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ABSTRACT
Recombinant protein-based biomaterials offer exciting opportunities in materials design and controlled therapeutic delivery.
Though their precursors can be readily synthesized with near-perfect monodispersity and sequence specificity through scalable
fermentation processes, recombinant protein materials have yet to achieve the same level of multi-stimuli-responsiveness as their
synthetic counterparts. Integrating cutting-edge tools from chemical biology, we autonomously compile topologically specified
protein crosslinkers that can be degraded following user-programmable Boolean logic. Covalent step polymerization of these
linkers into protein hydrogels yields smart materials whose cargo (e.g., bioactive proteins, cellular therapeutics) can be liberated
following bulk degradation in response to user-specified input combinations. Demonstrating the versatility of this approach,
we release fluorescent protein mGreenLantern following all 17 possible YES/OR/AND logic outputs in response to a 3-input
protease operator set, deliver epidermal growth factor following advanced biocomputation while maintaining native bioactivity,
and showcase multiplexed delivery of living cells, all from fully recombinant protein-based hydrogels. Incorporating advanced
intelligence into protein biomaterial responsiveness, we anticipate these methods will dramatically expand potential applications
in tissue engineering and precision medicine.
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Introduction

ecombinant protein-based materials offer substantial promise
or targeted drug delivery and tissue engineering applications [1–
]. Such proteins are encoded by DNA in a sequence-specified
anner, affording a level of engineering control and repro-
ucibility that is difficult to achievewith synthetic polymer-based
ystems [6–8]. Unlike their synthetic counterparts, genetically
ncoded polymers are comprised of the same building blocks
ound in living systems, allowing them to be easily formulated
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to be biocompatible, biodegradable, and bioinstructive [5–7, 9].
Moreover, protein material crosslinking can be carried out
without harsh reagents or reaction conditions that risk dena-
turing biologics, an essential feature for constructs designed for
protein or cell therapeutic release [10, 11]. Finally, the ability
to genetically fuse or covalently conjugate protein therapeutics
to the polymer backbone enables a flexible, modular platform
that can be produced through scalable fermentation using
equipment common in industrial bioprocessing. Despite these
potential advantages, protein-based materials have lagged far
ommercial License, which permits use, distribution and reproduction in any
oses.
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ehind their synthetic counterparts in terms of tunability and
ulti-stimuli-responsiveness [2, 6, 12, 13]. Though incorporation
f stimuli-sensitive motifs within protein-based systems have
ielded materials responsive to individual cues (e.g., shear strain
14–17], pH [18, 19], temperature [20–23], light [24–27], small
olecule [28, 29], redox [30, 31]), those that precisely respond to
reprogrammed input combinations of several stimuli have not
een demonstrated.

o incorporate biocomputability into polymeric materials, our
ab previously established that advanced Boolean-type respon-
iveness can be encoded into material systems through rational
esign of crosslinker topology [32, 33]. In this manner, a YES
ate is formedwhen a single stimuli-degradable group is included
ithin the crosslink that yields complete material dissolution
hen cleaved (Figure 1a,b). When two orthogonal stimuli-labile
roups are connected in series within the crosslink, an OR
ate (denoted with a logic symbol ∨) is formed such that
leavage of either moiety leads to bulk material degradation
Figure 1c). If the two scissile units are instead connected in
arallel, both must be severed for material dissolution, form-
ng the basis of an AND gate (denoted by a logic symbol ∧)
Figure 1d). Notably, more advanced logical operations can be
ncoded through hierarchical nesting of these YES, OR, and
ND gates. When 3 inputs are employed, 17 unique signatures
panning 7 functionally distinct response types can be created
Figure 1e). These concepts have been demonstrated previously
n poly(ethylene glycol) (PEG)-based materials crosslinked with
ynthetic peptides sensitive to enzyme, reducing agents, and/or
ight, though such peptide crosslinkers require several multi-step
nd low-yielding reactions that dramatically limit their scalable
ynthesis [32].

