Acta Biomaterialia 56 (2017) 80-90

Contents lists available at ScienceDirect

Acta Biomaterialia

journal homepage: www.elsevier.com/locate/actabiomat

Bio-orthogonal conjugation and enzymatically triggered release of @Cmsmk
proteins within multi-layered hydrogels ™

Chen Guo®', Heejae Kim ', Elisa M. Ovadia®', Christine M. Mourafetis °, Mingrui Yang °, Wilfred Chen?,
April M. Kloxin **
2 Department of Chemical and Biomolecular Engineering, University of Delaware, Newark, DE 19716, United States

b Department of Chemical and Biomolecular Engineering, New York University, Brooklyn, NY 11201, United States
“Department of Materials Science and Engineering, University of Delaware, Newark, DE 19716, United States

ARTICLE INFO ABSTRACT
Article history: Hydrogels are facile architectures for the controlled presentation of proteins with far-reaching applica-
Received 11 October 2016 tions, from fundamental biological studies in three-dimensional culture to new regenerative medicine

Received in revised form 31 March 2017
Accepted 3 April 2017
Available online 5 April 2017

and therapeutic delivery strategies. Here, we demonstrate a versatile approach for spatially-defined pre-
sentation of engineered proteins within hydrogels through i) immobilization using bio-orthogonal strain-
promoted alkyne-azide click chemistry and ii) dynamic protease-driven protein release using exoge-
nously applied enzyme. Model fluorescent proteins were expressed using nonsense codon replacement
to incorporate azide-containing unnatural amino acids in a site-specific manner toward maintaining pro-
tein activity: here, cyan fluorescent protein (AzCFP), mCherry fluorescent protein (AzmCh), and mCh dec-
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Protein immobilization orated with a thrombin cut-site. (AzZTMBmCh). Eight-arm poly(ethylene glycol) (PEG) was modified with
Click chemistry dibenzylcyclooctyne (DBCO) groups and reacted with azide functionalized PEG in aqueous solution for
Protein release rapid formation of hydrogels. Azide functionalized full-length fluorescent proteins were successfully

incorporated into the hydrogel network by reaction with PEG-DBCO prior to gel formation. Temporal
release and removal of select proteins (AzZTMBmCh) was triggered with the application of thrombin
and monitored in real-time with confocal microscopy, providing a responsive handle for controlling
matrix properties. Hydrogels with regions of different protein compositions were created using a layering
technique with thicknesses of hundreds of micrometers, affording opportunities for the creation of com-
plex geometries on size scales relevant for controlling cellular microenvironments.

Statement of Significance

Controlling protein presentation within biomaterials is important for modulating interactions with bio-
logical systems. For example, native tissues are composed of subunits with different matrix compositions
(proteins, stiffness) that dynamically interact with cells, influencing function and fate. Toward mimicking
such temporally-regulated and spatially-defined microenvironments, we utilize bio-orthogonal click
chemistry and protein engineering to create hydrogels with distinct regions of proteins and modify them
over time. Through nonsense codon replacement, we site-specifically functionalize large proteins with i)
azides for covalent conjugation and ii) an enzymatic cleavage site for user-defined release from hydro-
gels. Our results exemplify not only the ability to create unique bio-functionalized hydrogels with con-
trolled mechanical properties, but also the potential for creating interesting interfaces for cell culture
and tissue engineering applications.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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of reactive functionalities to provide a bioinert base for the cre-
ation of well-defined network architectures with high water con-
tent and controlled physical and biochemical properties [5]. In
these materials, the incorporation and removal of biomolecules,
such as proteins, is key for directing interactions with biological
systems, including mammalian cells in culture and in the body
for modulating their attachment, function, and fate [3]. A simple
approach for protein incorporation into hydrogels is encapsulation
and entrapment of full-length proteins; while effective for thera-
peutic delivery applications, use in cell culture typically is limited
to only large proteins (e.g., whole laminins, fibronectin) that can be
retained in select hydrogel compositions [6]. For more precise con-
trol of protein presentation from and within hydrogels, covalent
modification of proteins can be broadly useful.

A variety of approaches with different levels of complexity have
been developed for protein immobilization. These include i)
orthogonal physical binding pairs (e.g., barnase-barstart and
streptavidin-biotin) [7], ii) oxime ligation [8], and iii) thiol-ene
reaction [9], where photo-uncaging or photo-initiating chemistries
have been applied for spatial specificity of immobilization. While
useful, these methods often rely on chemical modification of pro-
teins by reacting with randomly-located amine or thiol groups on
the protein backbone. Consequently, these modifications typically
are not site-specific and the number of modifications on each pro-
tein cannot be easily controlled, which may cause potential unde-
sired side reactions such as disulfide bond formation between
proteins. In addition to these undesired side reactions, the modifi-
cation can occur at an active site of the protein, with the potential
to cause protein misfolding or dysfunction.

A few methods have emerged for enzyme-mediated covalent
coupling of engineered proteins and protein fragments to pre-
formed hydrogels with sortase A [10] and transglutaminase factor
Xllla (FXIIla) [11], respectively. Additionally, single lysines have
been incorporated within protein sequences designed for assembly
to enable the subsequent introduction of reactive functionalities
and covalent modification for crosslinking [12]. These approaches
demonstrate the power of genetic modification for maintaining
protein bioactivity during covalent coupling and immobilization.
However, challenges remain in diffusion of enzymes and proteins
into gels for homogenous reaction and in site-specific protein mod-
ification with reactive unnatural amino acids (UAAs) for maximiz-
ing coupling efficiency. Versatile methods that enable site-specific
modification of proteins and bioorthogonal conjugation and immo-
bilization are needed for the design of biomimetic materials with
well-defined cell-matrix interactions.

The ability to control immobilization and removal of proteins
from the hydrogel is of growing interest for a number of biological
applications [8]. In the human body, gradients of soluble proteins,
such as morphogens, growth factors, and cytokines, occurring over
hundreds of micrometers at specific times are known to drive tis-
sue morphogenesis in development and regeneration in wound
healing [13,14]. For example, gradients of chemokines and matrix
stiffness drive stem cell migration and condensation during carti-
lage development, ultimately leading to a shift from a
fibronectin-rich to collagen-rich environment that facilitates stem
cell differentiation and tissue development [15,16]. Materials that
enable the release of proteins in time, as well as an anisotropic
manner, are needed for studying and directing these processes
within culture systems and implanted devices. One method to
achieve this is through the cleavage and subsequent release of
covalently-linked proteins. Cleavage of tethered proteins from
hydrogel-based matrices has been accomplished through incorpo-
ration of photolabile groups [8,17] or protease cleavage sites [18].
For example, incorporation of an o-nitrobenzyl group has been
used to spatiotemporally control cleavage of integrin-binding pro-

teins upon irradiation for directing MSC differentiation before and
after protein cleavage [8].

