length proteins, we sought to
evaluate the effects of different light irradiation conditions on gel
patterning. Hydrogels based on fibrin or collagen I were modified
with NPPOC-HNO-OSu (500 and 300 μM, respectively), cast as
thin cylindrical constructs, and exposed to near-UV light (λ = 365
nm, 10 mW cm−2) for varied amounts of time (0 to 10 min).
Following incubation with mCherry-CHO (0.5 mg mL−1) and
fluorescent quantification by confocal microscopy, we observed an
exponential dose-dependent response predicted by NPPOC pho-
tocleavage kinetics and consistent with previous patterning studies
of synthetic PEG gels (26) (Fig. 2C). Specifically, the NPPOC
photodeprotection process was found to follow first-order reaction
kinetics with decay constants of k = 0.011 ± 0.002 s−1 in fibrin and
0.007 ± 0.001 s−1 in collagen I for λ = 365 nm at 10 mW cm−2. The
minor variation in dose responsiveness between the two gel sys-
tems was attributed to subtle differences in the chemical micro-
environment within each protein that yielded slightly varied
photouncaging kinetics.
After demonstrating dose-dependent immobilization of full-

length proteins in natural materials using flood illumination, we
next employed mask-based lithographic techniques to pattern
NPPOC uncaging in arbitrary 2D geometries extending through-
out the full thickness of each gel. Successful patterning was again
observed in collagen I- and fibrin-based systems, as indicated by
the spatially controlled immobilization of mCherry-CHO in the
shape of the University of Washington’s former logo within gels
(Fig. 2D). Similar results were observed for studies involving gels
derived from decellularized cardiac ECM (SI Appendix, Fig. S3).
Though micrometer-scale patterning resolution was achieved in
each material type, patterning results in fibrin and dECM reflect
the fibrous structure characteristic of these natural materials.
While photomask-based lithography is readily employed to

immobilize proteins within large gel volumes in a geometrically
regulated and scalable manner, such methods are fundamentally
limited in that patterns can be specified in only two of the three
spatial dimensions (i.e., x-y but not in z). Previous efforts by our
group and others have established multiphoton laser-scanning
lithographic patterning as an effective technique to locally mod-
ify user-defined hydrogel subvolumes with 4D control (23, 41–44).
Using these methodologies, photochemical reactions are confined
to the focal point of a femtosecond pulsed laser with high preci-
sion (submicrometer control over activation in x and y dimensions;
2 to 3 μm in z); raster scanning of the laser focal point within the
sample results in localized material alteration in custom geometries
(Fig. 3A). Here, we employed these techniques to immobilize
mCherry-CHO within NPPOC-HNO-OSu-functionalized collagen
I- and fibrin-based gels in arbitrary shapes. Controlling the laser
raster pattern in the x and y dimensions and stepping this activation
through thin z sections, 2D “slice” patterns were generated in
shapes including the Seattle Space Needle and a vocal dinosaur
(Fig. 3B). Utilizing different laser scan 2D geometries at each z
location, fully 3D patterns were created in the shape of an ana-
tomically correct human heart (Fig. 3C). Uniform 3D patterning
with micrometer-scale patterning resolution was observed for both
natural protein-based gel systems.
Heartened by our ability to immobilize site-specifically modi-

fied fluorescent proteins within natural hydrogel biomaterials,
we next sought to employ these methods to spatially direct
complex biological fates using growth factors. We turned our
initial attention to EGF, a bioactive protein that stimulates
proliferation of many cell types, including primary hepatocytes
isolated from the liver (45, 46). Collagen I gels modified with
NPPOC-HNO-OSu (250 μM) were photochemically decorated
with an aldehyde-functionalized EGF (EGF-CHO) that had