hile molecular topology has been exploited previously to gain
oolean responsiveness over synthetic polymer-based systems,
uch methods have not yet been extended to protein materials,
ttributed primarily to the fact that proteins are predomi-
antly linear constructs. Toward encoding biocomputation into
rotein systems, we recently demonstrated that topologically
pecified proteins can be formed during recombinant expression
ia orthogonal and spontaneous intramolecular ligation events
34]. In this manner, logically releasable protein cargos can be
autonomously compiled” prior to tethering to and subsequent
elease from synthetic polymer-based materials. Proteins from
iverse functional classes (e.g., enzymes, nanobodies, cytokines)
ere then successfully delivered from synthetic gels and beads
hile maintaining native bioactivity [34, 35].

n this manuscript, we exploit autonomous compilation to
onstruct topologically specified polypeptide crosslinkers that
ndergo covalent step polymerization into fully recombinant
rotein-based hydrogels whose bulk degradation and concur-
ent cargo release can be precisely programmed via Boolean
ogic. Material degradative outputs follow the expected logical
ignatures with high specificity in response to three orthogonal
rotease cues. To illustrate the versatility of this work, we
ontrol the release of bioactive epidermal growth factor (EGF)
“drugamer” species that are genetically encoded within the
rosslinker itself – and encapsulated therapeutic cells. Collec-
ively, this work establishes a modular, recombinant platform
apable of executing programmable, multi-input therapeutic
of 13
releasewith versatility and scalability beyond the reach of current
synthetic polymer-based systems.

2 Results and Discussion

2.1 Crosslink Design, Purification, and
Characterization

Prior work from our group established recombinant protein-
based logical operators with single tethering points that allowed
for tight control over protein release from synthetic materials
[34, 35]. Inspired by these blueprints, we designed plasmid con-
structs for recombinant expression of 17 protein crosslinkers that
collectively yielded all possible YES/OR/AND logic outputs from
input combinations of 3 distinct proteases: sortase transpeptidase
eSrtA(2A9) that can degrade LAET↓G (denoted asA) [36], human
rhinovirus-3C (HRV-3C) protease which cleaves LEVLFQ↓GP
(referred to as C) [37], and potyviral tobacco etch virus (TEV)
protease which acts upon ENLYFQ↓S (denoted as T) [38, 39]
(Figure 1f). All species were flanked with SpyTag motifs to permit
covalent material crosslinking via SpyLigation, a genetically
encoded “click” chemistry resulting in an isopeptide bond
between the Tag and Catcher species [20, 40–43] (Figure 1g,h),
as well as a 6x-histidine tag for nickel-NTA immobilized metal
affinity chromatography (IMAC). To aid in the quantification of
material degradation, all crosslinkers include mGreenLantern
(mGL) [44], a monomeric green fluorescent protein variant
evolved for enhanced brightness and expression levels.