To better mimic anisotropic, multipart tissues, patterned and
more complex structures are required, such as intricate hydrogels
containing multiple layers with different biochemical cues, various
mechanical properties [19], or multiple cell types [20]. For exam-
ple, to mimic the structure of cartilage which is composed of differ-
ent zones, a multi-layer hydrogel composite was formed with
different mechanical and biochemical properties within each layer
to promote zone-specific chondrogenic differentiation of MSCs
[19]. Additionally, co-culture of neural progenitor cells, astrocytes,
and neurons each within a different layer of a multi-layer hydrogel
accelerated neural migration and differentiation [20]. Methods
that combine cleavage strategies with such layering techniques
would provide a straightforward approach to controlling the pre-
sentation of proteins at times and locations of interest and facili-
tate bottom up design over multiple size scales, from the
molecular to micro- and macro-scales.

Genetic engineering is a powerful tool for introducing unique
and site-specific modifications to proteins that enable orthogonal
coupling and cleavage reactions. Site-specific incorporation of
UAAs for functionalizing proteins can be achieved using nonsense
codon replacement [21-24]. Unlike sense codon replacement
[25,26], nonsense codon replacement allows for the site-specific
placement of UAAs in each protein molecule using either a stop
codon or 4-base codon as the designator for the UAA. This strategy
for placement of the UAA also minimizes protein dysfunction
when, by design, the conjugation site is away from the active site
of the protein. Furthermore, UAAs can be strategically placed
alongside specific domains, such as protease cleavage sites, giving
the benefits of unparalleled site-specific chemical conjugation and
a specific biological release mechanism for the construction of
well-defined and dynamic biomaterials.

Here, we report a modular approach for the controlled incorpo-
ration and removal of proteins in hydrogels using a combination of
bio-orthogonal click chemistry and protease-responsive engi-
neered proteins within defined geometries. Multi-arm PEG was
functionalized with dibenzocyclooctyne (DBCO), which undergoes
biocompatible and biorthogonal strain promoted alkyne-azide
cycloaddition (SPAAC) click chemistry [27,28] with a di-azide func-
tionalized PEG (PEG-2-Az) crosslinker for gel formation. The UAA
p-azido-l-phenylalanine (pAzF), which provides azide functional-
ity, was site-specifically incorporated into a cyan fluorescent pro-
tein (CFP), a mCherry fluorescent protein (mCh), and mCh
decorated with a thrombin cut-site (AzZTMBmCh). Gels containing
layers with different protein compositions were created using a
layering methodology, and in combination with the engineered
proteins, permitted spatially-defined protein presentation initially
and in time upon thrombin application. Immobilization of full-
length proteins within hydrogels followed by controlled temporal
enzymatic cleavage in defined regions is promising for use in a
number of biological applications, including controlled cell culture,
tissue engineering, diagnostics, and therapeutic delivery.

2. Materials and methods

Eight-arm amine-functionalized poly(ethylene glycol) (PEG-8-
NH,, 40 kDa) was purchased from JenKem Technology (Beijing,
China). Bovine Serum Albumin (BSA) and dibenzocyclooctyne-
acid (DBCO-Acid) were purchased from Sigma Aldrich (St. Louis,
MO). HATU was purchased from ChemPep (Wellington, FL). N-N-
Dimethylformamide (DMF, 99.8% anhydrous) was purchased from
Acros Organics. PEG-bis-azide (PEG-2-Az, 3.4 kDa) was purchased
from Creative PEGWorks. Dulbecco’s Phosphate Buffered Saline
(DPBS, 1X) was purchased from Thermo Fisher Scientific (Grand
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Island, US). All primers were purchased from IDT (Coralville, I1A). 4-
Methylmorpholine (4-MMP), ethyl ether, and all reagents for cul-
turing media were purchased from Fisher Scientific (Pittsburgh,
PA). All reagents for SDS-PAGE were purchased from BIO-RAD
(Hercules, CA). All enzymes related to DNA manipulation and clon-
ing were purchased from New England Biolabs (Ipswich, MA). p-
Azido-l-phenylalanine (4-azido-l-phenylalanine, > 98% (HPLC))
was purchased from Chem-Impex International Inc. (Wood Dale,
IL). All reagents purchased and received commercially were used
without additional purification.

2.1. Hydrogel components preparation

2.1.1. Cloning and strains

Escherichia coli NEB5a (New England Biolabs, Ipswich, MA)
[fhuA2 A(argF-lacZ)U169 phoA 23 ginV44 ®80 A(lacZ)M15 gyrA96
recAl relAl endA1 thi-1 hsdR17] was used as the host for plasmid
construction and maintenance. E. coli strain BL21(DE3) (EMD Mil-
lipore, Madison, WI) [F- ompT hsdSB(rB- mB-) gal dcm (DE3) A(srl-
recA)306::Tn10 (TetR)] was used for the production of all proteins.
NEB5a grown in Luria-Bertani Broth (LB, 10.0 g/L tryptone, 5.0 g/
L yeast extract, 5.0 sodium chloride) supplemented with either
50 pg/mL kanamycin or 100 pg/mL ampicillin during cloning. Co-
transformants were grown in LB media supplemented with
100 pg/mL ampicillin and 50 pg/mL spectinomycin.pET24a-w3CF
P-his6, which bears the gene that encodes wild-type (WT)
enhanced cyan fluorescent protein (ECFP), was cloned previously
[25]. The w3CFP gene was inserted into pET22b to yield an ampi-
cillin resistant plasmid bearing the same gene. The resulting plas-
mid pET22b-w3CFP-his6 served as the vector of choice for the UAA
bearing proteins.

Gene fragment encoding ECFP was amplified via PCR using pri-
mers AzCFP-F and AzCFP-R (Table S1), through which an amber
codon and Nhel cut sites were genetically fused upstream and
inframe to the ECFP gene fragment. The PCR amplicon was inserted
into pET22b-w3CFP-his6 using Sacll and Xhol sites to yield
pET22b-w3-amber-CFP-his6. The plasmid was transformed into
NEB5a and positive clones were subsequently co-transformed
with pULTRA-CNF (a generous gift from Prof. Peter G. Schultz,
[20]) for expression.

