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Logic-Based Delivery of Site-Specifically Modified Proteins
from Environmentally Responsive Hydrogel Biomaterials

Prathamesh Milind Gawade, Jared A. Shadish, Barry A. Badeau, and Cole A. DeForest*

The controlled presentation of proteins from and within materials remains
of significant interest for many bioengineering applications. Though “smart”
platforms offer control over protein release in response to a single external
cue, no strategy has been developed to trigger delivery in response to
user-specified combinations of environmental inputs, nor to independently
control the release of multiple species from a homogenous material. Here,

a modular semisynthetic scheme is introduced to govern the release of
site-specifically modified proteins from hydrogels following Boolean logic. A
sortase-mediated transpeptidation reaction is used to generate recombinant
proteins C-terminally tethered to gels through environmentally sensitive
degradable linkers. By varying the connectivity of multiple stimuli-labile
moieties within these customizable linkers, YES/OR/AND control of protein
release is exhaustively demonstrated in response to one and two-input
combinations involving enzyme, reductant, and light. Tethering of multiple
proteins each through a different stimuli-sensitive linker permits their
independent and sequential release from a common material. It is expected
that these methodologies will enable new opportunities in tissue engineering

the ability to regulate release without sac-
rificing protein stability or activity rep-
resents an open challenge within the
biomaterial community. Toward both
ends, we present here the first robust
synthetic strategy that affords user-
programmable release of site-specifically
modified proteins from gels. By tethering
proteins of interest to hydrogel networks
through degradable linkers of defined
molecular architecture, we gain Boolean
YES/OR/AND logic-based control over
protein release in response to complex
sets of inputs. This approach yields bio-
macromolecular delivery only when user-
specified combinations of external cues
are present, permitting the sequential and
independent triggered release of multiple
proteins from gel biomaterials.
On-demand protein release
experiments were performed using

and therapeutic delivery.

Hydrogels are attractive vehicles for the controlled delivery of
proteins due to their readily tunable physical and chemical
properties including stiffness, geometry, chemical functionality,
degradability, and mesh size.'”3] Despite extensive research
on gel-based platforms that swell or degrade in response to
biologically relevant signals (e.g., temperature,*7] pH,163-12
enzyme, 12719 light,[1820-23] redox,?4%! and other biomole-
cules?®?7)), which enable the simultaneous release of several
proteins, strategies that permit independent triggered release of
many species from a single material remain elusive. Moreover,
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poly(ethylene glycol) (PEG)-based hydro-
gels. PEG is an inert hydrophilic polymer
that exhibits low biofouling and is useful
in preventing nonspecific adsorption to gels that could inhibit
protein delivery.Z A strain-promoted azide-alkyne cycloaddi-
tion (SPAAC) reaction between a four-arm PEG tetrabicyclon-
onyne (PEG-tetraBCN) and a linear PEG diazide (N3-PEG-Nj)
was used to generate near-ideal step-growth polymer networks.
SPAAC is the most common biocompatible click reaction;?®!
we have previously exploited SPAAC’s excellent reaction selec-
tivity to form hydrogels in the presence of living cells and
serum-containing culture medium.['#2%3% Azide-functionalized
proteins that are included within the gel formulation at physi-
ologically relevant concentrations (<100 X 107 m) are homog-
enously tethered throughout the network with minimal impact
on material mechanical properties.
To introduce azido functionality onto proteins of interest in
a site-specific manner, thereby yielding a monodisperse popu-
lation with uniform activity, we exploit a sortase-mediated
reaction.’132 Staphylococcus aureus sortase A is a calcium-
assisted transpeptidase that recognizes the C-terminal sorting
signal “LPXTG,” forming an acyl-enzyme intermediate with the
protein while simultaneously displacing the C-terminal portion
of the sorting signal's threonine residue. The thioester of the
acyl-enzyme intermediate can be nucleophilically displaced
with a polyglycine probe, covalently modifying the C-terminus
while regenerating the sortase A enzyme. We implemented
“sortagging” through the sortase-tag enhanced protein ligation
(STEPL) technique (Figure 1a).*¥ In STEPL, Escherichia coli
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Figure 1. Synthesis and logic-based release of site-specifically modified proteins from hydrogels. a) A one-step purification/functionalization sortase-
mediated transpeptidation reactionl*}l enables degradable polyglycine probes to be affixed to the C-termini of a protein of interest. b—d) Degradable
linkers are based on orthogonal cleavage reactions between: b) MMP and the proteolytically sensitive peptide sequence GPQGLIWGQ, c) a reductant and
disulfide bond, and d) near-UV light and the oNB moiety. €) Multiple proteins tethered to a hydrogel through different logical linkers are independently
released when exposed to varying chemical environments. Use of a linker with a cyclic architecture can function as a logical AND gate, requiring two