Fig. 2. (A) Mask-based lithographic patterning of natural hydrogels. Gels
are selectively irradiated with near-UV light prior to incubation with
aldehyde-modified proteins of interest and subsequently washed to remove
unconjugated species. (B) Immobilized mCherry fluorescence brightness as a
function of NPPOC-HNO-OSu labeling concentration following light treat-
ment (λ = 365 nm, 10 mW cm−2, 10 min). (C) Immobilized mCherry fluores-
cence brightness in collagen I and fibrin gels as a function of UV exposure
time. Fluorescence brightness values are normalized between 0 (no fluo-
rescence) and 1 (max observed fluorescence for the given experiment). The
best-fit solid line assumes first-order photocleavage kinetics of NPPOC and
complete oxime ligation. Error bars correspond to ±1 SD about the mean for
n = 3 experimental replicates. (D) Mask-based lithographic patterning of
mCherry (red) into collagen I and fibrin gels in arbitrary 2D patterns. (Scale
bars: 50 μm.)
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been site-specifically tagged using STEPL. As hoped, freshly
harvested primary rat hepatocytes seeded on EGF-modified gel
surfaces exhibited a statistically significant increase in DNA
synthesis (P < 0.001, one-way ANOVA with Tukey’s post hoc)
after 6 d in culture relative to control gels lacking EGF (Fig. 4 A
and B and SI Appendix, Fig. S4), indicating that the tethered
EGF remained bioactive. We next exploited mask-based lithog-
raphy to photopattern collagen gels with lines (500 μm wide) of
EGFP-EGF-CHO, a chimeric fusion of enhanced green fluo-
rescent protein and the STEPL-tagged EGF-CHO that could be
fluorescently visualized after immobilization. Samples were im-
aged after 1 and 6 d in culture on the protein-patterned surfaces,
where we observed nonuniform hepatocyte coverage on the pat-
terned surfaces only at the later time point; cell density and the
number of cells synthesizing DNA indicated by 5-ethynyl-2′-deoxy-
uridine (EdU) incorporation/staining were statistically higher
on day 6 (P = 0.023 for DAPI, P = 0.039 for EdU, t test) but not
on day 1 in gel regions functionalized with EGFP-EGF-CHO
compared with those without the immobilized growth factor
(Fig. 4 C and E and SI Appendix, Figs. S5 and S6). This study is
significant for several reasons: 1) It demonstrates patterned regu-
lation of a primary cell type using a photoactivatable hydrogel, a
feat that is strikingly absent from the literature likely due to diffi-
culties typically associated with culturing such cells on/in synthetic

gels. 2) Hepatocytes are notoriously nonproliferative cells, par-
ticularly in vitro, and these results appear to be a promising step
toward promoting their expansion in culture. 3) Utilization of the
photomediated oxime ligation in conjunction with the site-
specifically modified EGF allows it to remain bioactive, despite its
identity as a fragile growth factor.
Having demonstrated the ability to direct cellular behavior in

response to immobilized protein cues on gel surfaces, we next
sought to exploit the inherent bioorthogonality of the photo-
mediated oxime ligation to biochemically pattern natural
hydrogels in the presence of encapsulated cells and to subse-
quently direct their fate in 3D. Specifically, we patterned Delta-1
protein to activate the Notch pathway (Fig. 5A), an evolutionary
conserved signaling system required for normal embryonic de-
velopment, regulation of tissue homeostasis, and maintenance of
stem cells in adults (47, 48) that has proven unattainable in
synthetic gels. Of the techniques typically employed to assess
Notch activation (e.g., RT-PCR, RNA microarray, Western blot
analysis, with luciferase reporter cells), luciferase is the only
method that can readily provide spatial readout, essential in
evaluating gel patterning fidelity. Since luciferase activity cannot
be easily resolved in three dimensions using conventional fluo-
rescent imaging techniques (3D samples are imaged as 2D pro-
jections, as done using IVIS� imaging for in vivo analysis), we