Gene fragment encoding mCherry was amplified via PCR using
primers AzmCh-F and AzmCh-R (Table S1). The PCR product was
then inserted into pET22b-w3-amber-CFP-his6 using Nhel and
Xhol sites to yield pET22b-w3-amber-mcCherry-his6. Similarly,
the thrombin cleavage site (Leu-Val-Pro-Arg-Gly-Ser) was incorpo-
rated via PCR using primers AzZTMBmCh-F and AzmCh-R. The
resulting PCR product was inserted into pET22b-w3-amber-CFP-
his6 using Nhel and Xhol to yield pET22b-w3-amber-thrombin
cut site-mCherry-his6. Both mCherry gene bearing plasmids were
transformed into NEB5a after ligation and positive clones were
co-transformed with pULTRA-CNF into BL21(DE3).

2.1.2. Protein expression, purification, and characterization
w3CFP-his6 (CFP) was expressed as previously described [25].
BL21(DE3) bearing both the expression plasmids for w3-pAzF-
CFP-his6 (AzCFP), w3-pAzF-mCherry-his6 (AzmCh), and w3-
pAzF-thrombin cut site-mCherry-his6 (AzZTMBmCh) and pULTRA-
CNF plasmids were grown in terrific broth (TB) media (12 g/L tryp-
tone, 24 g/L yeast extract, 0.4% (v/v) glycerol, 9.4 g/L potassium
phosphate monobasic, 2.2 g/L potassium phosphate dibasic) sup-
plemented with 100 pg/mL ampicillin and 50 ug/mL spectino-
mycin. Cultures were grown in shake flasks inoculated to an
0OD600 = 0.1 from an overnight pre-culture from a colony isolated
from an LB agar plate. The culture was allowed to grow at 37 °C
until OD600 = 0.8, at which point the expression was induced with
1 mM IPTG and supplemented 1 mM pAzF. pAzF was stored previ-

ous to culturing as 1 M stock solutions in 1 M NaOH. The culture
was further grown overnight (16 h) at 20 °C.

All cultures were sedimented using centrifugation at 4000g for
10 min at 4 °C. The supernatant was removed, and the pelleted
cells were suspended in 1x phosphate buffered saline (PBS, pH
7.4) to an OD600 = 30. The cells were lysed using sonication, and
the soluble portion was fractionated using centrifugation at
15,000g for 15 min at 4 °C. All fluorescent proteins in this study
have a C-terminal hexahistidine (his6) tag. Thus, all fluorescent
proteins were purified using His-Bind Ni-NTA resin from Thermo
Fisher (Pittsburgh, PA) gravity column used as instructed. w3CFP-
his6 (CFP) was produced with over 95% purity (based on densitom-
etry) (Fig. S1) [29]. Similarly, full-length expression of w3-pAzF-
CFP-his6 (AzCFP), an azide bearing CFP, w3-pAzF-mCherry-his6
(AzmCh), an azide bearing mCherry, and w3-pAzF-thrombin cut
site-mCherry-his6 (AzZTMBmCh) was observed only in cultures
supplemented with p-azido-l-phenylalanine (pAzF) with over
90% purity for all azide bearing proteins (based on densitometry)
(Fig. S1). After purification, all fluorescent proteins were stored in
1x PBS pH 7.4 with 250 mM imidazole (his elution buffer) at
4°C, and the samples were protected from light exposure until
immobilization into hydrogels.

All fluorescent proteins had expected spectral properties (data
not shown), and in all cases the identity of the fluorophore was
determined easily by eye. Thrombin cleavage site incorporation

(LVPR|GS) into AzZTMBmCh upstream of the mCherry domain
was confirmed by binding ELP-2rSH3 [29,30], an ELP-SH3 fusion
protein specific for the SH3 specific binding ligand on the N-
terminus of AZTMBmCh (Fig. S2). When the complex is maintained,
the entire complex will go through ELP transition cycling. Exposing
this complex to thrombin releases the mCherry cargo, and this
released cargo no longer goes through ELP transition cycling
(Fig. S2).

2.1.3. Synthesis and purification of 8-arm 40 kDa PEG-DBCO (PEG-8-
DBCO)

Eight-arm 40 kDa PEG-amine (1 equiv., JenKem, A8012) was
dissolved in anhydrous DMF at a concentration of 0.25 g poly-
mer/mL and subsequently was added to DMF solution of DBCO
(2.2 equiv.), HATU (2 equiv.), and 4-MMP (4.5 equiv.) (Fig. S3). This
reaction was stirred at room temperature overnight in the absence
of light. Excess DBCO-acid must be removed before hydrogel for-
mation because it can react with PEG-2-Az crosslinker, decreasing
crosslink density and immobilization of proteins to the hydrogel.
Ethyl ether precipitations were performed to remove excess
DBCO-acid. The solution was diluted with DMF before the product
was precipitated in cold ethyl ether (5x). The final product, a
water-stable macromer PEG-8-DBCO where DBCO is linked to
multi-arm PEG by amide bonds, was collected after two re-
precipitations from DMF into cold ethyl ether, to increase removal
of DBCO-acid, and dried in vacuo overnight. The degree of function-
alization was characterized using a Bruker AV 400 NMR spectrom-
eter (Bruker Daltonics, Billerica, MA). By averaging the results of
four batches, 82% of NH, groups were modified with DBCO with
5% standard deviation (approximately 6.6 DBCO per 8 arms of mul-
tiarm PEG), with no impurities or unreacted amine detected by 'H-
NMR analysis (Fig. S4). '"H NMR (DMSO-dg, 400 MHz). =7.71 (t,
1H), 8=7.46 (m, 8H), 5.03 (d, 1H), 3.51 (m, PEG backbone), 3.12
(m, 2H), 2.17 (m, 1H), 1.84 (t, 2H), 1.75 (m, 1H), 1.20 (m, 4H).

2.2. Hydrogel formation and rheological characterization

All hydrogels were formed by mixing PEG-8-DBCO (10 mM final
DBCO concentration, 1.5 mM final PEG-8-DBCO concentration) and
PEG-2-Az (9.98 mM final azide concentration, 4.99 mM final PEG-
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2-Az concentration) in PBS containing 0.25% BSA (wash buffer);
soluble BSA was included to reduce any nonspecific interactions
between synthetic macromers and proteins. For protein incorpora-
tion into the hydrogel, including conjugation of AzCFP, AzmCh, and
AzTMBmCh and encapsulation of CFP, all proteins were mixed and
allowed to react overnight with PEG-8-DBCO (10 mM final DBCO
concentration) in a microcentrifuge tube at 4 °C. The next day,
PEG-2-Az (9.98 mM final azide concentration) was added to the
PEG-8-DBCO, starting the crosslinking reaction. This gel precursor
solution (22 pL) was well mixed and immediately pipetted into a
1-mL syringe mold to form cylindrical hydrogels. Note, other mold
geometries may be utilized to achieve gels of different shapes. Con-
centrations of protein incorporated within gels were 20 M for
AzCFP and CFP and 10 uM for AzmCh and AzZTMBCh.