unique stimuli to trigger protein release.

is used to recombinantly express a single fusion protein con-
struct containing the protein of interest, the sorting sequence
LPETG, a (GGS)s flexible linker, sortase A, and a 6xHis-Tag.
Upon addition of calcium and a customizable probe containing
an N-terminal polyglycine moiety, an intramolecular sortagging
event ligates the probe to the protein of interest and cleaves the
6xHis-functionalized sortase. When this reaction is performed
during immobilized metal affinity chromatography of the pro-
tein, sortase A remains bound to the Ni-NTA column, enabling
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site-specific protein labeling and purification in a single step.
Our group has previously implemented the STEPL system to
create protein-polymer hydrogel biomaterials,** and has dem-
onstrated that many proteins retain native bioactivity after
sortagging %]

Taking advantage of its unique ability to install non-natural
functionalities onto the C-terminus of recombinant pro-
teins, we used STEPL to introduce both an azide necessary
for hydrogel tethering and a modular degradable sequence

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Logic-based EGFP variants exhibit programmable protein release in response to environmentally presented input combinations. a—c) Logical
schematic and response profiles of the YES-gated (a), OR-gated (b), and AND-gated (c) proteins. Each region of the Venn diagram corresponds to a unique
combination of inputs and indicates whether the material is expected to degrade (colored) or remain intact (white). Protein (green star) is C-terminally
linked to the gel (pink circle) through linkers containing multiple stimuli-labile bonds (red and blue). Plot titles correspond to the linker identity, with
x-axis labels indicating treatment conditions (N is no treatment, E is MMP enzyme, R is a chemical reductant, P is UV light). The green bars signify
conditions expected to result in protein release; the red bars indicate conditions expected not to yield protein release. The error bars correspond

to 1 standard deviation about the mean for n = 3 experimental replicates.

to regulate triggered protein release. Recently, we developed
programmable hydrogel biomaterials that degrade in response
to precise combinations of external stimuli specified through
the controlled arrangement of degradable groups within mate-
rial crosslinkers.*®l We sought to extend this biocomputational
scheme to control the release of site-specifically modified pro-
teins via linkers that cleave in response to user-defined input
combinations governed by Boolean YES/OR/AND logic. We
hypothesized that the linker between the protein and azide can
function as a YES-gate for controlling protein release when it
contains a single degradable moiety, an OR-gate (denoted with
logic symbol v) when two unique cleavable moieties are included
in series, and as an AND-gate (denoted by logic symbol A) when
two unique degradable moieties are present in parallel. To for-
mulate linkers containing an N-terminal polyglycine moiety for
sortagging and a C-terminal azide for gel conjugation, precisely
connected through multiple labile bonds with defined topology,
we opted to create linkers using peptide chemistry.

To assess this approach for modular logic-based protein
release, we selected three distinct stimuli-labile moieties
(Figure 1b—d): 1) the proteolytically sensitive peptide sequence,
GPQGIIWGQ, which is cleaved by matrix metalloproteinase
(MMP) enzymes;1*37:38 2) disulfide bonds, which are reduced
by tris(2-carboxyethyl)phosphine (TCEP) and other reducing
agents; and 3) an ortho-nitrobenzyl ester (oNB) group, which
undergoes irreversible photoscission upon exposure to
near-UV light (A = 365 nm).183%4 Since each degradable
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moiety is susceptible to a different class of external stimulus
(i-e., enzyme, chemical environment, light), orthogonal control
over chemical cleavage was expected (Figure 1e).