Fig. 3. Multiphoton-based lithographic patterning of mCherry-CHO within collagen I and fibrin gels. (A) After casting, gels are exposed to a femtosecond
pulsed laser (λ = 740 nm) to activate NPPOC cleavage and liberate the alkoxyamine for oxime ligation with aldehyde-functionalized proteins in user-defined
patterns. (B) Two-dimensional control over biomolecule immobilization is achieved within 3D gels, with speckled fluorescence highlighting the fibril nature of
assembled fibrin. (C) Three-dimensional patterning of an anatomical heart model is achieved in each natural protein-based gel, showcased with 3D and cross-
sectional views. mCherry-CHO is shown in red. (Scale bars: 50 μm.)
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turned our focus to 2D patterns of Delta-1 extending uniformly
throughout the gel thickness (SI Appendix, Fig. S7). For these studies,
recombinant Delta-1 was expressed in HEK293F mammalian cells,
purified, and modified statistically with 2-5-dioxopyrrolidin-1-yl 4-
formylbenzoate. This aldehyde-modified protein (Delta-1-CHO)
was immobilized within cell-laden hydrogels in various geometries
using mask-based photolithography. To quantify and visualize Notch
activation in response to patterned Delta-1, U2OS osteosarcoma
reporter cells expressing renilla luciferase constitutively and firefly
luciferase upon Notch activation were encapsulated within fibrin gels.
Whole-gel luminescent imaging on day 7 revealed statistically signif-
icant (P < 0.001, t test) enhanced Notch signaling in gel regions
matching mask geometry (Fig. 5 B and C), as evidenced by higher
firefly luciferase-catalyzed luminescence in the light-exposed bioma-
terial subvolumes. Critically, luminescence originating from renilla
luciferase was constant for cells throughout the entire gel (SI Ap-
pendix, Fig. S8), indicating that the protein patterning itself does not
affect cell viability; these results are consistent with recent studies

demonstrating that the cellular proteome is unaltered in response to
the near-UV light treatments employed here (49). Since full 3D
control over Delta-1 immobilization within protein-based hydrogels
can be achieved using laser-scanning lithographic patterning (SI Ap-
pendix, Fig. S9), we anticipate future opportunities in directing Notch
and other complex signaling in 3D gels.
Like all scientific strategies, the material-based approaches pre-

sented here are not without limitation. Since the bioactive protein is
exposed to cells throughout patterning, these techniques are best
applied to applications in which 1) the protein’s tethered and
soluble forms have inherently different bioactivities, 2) biological
function is to be specified on timescales that exceed that of the
patterning process (e.g., proliferation, differentiation, migration,
morphogenesis), 3) protein immobilization can be performed in the
absence of cells, or 4) patterning can be accomplished compara-
tively fast in the presence of encapsulated living cells, potentially
using thin gels. Moreover, while nonspecific adsorption of the
selected proteins was not observed in the gel systems employed in
this report, background “fouling” should be evaluated for each
patterned protein/gel combination of interest. Despite these po-
tential limitations, the ability to spatially control complex cellular
functions within the protein-based biomaterials most commonly
exploited for 3D cell culture is a significant and powerful advance.

Conclusion
In this article, we have introduced a robust and versatile synthetic
workflow to immobilize bioactive proteins site specifically and with
spatiotemporal control within natural hydrogel biomaterials. Rely-
ing on a photomediated oxime ligation that is bioorthogonal and
compatible with common lithographic patterning techniques, gel
functionalization can be controlled with micrometer-scale resolu-
tion in a dose-dependent manner and in the presence of living cells.
Enabling 4D biochemical tunability within biomaterial platforms
that have proven the modern workhorses of 3D cell and organoid
culture, we anticipate that these approaches will find great utility in
probing and directing biological functions and in engineering het-
erogenous functional tissues.

Materials and Methods
Synthesis of NPPOC-HNO-OSu. NPPOC-HNO-OSu was synthesized on a gram
scale via a two-step reaction from commercially available precursors with
∼80% overall yield. The complete experimental details are given in SI Ap-
pendix, Method S1.