For rheological characterization, the gel precursor solution was
prepared at a total volume of 10 uL and pipetted onto a Peltier
plate on a rheometer with an 8 mm flat plate geometry (AR-G2,
TA instruments, USA). Measurements were taken with a 150-pum
gap at room temperature. Storage (G’) and loss (G”) moduli were
recorded over time at 2% applied strain and 6 rad s~ ! frequency,
which was in the linear-viscoelastic regime for these hydrogels.
Mineral oil was added to the space between the hydrogel outer
surface and the lower plate once the G’ value reached 150 Pa to
ensure that the gel remained hydrated throughout the time course
of the measurement. The gel point was estimated with the cross-
over of G’ and G”, and the time to complete gelation was defined
to be when the percent change in modulus between consecutive
data points was less than 10% [27].

2.3. CFP and AzCFP hydrogels analyzed by typhoon scanner imaging
and plate reader

Whole hydrogel images were recorded using a Typhoon Vari-
able Mode Imager 9400 (Amersham Biosciences, Piscataway, NJ).
AzCFP hydrogels, CFP encapsulating hydrogels, and blank PEG
hydrogels (negative control) were imaged every hour for 9 h after
the start of swelling in the wash buffer (PBS with 0.25% BSA), fol-
lowed by one long incubation overnight (~27 h after the start of
swelling). Each hydrogel was washed in a separate well of a 24-
well plate, and the wash solutions were collected before each
imaging step. The wash fractions were diluted (4x) and measured
in triplicate on a Synergy 2 plate reader (BioTek, Winooski, VT).
Samples were excited at a wavelength of 435 nm, and the fluores-
cence emission was measured at 485 nm. CFP fluorescence from
the wash fractions was used to calculate CFP retention in the
hydrogel at each time point. This experiment was repeated two
more times, using fluorescence microscopy to assess fluorescence
within the hydrogels. Images of multiple positions of gels were
captured to confirm retention of fluorescence associated with
covalent immobilization of AzCFP and the loss of fluorescence
associated with release of unattached CFP from the CFP gels
(Fig. S6), which is in agreement with the typhoon scanner and plate
reader analyses.

2.4. AzmCherry confocal imaging

AzmCh and AzTMBmCh hydrogels were made using 22 pL of
solution at a concentration of 0.01 mM AzmCh and AzZTMBmCh
pre-reacted overnight in the gel precursor solution. After gel for-
mation, the gels were swollen overnight in wash buffer. The
AzmCh and AzTMBmCh hydrogels were placed side by side in a
confocal chamber slide (Nunc™ Lab-Tek™ II Chamber Slide, Glass,
1 well). Thrombin solution (200 puL of 120 unit/mL) was added to
the top of the hydrogels every two hours to ensure a source of
thrombin and that gels remained hydrated without disturbing
the gels over the course of the experiment. Z-direction images of

the gels were taken (Zeiss 710 inverted confocal microscope with
Zen software), and tiles were stitched with 20% overlay every hour
over a period of twelve hours. A final image was taken after six
more hours of incubation (18 h total) with thrombin solution. Den-
sitometry analysis of AzmCh and AzTMBmCh gels to assess
mCherry cleavage over time was performed using Plot Profile in
Image]. This experiment was performed in triplicate.

2.5. Layered hydrogel fabrication and temporal removal of AzZTMBmCh

AzCFP gel precursor solution (20 pL) was pipetted into a syringe
mold. The pre-gelled solution was flattened (e.g., gentle tapping
the side of the syringe) and then 10 pL of it was pipetted out of
the mold. After 30 min, sufficient time for gel formation based on
rheometry, a second layer containing 10 pL of AZTMBmCh precur-
sor solution was pipetted into the mold and reacted for 30 min.
Finally, 10 pL of fresh AzCFP gel precursor solution was pipetted
on top of the AzZTMBmCh layer. After 30 min, the layered gel was
removed from the mold and placed directly into a 24-well plate
with 500 pL of PBS with 0.25% BSA (wash buffer) and placed on a
rocker at room temperature to swell. The hydrogels were prepared,
washed overnight to remove any unreacted components, and sub-
sequently imaged in a confocal chamber slide. To cleave and
release AzZTMBmCh from the second layer, the gel was placed in
the 500 pL cleavage buffer (wash buffer with 1000 unit/mL throm-
bin) and placed on a rocker overnight at room temperature. After
overnight exposure to the cleavage buffer, gels were rinsed with
500 pL wash buffer at room temperature for five minutes in tripli-
cate before imaging (Zeiss 710 inverted confocal microscope). Ima-
ge] analysis was used to measure CFP and mCherry fluorescence
intensities in each layer before and after thrombin cleavage to
determine the percentage loss in fluorescence (Fig. S8).

2.6. Cell encapsulation and viability

Human mesenchymal stem cells (hMSCs, passage 7, Lonza)
were encapsulated in a PEG-8-DBCO gel (control), AzmCh gel,
and a layered AzmCh/AzTMBmCh gel before and after thrombin
cleavage. A live/dead cytotoxicity assay (ThermoFisher, 1L3224)
was performed to determine cell viability in these hydrogels and
assess any effects of the incorporation and removal of proteins
and the gel layering procedure on cell viability. Precursor solutions
were prepared for forming the PEG-8-DBCO control gel and the
AzmCh gel, with 0.01 mM AzmCherry pre-reacted overnight within
the gel precursor solution before gel formation, as previously
described in section 2.2. Cells were encapsulated at 10x10° /mL
within 20 pL gels for 20 min, allowing sufficient time for gel forma-
tion based on measured gelation times (between 10-12 min, see
Fig. 1). After 1 day of culture, the live/dead assay was performed
and z-stacks 300-pum thick were imaged by confocal microscopy
(Zeiss LSM 800). All cell encapsulation images are orthogonal pro-
jections of these z-stacks (3 replicates per composition with 3 z-
stacks taken per replicate), and cell counts of live (green) or dead
(red) cells were performed using Image] to obtain the percentage
of viable hMSCs (number of live cells/(number of live + dead
cells) * 100%).