We used the enzyme- (E), reductive- (R), and light- (P) degra-
dable moieties to construct nine distinct linkers for C-terminal
protein modification by STEPL that collectively spanned every
permutation of YES-, OR-, and AND-gated responses involving
the E, R, and P inputs (Methods S1-S9, Supporting Informa-
tion). Each linker contained a stimuli-degradable region flanked
by an N-terminal polyglycine moiety (GGGG) for sortagging
and a C-terminal azide (N3) for gel tethering. All peptide linkers
were synthesized using solid-phase peptide synthesis, purified,
and characterized by mass spectrometry.

Logic-based degradable linkers were installed onto the
C-terminus of several recombinant proteins of interest using
STEPL (Methods S10-S23, Supporting Information). While this
method can be used to modify virtually any monomeric protein
species, initial efforts focused on enhanced green fluorescent
protein (EGFP), whose fluorescence serves as a surrogate for
its activity and provides a convenient way to visualize and quan-
tify protein release from hydrogels. Each of the nine degradable
polyglycine probes was sortagged onto EGFP (Methods S11-S19,
Supporting Information). All proteins were isolated with
quantitative terminal functionalization in excellent purity as
confirmed by mass spectrometry.

To characterize protein release in response to different com-
binations of environmental stimuli, each of the nine EGFP

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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variants was individually tethered into PEG-based gels. Release
of each EGFP variant was quantified for all eight possible input
combinations of enzyme, reductant, and light using the superna-
tant fluorescence corresponding to EGFP (Figure 2; Method S24,
Supporting Information). Since overall material response time
depends on hydrogel geometry, input identity and concen-
tration, species diffusivity, as well as cleavage kinetics of the
degradable moiety in response to proper stimulus, time-course
experiments were performed to identify treatment conditions
appropriate for assessing Boolean responsiveness (Figure S1
and Method S25, Supporting Information). Under the identified
conditions, the YES logic-based systems (EGFP-E-N;, EGFP-
R-N3, EGFP-P-N3) behaved as engineered, releasing protein in
conditions containing the programmed cue with an approxi-
mately tenfold greater selectivity than conditions that did not.
This high selectivity demonstrates chemical orthogonality
among the three input/substrate pairs. The OR logic-based
systems (EGFP-EVR-N;, EGFP-PVR-N;, EGFP-EVP-N;) also
behaved as expected, releasing protein in the presence of either
programmed cue. The AND logic-based systems (EGFP-EAR-N3,

YES Logic Gel

B G-

EGFP-P-N, mCherry-E-N,

Treatment Condition
E+P

E+P+R

OR Logic Gel

EGFP-PVR-N,

www.advmat.de

EGFP-PAR-N3;, EGFP-EAP-N3) all offered protein release only
when both requisite environmental cues were present. To our
knowledge, these AND-based materials represent the first sys-
tems that require more than one input to release a protein
payload from a hydrogel. We also note the modularity of the
approach, where the same protein can be readily sortagged with
different species to yield a wide variety of user-defined respon-
siveness to combinations of environmental factors.