The base operators were designed to autonomously compile
within host cells as follows (Figure S1): (1) YES gates (i.e., A,
C, T) contained one protease-specific recognition sequence
between the flanking SpyTags and mGL. (2) OR gates (i.e., A∨C,
A∨T, C∨T) contained two protease-cleavable sequences in series
between the two SpyTags and mGL. (3) AND gates (i.e., A∧C,
A∧T, C∧T) were cyclized using split-intein circular ligation of
peptides and proteins (SICLOPPS) utilizing the Cfa intein system;
when the split Cfa halves are respectively installed on a protein’s
N and C termini, the physically reassembled intein undergoes
a rapid and near-scarless trans-splicing reaction that covalently
cyclizes the interspaced protein while excising itself from the
primary sequence [45, 46]. Additionally, a SsrA tag was installed
at the C-terminus to tag all unspliced (i.e., non-cyclized) products
for proteasomal degradation [47]. (4) (OR)AND-gated constructs
[i.e., (A∨C)∧T, (A∨T)∧C, (C∨T)∧A] were assembled similarly
to the AND structures via SICLOPPS, although the cyclized
constructs contained two cleavable sequences in series with a
third in parallel. (5) (AND)OR-gated constructs [i.e., (A∧C)∨T,
(A∧T)∨C, (C∧T)∨A] have a tadpole-like geometry, necessitating
macrocyclization through SnoopLigation [48, 49] instead of
SICLOPPS. SnoopTag and SnoopCatcher form a covalent bond
based on SnoopLigation, fully orthogonal to SpyLigation, which
permits full decoupling of logic configuration and material
crosslinking [50]. SnoopTag was installed on the N-terminus,
followed by two protease cleavage sequences flanking mGL and
SnoopCatcher, allowing for internal cyclization, followed by the
third cleavage sequence, creating a bespoke branched structure.
(6) The OR-OR gated construct [i.e., A∨T∨C] was designed
with three protease substrate sequences expressed directly in
series. (7) The AND-AND construct [i.e., A∧C∧T] relies on two
Advanced Materials, 2026
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FIGURE 1 Autonomous compilation of Boolean-responsive protein biomaterials. (a) Covalently crosslinked recombinant protein hydrogels
degrade following Boolean logic in response to user-specified inputs. In this example, material dissolution follows YES-gated logic. (b) Single-input
YES gate, where in the presence of the correct input, the peptide backbone is cleaved, degrading the crosslink. The green star represents the cargo,
colored square represents a protease cleavage site, and the pink triangle represents SpyTag. (c) Dual-input OR gate, formed by two inputs in series. Only
one input needs to be present to degrade the material. (d) AND gate, two inputs organized in parallel, where both inputs are required for dissolution.
(e) All possible nested logical operators, flanked by SpyTags for material creation. Venn diagrams represent unique combinations of protease inputs and
whether the crosslink is predicted to cleave (colored) or remain intact (white). (f) Orthogonal protease actuators are utilized as logical inputs. eSrtA(2A9)
degrades LAET↓G (denoted as A), HRV-3C cleaves LEVLFQ↓GP (referred to as C), and TEV acts upon ENLYFQ↓S (denoted as T). (g,h) Crosslinks
undergo covalent step polymerization with an elastin-like polypeptide containing three SpyCatchers via SpyLigation. Adapted with permission [34].
Copyright 2025, Nature. Adapted with permission [35]. Copyright 2025, Wiley-VCH GmbH.
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rthogonal Tag/Catcher ligations occurring in tandem to form a
icyclic protein cargo. Here, SnoopTag is installed at the cargo’s
-terminus and a DogTag [39] at the C-terminus, with their
ognate Catchers located internally within the expression frame.

lasmids encoding all 17 possible logical operators were trans-
ormed into BL21(DE3) Escherichia coli (E. Coli), then expressed
tilizing standard protocols (Supporting Information). Following
ell lysis, proteins were purified by IMAC; cyclic constructs
ere further purified via size exclusion chromatography (SEC)
o separate the target monocyclical constructs from higher-
rder macrocycle by-products that can result from SICLOPPS,
noopLigation, and DogLigation (estimated to be ∼25%, per
EC analysis, Supporting Information). Protein constructs were
dvanced Materials, 2026
characterized and assessed for purity via liquid chromatography-
mass spectrometry (LC-MS). All constructs were acquired in high
purity and good yield, achieving between 20mgL−1 and 40mgL−1

of culture (Figure S2). Owing to the efficient autonomous compi-
lation of logical gates and reliance on technologies already used in
bioprocessing, we anticipate that the synthesis of such crosslinks
could be readily scaled for true therapeutic deployment.

The bulk material network was assembled from elastin-like
polypeptides with three bisecting SpyCatchers (denoted ELP-
riCatcher, Figure 1g). ELPs are intrinsically disordered engi-
neered protein polymers that are derived from elastin, a com-
monly occurring extracellular matrix protein [51]. ELPs have
found routine use as material backbones due to their ease of
3 of 13
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xpression, nonimmunogenicity, and elastic properties [23, 25,
2–54]. ELP-TriCatcher was expressed and purified in a similar
anner in high purity and yield (50 mg L−1 of culture) (Figures
2 and S3). Upon mixing of SpyTag-containing crosslinks and
LP-TriCatcher in a 1:1 stoichiometric ratio of Tag:Catchermotifs,
he hydrogel forms via covalent step-growth polymerization
Figure 1h).