To determine cell viability after layering and thrombin cleavage,
a two-layered gel was fabricated with a bottom layer of AzmCh gel
and a top layer of AZTMBmCh gel (AzmCh/AzTMBmCh) with both
layers containing encapsulated hMSCs. The layered gel was made
as previously described in section 2.5, with AzmCherry and
AzTMBmCherry whole proteins, respectively, pre-reacted over-
night in the gel precursor solutions followed by layer-by-layer
molding of gels in syringe molds. To encapsulate cells in a layered
gel, a 10-uL AzmCherry gel-forming solution containing hMSCs
(10 x 10° cells/mL) was added to the syringe mold and allowed
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Fig. 1. Hydrogel formation. (a) Hydrogels were formed with 8-arm PEG functionalized with DBCO (PEG-8-DBCO) and PEG diazide (PEG-2-Az with or without pre-reacted
AzCFP (AzCFP or control gel, respectively). The AzCFP gel was formed by pre-reacting AzCFP with PEG-8-DBCO overnight before polymerization with PEG-2-azide. (b)
Rheometry was used to monitor gel formation. The control gel and the AzCFP gel have no significant difference in gelation kinetics. Further, no significant difference was
observed for (c) final storage moduli and (d) gelation times. These data suggest that incorporation of an azide-bearing protein has little effect on the formation or properties of

the hydrogels.

to gel for 20 min (bottom layer); subsequently, 10 pL of AzZTMBm-
Cherry gel-forming solution containing hMSCs (10 x 10° cells/mL)
was added on top, which was allowed to gel for 20 min (top layer).
After one day of culture, the live/dead cytotoxicity assay was used
to determine the viability of hMSCs before the addition of throm-
bin for cleaving the AzZTMBmCherry layer. Thrombin (1000 U/mL)
subsequently was added to remaining replicates and incubated
overnight in the culture medium of the AzmCh/AzTMBmCh two-
layered gels, and viability of hMSCs on day 2 was analyzed by
live/dead cytotoxicity assay. Z-stacks (500-pm thick) of cells
within these gels were imaged with confocal microscopy, and
orthogonal projections of these stacks were used to determine cell
viability using Image] as described above.

2.7. Statistical analysis

Results are reported as mean * standard error (SE). Specific
numbers of replicates (n > 3) are noted for each experiment within
the Results and Discussion. Statistical significance was determined
by performing a two-sided Student’s T-test with significance
accepted at p < 0.05.

3. Results and discussion

In this study, we demonstrate the rapid functionalization and
externally triggered removal of whole proteins from synthetic

hydrogels. Azide functional groups and an enzymatically cleavable
group were site-specifically, genetically encoded within the pro-
teins of interest, demonstrated here with model fluorescent pro-
teins CFP and mCh. In combination with SPAAC chemistry, this
tool enabled the facile construction of hydrogel layers with differ-
ent compositions for spatially-defined presentation of proteins and
temporal cleavage of a specified protein upon the application of a
biological trigger, thrombin, to cleave the incorporated thrombin
cut-site. This approach provides multiple handles for tuning of syn-
thetic matrix properties in vitro, or potentially for responsive
release in vivo, which may prove useful in studying and directing
a variety of biological processes.

3.1. Site-specific modification of proteins with azides allows facile
incorporation within hydrogels using bioorthogonal click chemistry

Bioorthogonal azide functional groups were site-specifically
positioned within recombinant proteins by genetic incorporation
of pAzF, starting with AzCFP. Rather than substitute an amino acid
within the fluorescent protein, the amber codon, the designated
codon for pAzF incorporation, is upstream of all functional compo-
nents. This placement is unlikely to affect protein folding or func-
tion, even after conjugation. In addition to selective purification of
proteins with the correctly placed azido UAA (Figs. S1 and S2),
retention of AzCFP fluorescence within the hydrogel over time
(Fig. 1) supports that the placement of pAzF did not hinder protein
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folding and enabled conjugation to the hydrogel. During expres-
sion, we expected two major products to form: the full-length
Az-fluorescent protein and a truncated product. Full-length
expression only occurs if the amber codon, which natively desig-
nates the termination of translation, is suppressed and the UAA
is incorporated. For this reason, all of the azide-bearing proteins
have C-terminal hexahistidine tags that enabled the selective
purification of the azide-modified full-length product (Fig. S1).

Hydrogels decorated with whole proteins were formed using
bioorthogonal SPAAC chemistry by reacting multi-arm PEG func-
tionalized with cyclooctyne groups (PEG-8-DBCO) with azide-
bearing proteins and PEG-2-Az, covalently crosslinking the multi-
arm PEG (Fig. 1 and Fig. S3). For this, PEG-8-DBCO was synthesized
by reacting PEG-8-amine with excess DBCO-acid, followed by ethyl
ether purification, resulting in DBCO functionality of 82 + 5% (n = 4;
here, the error indicates standard deviation, Figs. S3 and S4). To
ensure complete immobilization of protein, AzCFP was pre-
reacted with PEG-8-DBCO overnight before mixing with the PEG-
2-Az crosslinker, which immediately commences gel formation
under physiological pH. With an approximate rate constant on
the order of 107! M~! S~! for SPAAC reactions [31,32], addition
of a low concentration of azide protein (on the order of 0.01 mM)
results in an overall reaction rate that requires day(s) for comple-
tion of alkyne-azide cycloaddition. Because of this, the relatively
small ratio of AzCFP (0.02mM) to PEG-2-Az crosslinker
(9.98 mM) would lead to a lower yield of immobilized protein if
these azide groups were simultaneously mixed with PEG-8-DBCO
in the gel-forming solution. Pre-reacting PEG-8-DBCO with azido
protein thus allows for more consistent conjugation of protein
within the hydrogel structure (Fig. S7).

Mechanical properties and gelation times were measured for
PEG-8-DBCO SPAAC hydrogels with and without AzCFP (Fig. 1).
Gel formation was characterized using rheology, as described in
section 2.2. The gelation times for non-functionalized CFP (control)
and AzCFP gels were both under 10 min and statistically similar at
9.04 + 0.33 min and 7.28 £ 1.08 min, respectively. The crossover
point (G’ = G”) was difficult to measure consistently: the short time
allowed for mixing and handling of the pre-gelled solution (~30s)
before measurements on the rheometer could be commenced fre-
quently led to crossover already having occurred by the time the
first measurement was acquired. With the variance in handling
time, we did not observe the crossover point in some of the sam-
ples from both the control and the AzCFP gel formulations. Based
on our qualitative observations during sample handling (adding
in crosslinker, mixing the precursor solution in the tube, and plac-
ing the solution on the rheometer), we estimate the crossover
point occurs within approximately one minute of mixing. The
mechanical properties of the resulting gels were consistent, mak-
ing the SPAAC formulation easy to mold and handle, and final shear
moduli for control and AzCFP hydrogels were statistically similar at
2900 + 470 Pa and 3200 + 420 Pa, respectively.