We next sought to leverage the precise control this approach
affords over the environmentally triggered release by demon-
strating the independent and differential release of multiple
proteins from the same material. Hydrogels were formu-
lated with both EGFP and a red fluorescent protein, mCherry
(also synthesized and modified by STEPL; Methods S20-S22,
Supporting Information), uniformly tethered via different logi-
cally degradable linkages. These materials were sequentially
treated with enzyme, masked UV light (400 um line patterns),
and reductant; after each step, fluorescent microscopy was used
to visualize the spatial presentation of each gel-bound protein
(Figure 3). When a hydrogel containing YES logical proteins

AND Logic Gel

(@

P

mCherry-EvR-N, -N

EGFP-EAP-N, mCherry-Pa

3

Figure 3. Sequential and spatiotemporally varied release of EGFP and mCherry from a single gel in response to environmental cues. a—d) YES-based
logical release of EGFP-P-N; and mCherry-E-Ns; e—h) OR-based logical release of EGFP-PVR-N; and mCherry-EvR-Nj3; i—l) AND-based logical release of
EGFP-EAP-N3; and mCherry-PAR-Nj3 prior to treatment (N) and upon sequential enzyme (E), masked light exposure (P), and reductive (R) treatments.
Gels were imaged using fluorescent microscopy. Left and right images for each condition respectively correspond to the fluorescence of EGFP (green)
and mCherry (red) within the same gel. Insets depict full hydrogel. Scale bars = 400 pum.
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EGFP-P-N; and mCherry-E-N; was treated with enzyme,
mCherry was fully released while EGFP remained attached
to the gel. Subsequent exposure to masked light induced pat-
terned EGFP release. EGFP remained in the photopatterned
configuration upon reductive treatment. Next, a second
hydrogel containing the OR logic-based proteins EGFP-PVR-N;
and mCherry-EVR-N; was exposed to enzyme, inducing the
full release of mCherry while not affecting EGFP presenta-
tion. Exposure to masked UV light resulted in selective EGFP
release in a photopatterned line configuration; subsequent
exposure to a reductant fully released EGFP. Finally, a third
hydrogel containing AND logically tethered proteins EGFP-
EAP-N; and mCherry-PAR-N; was exposed to enzyme and dis-
played no protein release. Subsequent treatment with masked
UV light induced EGFP release in exposed regions but did not
elicit mCherry release. Upon reductive treatment, EGFP pres-
entation was unchanged while mCherry was released from the
previously light-exposed regions, inducing the development of
the interspaced line pattern. In every case, the observed envi-
ronmentally triggered protein release matched the engineered
response, highlighting this platform’s unique ability to permit
programmable, independently triggered delivery of multiple
proteins from a single material.

To demonstrate independent control of three bio-macro-
molecules released from the same material, we formulated
gels with three distinct fluorescent proteins tethered through
different YES-logic degradable linkers: EGFP-R-N3;, mCherry-
P-N;, and a blue fluorescent protein construct, mCerulean-
E-N; (also synthesized and modified by STEPL; Method S23,
Supporting Information). Spectrally separated excitation and
emissions for these fluorophores enabled independent quanti-
fication of each species following gel treatments. As expected,
proteins were released only in the presence of the input cor-
responding to their linker (Figure 4). To our knowledge, this
is the first approach that enables independent programmable
control over the environmentally triggered delivery of multiple
proteins from a single material.

In this work, we have established a robust strategy to pro-
gram release of site-specifically modified proteins from hydro-
gels in response to user-defined environmental signals. We
exploited a versatile sortase-mediated transpeptidation reac-
tion to quantitatively functionalize the C-termini of a variety
of proteins with degradable linkers that tether species to gels.

Reductive-Rel d

Photo-Rels d
EGFP mCherry

Enzyme-Released
mCerulean

www.advmat.de

Nine unique linkers exhaustively spanning each Boolean YES-,
OR-, and AND-gated response to three distinct input classes
(i-e., enzyme, light, reductive environments) enabled triggered
protein release in accordance with the engineered logical func-
tion. We demonstrated the first biomaterial systems that require
more than one external cue to release a protein payload and
the only approach that enables independently triggered release
of multiple proteins from a single homogenous material.
Given the synthetic modularity of the presented approach, we
expect that this platform will yield many new opportunities in
controlled therapeutic delivery for disease treatment and tissue
regeneration. We are actively employing these strategies to
autonomously guide stem cell differentiation within materials,
sequentially delivering stimulatory proteins in response to
phenotype-specific inputs.