Natural Protein-Based Hydrogel Functionalization with NPPOC-HNO-OSu.
For collagen I functionalization. Collagen I (1 mL of rat tail collagen I at 4 mg
mL−1 in 0.02 N acetic acid, Corning) solution was brought to pH 7 to 7.5 on
ice through the addition of phosphate buffered saline (PBS)-buffered NaOH,
quickly mixed with NPPOC-HNO-OSu (25 mM in dimethyl sulfoxide [DMSO],
0 to 20 μL), and cast in molds. Formed gels were protected from light and
washed in PBS overnight prior to patterning.
For fibrinogen functionalization. Stock fibrinogen solution (1 mL of 50 mg mL−1

in Hank’s balanced salt solution) was quickly mixed with NPPOC-HNO-OSu
(25 mM in DMSO, 0 to 50 μL) and incubated (1 h) at room temperature
protected from light. To make gels, the functionalized fibrinogen solution
was diluted to 10 mg mL−1 through addition of PBS and thrombin (0.5 to 1.0
unit mL−1) prior to casting in molds. Formed gels were protected from light
and washed in PBS overnight prior to patterning.

Synthesis of Aldehyde-Modified Polyglycine Probe for STEPL. An aldehyde-
modified polyglycine peptide was synthesized through standard fluo-
renylmethoxycarbonyl (Fmoc)-based solid-phase methodologies involving a
butyloxycarbonyl-protected N-terminal glycine and a 4-methyltrityl-protected
C-terminal lysine reside. After selective deprotection of 4-methyltrityl (1%
trifluoroacetic acid [TFA] in dichloromethane) on resin, aldehyde functionality
was installed through condensation with 4-formylbenzoic and the e-amino
group of the C-terminal lysine. Resin was washed (dimethylformamide three
times and dichloromethane three times) prior to peptide cleavage/depro-
tection (95:5 TFA:H2O, 20 mL, 2 h) and precipitation (diethyl ether, 180 mL,
0 °C, two times). The crude peptide was purified via semipreparative reversed-
phase high-performance liquid chromatography using a 55-min gradient (5 to

Fig. 4. Patterned cellular behavior on collagen I gels. (A) Primary rat he-
patocytes exhibited enhanced DNA synthesis when seeded on collagen I gels
containing tethered EGF. (B) Quantification of EdU-positive cell fraction in-
dicates statistically significant increase in DNA synthesis for hepatocytes on
EGF-modified gels. (C) Hepatocytes on collagen I gels patterned with EGF-
P-EGF-CHO in a 500 μm line pattern. Mean DAPI brightness and EdU+ cell
density showing local cell density and proliferation correlate with local
EGFP-EGF-CHO concentration. (D and E) EGFP-EGF-CHO-patterned line re-
gions support higher cell counts and higher extents of DNA synthesis than
those in the interspaced gap regions. EdU staining is shown in pink, nuclei
are in blue, and EGFP-EGF-CHO is in green. All analyses were performed on
samples 6 d after seeding. Error bars correspond to ±1 SE about the mean for
n ≥ 3 experimental replicates. (Scale bars: 1 mm.) *P < 0.05.
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100% of acetonitrile and 0.1% TFA in H2O) and lyophilized to give the final
product [denoted H-GGGGDDK(CHO)-NH2]. Peptide purity was confirmed by
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry.
The complete experimental details are given in SI Appendix, Method S5.