SPAAC occurred at ambient temperature, in the absence of any
potentially harmful catalysts, UV-light, and free-radicals often used
in hydrogel formation, and allowed effective conjugation of AzCFP.
Further, hydrogels formed consistently and robustly with or with-
out biofunctionalization. Both the observed time to complete gela-
tion and storage moduli of the resulting gels were the same order
of magnitudes as those of similar hydrogel systems fabricated
using SPAAC click chemistry [27]. Of note, the model protein con-
centrations tested here (10 pM and 20 pM) are relevant for many
bioactive proteins, including growth factors and cytokines. For
example, growth factors, such as PDGF-BB (~0.7 uM) [3] and EGF
(~2-20 uM) [10], have been immobilized within hydrogel-based
matrices at similar concentrations to modulate cellular functions
and regenerative processes in vitro and in vivo, such as prolifera-
tion, differentiation, and protein secretion. Further, large

receptor-binding whole proteins or related peptide mimics have
been incorporated within hydrogel-based matrices at similar or
higher concentrations (~50-2000 uM) to enable cell adhesion
and promote specific cellular activities. These include 1) integrin-
binding peptides RGDS (fibronectin/vitronectin-derived mimic),
IKVAV and YIGSR (laminin-derived), or (POG);POGFOGER(POG),
(collagen-derived) to promote adhesion and viability and facilitate
differentiation of induce pluripotent stem cells (iPSCs) [33] and
human mesenchymal stem cells (hMSCs) [34]; 2) recombinant,
integrin-binding protein fragments fibronectin type Il repeat 9-
10 [35] or E8 derived from laminin isoforms (on plates) to promote
hMSC adhesion or iPSC self-renewal [36], respectively; and 3)
whole proteins E-cadherin and EpCAM to mimic cell-cell contact
and facilitate reprogramming of somatic cells into iPSCs [35].
While not demonstrated here, the material system affords the
capacity for incorporating higher concentrations (e.g., 2000 uM)
by reacting an increased fraction of DBCO-functionalized PEG arms
with azide-functionalized proteins. Theoretically, only 3 arms of
PEG-8-DBCO are required for use as crosslinks to achieve gel for-
mation (i.e., >2 crosslinks per PEG-8-DBCO required for gelation
with the difunctional linear PEG-2-Az) [37,38], and the remaining
fraction of DBCO-functionalized PEG arms could be used for pro-
tein immobilization, up to ~3.6 arms per PEG-8-DBCO with an
average of 6.6 out of 8 arms based on NMR analysis (~5400 pM
DBCO in current gel formulation). With this capacity, the material
system and approach should have broad utility for the immobiliza-
tion and controlled presentation of a variety of bioactive receptor-
binding whole proteins or their fragments, such as those noted
above, toward modulating cell function and fate.

3.2. Conjugation enables retention of pAzF functionalized protein and
its activity over time

For successful biofunctionalization of PEG hydrogels using
SPAAC, we wanted a system that specifically and homogeneously
immobilized proteins without affecting hydrogel mechanical prop-
erties. AzCFP covalent coupling to hydrogels for immobilization
was confirmed by comparing CFP retention over time for hydrogels
formed with AzCFP or control CFP (i.e.,, no azide functionality)
(Fig. 2). AzCFP hydrogels and control CFP hydrogels were synthe-
sized using purified AzCFP and CFP proteins, respectively (pur-
ity >90%, Fig. S1). Fluorescence was tracked for the entire
hydrogel through fluorescence imaging on a Typhoon Variable
Mode Imager, as discussed in section 2.3. Hydrogel fluorescence
was imaged over approximately 1 day with constant replacement
of the wash solution every hour until the 10th hour, at which time
little change in fluorescence was observed (Fig. 2a).

Diffusion of any unconjugated CFP out of the gel and into the
bulk wash buffer also was confirmed by measuring CFP fluores-
cence in wash fractions (Fig. 2c). The cumulative CFP loss was sub-
tracted from the initial CFP amount loaded within the hydrogel and
normalized to the initial CFP amount to yield CFP retention. About
80% of the initial CFP was lost from the control CFP gel within the
first six hours, indicating ~20% retention of CFP by encapsulation
alone, whereas AzCFP hydrogels retained more than 70% of the ini-
tial CFP fluorescence over 27 h of washing. These data support that
the AzCFP protein was covalently bound to the hydrogel with an
overall minimal loss of fluorescence. Retention of a small percent-
age of the control CFP within the hydrogel after extensive washing
likely was due to nonspecific interactions between the hydrogel
backbone and CFP, where inclusion of BSA as a blocking agent in
the gel and wash buffer decreased the amount of residual CFP
(Fig. S5). Homogenous immobilization of AzCFP was further con-
firmed using fluorescence microscopy before and after 3 days of
incubation in the wash buffer (Fig. S6).
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Fig. 2. AzCFP incorporation and activity within the hydrogel. (a) Images were taken of AzCFP and CFP hydrogels on the Typhoon scanner at various time points over 27 h. The
AzCFP gel maintained similar fluorescence, whereas the control CFP gel exhibited decreased fluorescence. Without covalent modification, encapsulated CFP diffused out of the
gel until there was no noticeable fluorescence in the hydrogel. (b) Comparison of AzCFP gel (CFP covalently immobilized to the gel) and CFP gel (encapsulation of CFP into the
gel) allows assessment of the fraction of AzCFP covalently incorporated within the hydrogel, as the encapsulated CFP diffuses out of hydrogel network due to a larger mesh
size of the hydrogel compared to the CFP hydrodynamic diameter. (c) Quantitative plot of the CFP retained in the hydrogel as a function of time shows that only ~20% CFP was
retained in the control CFP gel after eight hours of incubation in wash buffer, whereas the AzCFP gel still retained ~75% AzCFP, supporting the covalent immobilization of

AzCFP.

Diffusion of encapsulated proteins is dependent on hydrogel
mesh size, the molecular-level pore size, where void spaces allow
free to hindered diffusion within the hydrogel. Here, the mesh size
of the hydrogel formulation used in all studies shown here (10 mM
DBCO concentration from 1.5 mM PEG-8-DBCO) was estimated to
be £=19nm (calculated by the Peppas Merrill equation [39],
Fig. S9), whereas CFP, as variant of GFP, has a barrel-shaped struc-
ture with a diameter of 2.4 nm and a height of 4.2 nm [40]. Because
the mesh size was roughly an order of magnitude larger than the
diameter of CFP, unconjugated CFP diffused out of the 20 uL hydro-
gels on the order of hours (Fig. 2c). The SPAAC crosslinked PEG
hydrogels created here thus allowed not only immobilization of
large protein cargo during gel formation, but also diffusion of such
large biomolecules through the structure for removal of unat-
tached protein and with implications for controlled release.