Experimental Section

Synthesis of Logical Peptide Linkers for Sortagging: Peptides were
synthesized via standard Fmoc solid-phase peptide synthesis and
further modified with solution-phase reactions. Intramolecular peptide
stapling was introduced via either oxidative disulfide formation or by
copper(l)-catalyzed azide-alkyne cycloaddition. Peptides were purified
using reversed-phase high-pressure liquid chromatography (RP-HPLC)
on a silica C18 column. Purity was confirmed by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry. Complete
experimental details are given in Methods S1-S9 in the Supporting
Information.

STEPL-Based Sortagging for C-Terminal Protein Labeling: Each
fusion protein containing the protein of interest (i.e., EGFP, mCherry,
mCerulean), sorting sequence LPETG, (GGS)s flexible linker, sortase A,
and a 6xHis-Tag was expressed in BL21(DE3) E. coli. Cells were lysed
via sonication, and the 6xHis-tagged fusion protein was immobilized
on Ni-NTA. To promote the STEPL reaction, sortaggable peptide (10x)
and calcium chloride (0.1 x 107 m) were added to the Ni-NTA resin
and reacted at 37 °C for 4 h with mild agitation. The flow-through
containing the sortagged protein was collected and purified via
centrifugal membrane filtration. Complete experimental details are given
in Methods S10-523 in the Supporting Information.

Logic-Based ~ Protein  Release in  Response to  Environmental
Stimuli: Hydrogels (10 pL) were formulated from PEG-tetraBCNI['®l
(M, = 20 000 Da, 2 x 107 m), N3-PEG-N;1"1 (M, = 3500 Da, 4 x 107 ),
and sortagged azide-functionalized logical proteins (0.1 x 107 m total,
equal concentration of all proteins) in MMP buffer (50 x 1073 m Tris,
200 x 1073 m NaCl, 5 x 10 m CaCl,, 1 x 10® m ZnCl,, pH = 7.5) in
the bottom of microcentrifuge tubes (0.6 mL). The protein and

b) M EGFP-RN,
120

I mCherry-P-N, Il mCerulean-E-N,

100+
80

Normalized release (%)
(=2
b

o
T

TRy

Figure 4. Independently triggered release of three distinct proteins from a single gel. a) Experimental schematic of a hydrogel with homogenously
tethered EGFP-R-N3, mCherry-P-N3, and mCerulean-E-N3. b) Release for each protein under every relevant environment (EGFP, mCherry, mCerulean
from left to right for each treatment condition). Colored bars (green = EGFP, red = mCherry, blue = mCerulean) indicate conditions expected to yield
release while unshaded bars indicate conditions not expected to yield release. Error bars correspond to £1 standard deviation about the mean for
n =3 experimental replicates.
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PEG-tetraBCN were prereacted for 4 h prior to mixing with N3-PEG-Nj.
After 1 h, formed hydrogels were washed for 24 h in MMP buffer to
remove unconjugated protein.

All treatments were performed at 4 °C in MMP buffer (100 pL).
Samples not receiving a given input were maintained in MMP buffer
in parallel to treated gels. Samples receiving the reductive input were
treated with TCEP-HCI (2 uL, 100 X 1073 m in MMP buffer) and incubated
overnight. Excess TCEP was quenched with hydroxyethyl disulfide
(5 1L, 100 x 1073 m in MMP buffer). Subsequently, samples receiving the
enzyme input were treated with MMP-8 (2.5 plL, 0.4 mg mL™' in MMP
buffer) overnight. Finally, samples receiving the light input were exposed
to UV light (A = 365 nm, 20 mW cm2, 10 min) and all samples were
incubated in MMP buffer. Three days later, protein release was quantified
by measuring the fluorescence corresponding to EGFP (A, = 475 nm,
Aem = 510 nm), mCherry (A, = 575 nm, Ao, = 610 nm), and mCerulean
(Aex =433 nm, A, = 475 nm) in the supernatant. All data were collected
in experimental triplicate. Complete experimental details are given in
Method S25 in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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