Aldehyde Functionalization of mCherry, EGF, and EGFP-EGF Proteins via STEPL.
STEPL plasmids for mCherry, EGF, and EGFP-EGF were constructed using stan-
dard cloning techniques (SI Appendix, Method S6) and transformed into
BL21(DE3) Escherichia coli (Thermo Fisher). For protein expression, trans-
formants were grown at 37 °C in a lysogeny broth that contained ampicillin
(100 μg mL−1) until an optical density of 0.6 (λ = 600 nm). Expression was in-
duced with isopropyl β-D-1-thiogalactopyranoside (0.5 mM) and then agitated
overnight at 18 °C. Cells were collected via centrifugation and lysed by soni-
cation. The clarified lysate was loaded onto HisPur Ni-NTA resin (ThermoFisher),

which was washed (20 mM Tris, 50 mM NaCl, and 20 mM imidazole) to remove
unbound proteins. After treatment of the resin with H-GGGGDDK(CHO)-NH2

(20×, 4 h, 37 °C), aldehyde-tagged proteins were eluted and purified by dialysis
(molecular weight cutoff, ∼10 kDa). The protein identity and purity were
confirmed by liquid chromatography–tandem mass spectrometry and sodium
dodecyl sulfate polyacrylamide gel electrophoretic analysis. The protein con-
centrations were determined by UV absorption (λ = 280 nm) prior to use. STEPL-
modified proteins were denoted as mCherry-CHO, EGF-CHO, and EGFP-EGF--
CHO. The complete experimental details are given in SI Appendix, Method S7.

Aldehyde Functionalization of Delta-1 Protein. Delta-1 protein was recombi-
nantly expressed in HEK293F mammalian cells (ThermoFisher) and purified
by immobilized metal affinity chromatography (SI Appendix, Method S8); 2-
5-dioxopyrrolidin-1-yl 4-formylbenzoate (SI Appendix, Method S2, 40 mM in
DMSO, 5× molar excess) was added to Delta-1 (1 mg mL−1 in PBS), incubated
at room temperature (2 h), dialyzed in PBS at 4 °C, and sterile filtered (0.2 μm
syringe filter). This product (denoted Delta-1-CHO) was used without
additional purification.

Hydrogel Patterning and Imaging. For photomask patterning, NPPOC-HNO-
OSu-modified natural hydrogels were exposed to collimated UV light (λ =
365 nm, 10 mW cm−2, 0 to 10 min) through a patterned chrome photomask
(Photo Sciences) using a Lumen Dynamics OmniCure S1500 Spot UV Curing
system equipped with an internal 365 nm band-pass filter and a second in-
line 360 nm cut-on long-pass filter. For the multiphoton laser-scanning li-
thography patterning experiments, an Olympus FV1000 MPE BX61 Multi-
photon Microscope with a 20× objective was used. Gels were scanned in x-y
scanned regions of interest (ROIs) at different z positions throughout the gel
thickness. Each 2D ROI was scanned 16 to 63 times with pulsed laser light (λ =
740 nm, 0 to 100 laser power) with a 1.2 μm z interval to generate 3D
patterns. After NPPOC cleavage, gels were incubated for ∼10 h with the
aldehyde-tagged protein (0 to 100 μM in PBS) at 4 °C and protected from
light. To wash away any unreacted protein, gels were gently agitated in PBS
(16 h). Experiments involving patterned immobilization of fluorescent pro-
teins were visualized by fluorescent, confocal, or multiphoton microscopy
using standard imaging parameters.