3.3. Enzyme triggered cleavage of immobilized azide-mCherry with
thrombin cut-site (AZTMBmCh)

In addition to the facile method for immobilizing full-length
proteins, we wanted to establish a complementary approach for
externally-triggered cleavage of proteins from these hydrogels,
enabling dynamic tuning of matrix properties and protein release.
Specifically, controlled release of a model protein, mCherry, from
hydrogels by a proteolytic trigger, thrombin, was demonstrated
by genetically incorporating a thrombin cleavage site (TMB)
between pAzF and mCherry domains in AZTMBmCh. Before testing
cleavage of mCherry from the hydrogel using thrombin, the func-
tionality of a thrombin cleavage sequence in AzZTMBmCh and the
relative position of the cleavage site within the protein was
assayed in solution by using ELP-2rSH3; ELP-2rSH3 is an elastin-
like polypeptide domain fused to two repeats of an SH3, which pro-
vides a reversible phase transition for purification of protein-ELP
fusions when heated above the lower critical solution temperature

of ELP [29]. The N-terminal of all proteins consisted of a specific
SH3-binding ligand (w3) and was fused in-frame to pAzF, which
contains the azide conjugation site for SPAAC, followed by the
thrombin cleavage site and mCherry (w3-pAzF-thrombin cleavage
site-mCherry). Release of w3-pAzF by thrombin cleavage pre-
vented the cleaved mCherry from complexing with ELP-2rSH3,
resulting in a soluble mCherry even above the LCST of ELP. SDS-
PAGE analysis of this experiment confirmed the location and acces-
sibility of the thrombin cleavage site (Fig. S2).

To test enzymatic cleavage of the thrombin cut-site in hydro-
gels, non-cleavable AzmCh hydrogels and cleavable AZTMBmCh
hydrogels were synthesized (Fig.3a). These gels were swollen
overnight and washed to remove unreacted AzmCh/AzZTMBmCh
from their respective hydrogels. Thrombin (120 U/mL) was added
to the AzmCh and AzTMBmCh hydrogels over time. Resulting
release of mCherry from the hydrogels was examined using confo-
cal microscopy to image cross-sections of both hydrogels. Release
of mCherry was observed from the hydrogel with the thrombin
incorporated cut-site protein, whereas retention of mCherry was
observed in the non-cleavable control gel (Fig. 3b). Fluorescence
densitometry of the confocal images for the AzmCh and
AzTMBmCh hydrogels were used to analyze the release profile of
mCherry in response to the addition of thrombin (Fig. 3¢), where
an approximately linear trend was observed for triggered removal
and release of mCherry over time.

Nearly all of the mCherry was released from the hydrogel by
10 h after thrombin addition. Compared to strictly the release of
unconjugated CFP by diffusion out of the hydrogel (complete
release within ~8 h, Fig. 2), mCherry release was slightly slower.
Since the kinetics of thrombin cleavage is relatively fast, the release
of mCherry is almost exclusively dependent on the diffusion of
thrombin in (~36 kDa, effective hydrodynamic diameter ~4.7 nm
[41]) and subsequently mCherry out of the hydrogel. Despite the
dependence on the diffusion of thrombin, the release of mCherry
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Fig. 3. Controlled presentation and release of mCherry. (a) AzZTMBmCh was covalently immobilized to the hydrogels for temporally triggered release upon addition of
thrombin. Hydrogels with noncleavable AzmCh were created as enzyme-stable, noncleavable controls. (b) Selective release of AzZTMBmCh is observed with confocal
microscopy (confocal tile images stitched together) over time after thrombin addition, whereas minimal loss of fluorescence from the control AzmCh hydrogel was observed
in the presence of thrombin (Scale bar, 1 mm). (c) Fluorescence of these hydrogels was quantified using Image] and normalized to t = 0 values.

was still on the order of hours much like the release of unconju-
gated CFP. These observations support that the relatively large void
spaces afforded by the mesh size of these hydrogels allowed
thrombin diffusion to be relatively unhindered.

Note, when thinking more broadly in terms of design principles
for future applications, the rate for diffusion and release will
depend on the mesh size as well as the dimensions of the gel.
For example, increasing the total concentration of PEG in the gel
precursor solution (while keeping the ratio of DBCO and Az from
PEG constant) will decrease the mesh size, which can cause slower
diffusion of protein as the mesh size approaches the size of the pro-
tein. Additionally, a thicker or wider gel will result in a more pro-
nounced protein gradient and a longer protein diffusion time. Here,
we selected a hydrogel composition with modulus similar to vari-
ous soft tissues (E~ 10 kPa) [15] and with a large enough mesh
size (¢ ~ 19 nm) for relatively unhindered diffusion of our model
proteins (CFP and mCherry), which are similar in size (or larger
than) many growth factors, cytokines, and integrin-binding protein
fragments (e.g., recombinant fibronectin type IIl repeat 9-10) [42].
Further, while response to thrombin was demonstrated here, this
approach is amenable to use with other biological triggers where
associated cleavage sites can be incorporated into similar proteins,
including other protease cleavage motifs and protein domains that
self-cleave based on external stimuli, such as pH sensitive self-
cleaving inteins [43].

Responsive release of proteins from hydrogels has been
achieved by a variety of approaches [44]. However, the over-
whelming majority of studies encapsulating proteins utilize hydro-
gels as merely delivery vehicles rather than matrices for promoting
interactions with biological systems (e.g., mammalian cells), limit-

ing the scope of these hydrogels to largely drug delivery applica-
tions. For instance, the required mesh size for encapsulation is
dependent on the size of the encapsulated protein, limiting the
range of hydrogel crosslink densities and moduli that can be used.
Furthermore, encapsulated proteins are prone to premature leak-
age, as shown by CFP diffusion from the gel, and the hydrogel
structure can be compromised after the release of proteins is trig-
gered (e.g., gel is degraded), precluding studies where the hydrogel
structure must be maintained during release. The successful incor-
poration of a thrombin responsive tether for mCherry protein
release is an important function to our study, whereby we can con-
trol the release of the protein while maintaining a highly cross-
linked hydrogel network with robust mechanical properties. This
independent control of properties is promising for not only drug
delivery applications, but also controlled cell culture and tissue
engineering for the dynamic tuning of protein presentation to
probe and direct cell fate. Our approach, incorporating a site-
specific reactive functional group and protease cut-site, adds to
the growing suite of tools for the controlled presentation and
release of proteins from hydrogel-based materials using different
cleavable chemistries, such as photolabile (e.g., o-nitrobenzyl and
coumarin groups [8,17]) and other enzyme responsive (e.g., sortase
and matrix metalloproteinases (MMPs) [10,18]) groups.

3.4. Layered gel formation and triggered protein release allow the
creation of anisotropic and dynamic gel architectures

Spatial presentation of proteins was demonstrated by creating
an AzCFP/AzTMBmCh/AzCFP multi-layer hydrogel (Fig. 4). A syr-
inge mold was used for layering the hydrogels, allowing control
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solution was added and allowed to polymerize for 30 min before the addition of the next layer. With this method, a hydrogel with layers of AzCFP, AzZTMBmCh, and AzCFP was
created. (b) Confocal images of the layered gel show the three separate fluorescent layers before and after mCherry cleavage using thrombin. Thrombin enzyme was added
overnight (adding 100 pL of thrombin solution every 2 h), followed by three washes before imaging the next day. Release of mCherry was observed (lack of fluorescence in the
middle layer after incubation with thrombin) (Scale bars, 100 um). (c) Select removal of mCherry from layered hydrogels was quantified: the top and bottom AzCFP layers
exhibit minimal (~15%) loss in fluorescence, whereas the middle AzZTMBmCh layer that contains the thrombin cut-site exhibits a 90% loss in fluorescence after the addition of
thrombin. (d) hMSC viability in PEG-8-DBCO (control) and AzmCh gels indicate no statistical difference in viability with incorporation of a covalently-immobilized whole
protein. (e) hMSC viability in two-layered AzmCh/AzZTMBmCh gels before and after thrombin addition, followed by mCherry cleavage and release, indicate no statistical
difference in cell viability ((f) example confocal projections for live (green)/dead (red) staining of hMSCs encapsulated in AzmCh/AzTMB layered gel before and after thrombin
addition. Scale bar = 100 pum.) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of the height of the gel (300-400 um) on size scales relevant for
mammalian cells and tissues. Each new gel layer was conjugated
sequentially to its adjacent layer utilizing unreacted DBCO and
azides on the gel surface. To prevent any mixing of protein
between layers and to make gels with discrete boundaries between
layers, each gel layer was polymerized for 30 min prior to adding
the next layer to allow enough time for substantial crosslinking
to occur.

Selective release of the middle AZTMBmCh layer was demon-
strated by introducing thrombin to the multi-layer gel. The
AzCFP/AzTMBmCh/AzCFP multi-layered hydrogel was imaged
using confocal microscopy before and after the addition of throm-
bin (Fig. 4b). After 1 day of incubation with thrombin, which was
expected to be sufficient for mCherry cleavage and release (see
Fig. 3), the AZTMBmCh middle layer showed a 90% loss in fluores-
cence, which was statistically significant at a p-value <0.05
(Fig. S8), while the bottom and top AzCFP layers had minimal to
no loss in fluorescence (Fig.4c). Taken together, these results
demonstrate the utility of this materials strategy for user-
controlled immobilization and removal of proteins within hydro-
gels from spatially-defined regions and at times of interest.

Viability of hMSCs encapsulated in single- or multi-layered gels
with and without protein immobilization/removal were examined

to establish the effectiveness of the materials and procedures for
cell culture. First, the effect of whole protein incorporation on
hMSC viability was assessed by encapsulating hMSCs in a PEG-8-
DBCO gel (control) and an AzmCh gel. After encapsulation and
1day of culture, hMSC viability was statistically the same for
SPAAC-formed hydrogels with and without AzmCherry protein
(68 £3% and 71 * 3%, respectively) (Fig. 4d). These data indicate
that the addition of azide-functionalized proteins to the hydrogel
does not affect cell viability. Note, DeForest et al. observed ~90%
viability of hMSCs encapsulated within similar PEG hydrogels
formed by SPAAC and presenting covalently-immobilized vit-
ronectin to facilitate cell integrin binding and adhesion. We
hypothesize the addition of such integrin-binding proteins or pep-
tides enhances cell viability within these otherwise bioinert matri-
ces; however, even absent such integrin-binding ligands, our data
support sufficient hMSC viability for cell culture in SPAAC-
formed hydrogels in addition to no effects of protein immobiliza-
tion on cell viability. To examine the effect of gel layering and pro-
tein removal on hMSC viability, a two-layered AzmCh/AzZTMBmCh
gel was fabricated. After one day of culture and before thrombin
addition, hMSC viability in the two-layered gel was 71 +3%
(Fig. 4e and f). Thrombin was added to the culture medium of
the layered gels on day 1 and incubated overnight, and viability
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of hMSCs on day 2 (after TMB addition and mCh removal) was
determined to be 71 +3%. Again, good viability of hMSCs was
observed in the two-layered gel, before and after thrombin cleav-
age of mCherry in the top layer, and viability was statistically sim-
ilar for all conditions. This study demonstrates the relevance of the
material system for cell culture, including use of layering for 3D
culture and thrombin addition for triggered protein removal.

This layering technique enables customizable and spatially sep-
arated layers with broad implications for biomedical applications.
Theoretically, not only could layers harbor different proteins with
their own distinct triggers, but each layer could also have signifi-
cantly different mechanical properties. While not explored here,
the backbone of the polymer network comprising each layer also
can be engineered to degrade for further evolution of matrix prop-
erties (e.g., cleavage of crosslinks in response to cell secreted
enzymes to facilitate matrix remodeling [45] or in response to
applied light for user-directed property control) [27,46]. The ability
to form multi-layer structures is an important step toward recap-
turing the different properties found within layered tissue archi-
tectures, as well as enabling the co-culture of different cell types.
Toward this, we have demonstrated that the materials and
approach presented enable the three-dimensional culture of
hMSCs: good cell viability is maintained during protein immobi-
lization/removal and gel layering and is statistically similar to
SPAAC control gels (Fig. 4d-f), which have been shown used by
others for the culture of a variety of cell types [27,28,47,8]. More
importantly, the ability to temporally control protein presentation
within these layers by bio-orthogonal triggers could enable a vari-
ety of investigations for probing and directing cell response to ani-
sotropic matrix properties, such as stem differentiation down
specific lineages associated with tissue interfaces (e.g., bone, carti-
lage, and ligament cells at the bone-ligament interface) in response
to temporally and spatially-defined presentation of growth factors
and integrin-binding ligands [48].

4. Conclusions

We have demonstrated the use of SPAAC chemistry to control
immobilization and release of bio-orthogonal azide-
functionalized proteins to a hydrogel network. Genetic engineering
allowed the site-specific attachment of an azide and a thrombin
cleavage site to model fluorescent proteins without any loss of pro-
tein function. Long term fluorescence of AzCFP indicated covalent
conjugation to the hydrogel, and the loss of mCherry fluorescence
after thrombin cleavage demonstrated the triggered, spatially-
specific release of a protein. Lastly, a method was developed for
creating layered hydrogels with defined compositions using
biorthogonal chemistry; to our knowledge, this is the first time a
layered hydrogel was formed using SPAAC chemistry. The forma-
tion of the AzCFP/AzZTMBmCh/AzCFP layered gel followed by pro-
tein cleavage from the middle layer, all while maintaining the
structure of the layered hydrogel, demonstrates the versatility of
this approach, affording numerous possible applications for protein
release and studying biological processes.
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