Modulating Hepatocyte Survival and Proliferation Rate in Response to Patterned
EGF. Collagen I gels (30 μL, 2 mg mL−1) were functionalized with NPPOC-
HNO-OSu (250 μM) as previously described. Gels were subsequently exposed
to UV light (λ = 365 nm, 10 mW cm−2, 10 min) either directly or through a
chrome mask patterned with 500 μm wide lines. Gels were then incubated
with EGF-CHO or EGFP-EGF-CHO (0.1 mg mL−1 in Tris buffer, 10 h) prior to
extensive washing in PBS (three times, 8 h). Primary hepatocytes were isolated
from female Lewis/SsNHsd rats (Envigo) based on a previously described pro-
tocol (50) approved by the Institutional Animal Use and Care Committee at the
University of Washington, then seeded (80,000 cells cm−2) on gels in Dulbecco’s
modified Eagle’s medium (supplemented with 10% fetal bovine serum, 1%
penicillin–streptomycin, 15 mM Hepes, 0.04 μg mL−1 dexamethasone, 70 μg
mL−1 glucagon, and 1% insulin-transferrin-sodium selenite supplement, Sigma-
Aldrich). Cells were cultured for 6 d with media changes on days 1, 3, 4, and 5.
On days 4 and 5 media were supplemented with EdU (1:1,000, Invitrogen). After
1 and 6 d of culture, samples were fixed (4% paraformaldehyde) prior to staining
for nuclei (Hoechst 33342, 1:2,000) and EdU (Click-iT EdU Imaging Kit, Invitrogen
C10340). Whole samples were fluorescently imaged (Nikon Eclipse Ti high-
resolution fluorescent widefield imaging system). The fraction of EdU-positive
nuclei was determined using a custom MATLAB script measuring the ratio of
EdU-positive to Hoechst-positive pixels for each image. Line/gap edges were
ascribed to low- to high-intensity transitions in the EGFP-EGF-CHO fluorescence.
The line/gap cell density was assessed for patterned gels by measuring the mean
nuclei fluorescence along the direction of the line. EdU+ cell analysis was per-
formed with the aid of a custom MATLAB segmentation algorithm which de-
tected and determined locations of EdU+ nuclei.

Patterned Notch Activation of U2OS Cells in Response to Immobilized Delta-1.
U2OS osteosarcoma CSL/luciferase Notch reporter cells (106 cell mL−1) were
encapsulated in collagen I gels (30 μL, 10 mg mL−1) functionalized with
NPPOC-HNO-OSu (250 μM). Cell-laden gels were cast in the presence of Delta-
1-CHO (0.05 mg mL−1) and irradiated with light (λ = 365 nm, 10 mW cm−2,
10 min) through various photomasks (half on; array of W’s; 500 μm wide lines)
to pattern aminooxy uncaging. Two hours after light exposure, gels were
placed in and washed with medium (Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 1% penicillin–streptomycin, 2 μg
mL−1 aprotinin; changed daily for 6 d). Luciferase expression was determined
on day 7 using a Promega Dual-Glo Luciferase Assay per manufacturer’s

Fig. 5. Patterned Notch activation within fibrin gels. (A) The schematic of
Notch signaling in U2OS osteosarcoma CSL/luciferase Notch reporter cells.
Firefly luciferase is expressed in response to the up-regulation of Notch
signaling caused by the interaction with immobilized Delta-1. (B) Fibrin gel-
encapsulated U2OS Notch reporter cells show localized up-regulation of
firefly luciferase expression in response to different patterns of immobilized
Delta-1-CHO. The half-gel pattern was imaged using Chemidoc XRS+
(Bio-Rad), while 500 μm wide lines and the W pattern were imaged using an
IVIS� Spectrum. Line pattern analysis shows modulation of luciferase ex-
pression matching regions of immobilized Delta-1. (C) Notch signaling is
significantly enhanced for cells within the patterned Delta-1 regions (+hν)
compared with that outside (−hν) for each mask geometry (indicated by
color). Average luminescence values for functionalized gel regions of each
geometry were normalized to 1. Error bars correspond to ±1 SE about the
mean. All analyses were performed on samples 7 d after encapsulation/
photopatterning. (Scale bars: 1 mm.) *P < 0.001.
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instruction, with D-luciferin (150 μg mL−1) added to the medium prior to
analysis. Gels were imaged using a ChemiDoc XRS+ (BioRad) and In Vivo Im-
aging System Spectrum (PerkinElmer IVIS�). Overlaying the aligned photo-
mask image file onto each of the patterned gels, Notch activation was
quantified for cells within the Delta-modified gel subvolumes and compared
with those in the unfunctionalized regions. Statistical analyses were per-
formed using a standard t test.

Data Availability. All study data are included in the article and SI Appendix.
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