.2 Boolean Logic-Based Material
haracterization

e first sought to create Boolean logic-responsive protein hydro-
els via SpyLigation, then demonstrate their responsiveness to
ach of the potential protease input combinations. To assemble
ydrogels, purified crosslinks and ELP were separately dialyzed
n deionized water and aliquoted such that the calculated protein
ass could form a 10% weight per volume (w/v) material with
3:2 molar ratio of crosslinks to ELP-TriCatcher to account

or differing numbers of Spy motifs per protein (Supporting
nformation). The material was then lyophilized separately and
esuspended with 10x phosphate-buffered saline (PBS) at half
he total hydrogel volume. Upon mixing, we observed the rapid
ormation of a distinct hydrogel.

e then engineered hydrogels with all 17 crosslinks to demon-
trate their ability to degrade and release their mGL cargo in
esponse to specific combinations of protease actuators. Mate-
ials were subjected to all possible protease input combinations
nvolving eSrtA(2A9),HRV-3C, andTEV (inputs denoted A, C, and
, respectively; N indicates no protease) then incubated for four
ours at 37◦C in a shaker incubator (Supporting Information).
upernatant was then collected and its fluorescencemeasured on
plate reader to determine the percentage ofmaterial degradation
nd mGL cargo released (Figure 2a). As expected, the hydrogels
egraded according to their associated logical operationwith high
pecificity (Figure 2b–h; Figure S4). Excitingly, these materials
xhibited negligible off-target release, significantly less than our
reviously reported synthetic polymer-based logic responsive
aterials, attributed to high protein crosslinker purity and
equence specificity for the protease actuators deployed [32].
he scalability of inputs for these materials is governed by
he availability of orthogonal proteases and stimuli-responsive
rotein-cleavage mechanisms. Prior work from our group has
emonstrated systems responsive to up to five inputs [34],
s well as both protease- and light-responsive topologies [35],
ighlighting the extensibility of this design strategy that could be
pplied to future crosslinks. Due to the inherent binary nature
f the output, degradation kinetics are controlled by the rate-
imiting protease,where enzyme concentration, temperature, and
H can serve as variables to tune activity [34]; these variables
an limit the use of exogenous proteases in vivo, resulting in
educed activity or inactivation, as well as off-target cleavage
rom environmental proteases [55, 56]. If endogenous proteases
re utilized as inputs, orthogonality must be rigorously tested
o ensure proper logic operation. Alternatively, temporal control
an be user-programmed based on selected logic gates such that
egradation is reliant on the timing of protease introduction from
he user or the environment. These results demonstrate for the
irst time the ability to encode biocomputation within genetically
ncoded materials in a modular fashion.
of 13

a

We next sought to determine the mechanical properties of
our Boolean logic-responsive materials via in situ rheological
analysis. mGL-A∨T and ELP-TriCatcher were resuspended indi-
vidually at proper concentration, briefly mixed, then loaded on
a rheometer with parallel-plate geometry (8 mm plate diameter,
500 µm gap). Informed by the frequency sweep and shear strain
sweep, 1% shear strain and 1 Hz were chosen as rheological
parameters, as these were both within the linear viscoelastic
range (LVER) of the biomaterial (Figure S5a,b). A time sweep (1%
shear strain, 1 Hz) was performed at 25◦C and 37◦C in triplicate
to determine the material stiffness. Material stiffness did not
vary between tested temperatures, with storage moduli of 400 ±
43 Pa (25◦C) and 426 ± 50 Pa (37◦C) (Figure S5c,d). Further, we
explored the impact of protease actuators onmaterial viscoelastic
properties. The crosslink mGL-(A∧T)∨C was pretreated with all
possible input combinations for three hours at 37◦C, then the
sample viscoelasticity was rheologically assessed following sto-
chiometric reaction with the ELP-TriCatcher (Figure S5e,f). Gel
formation occurred rapidly for materials with fully or partially
intact crosslinks (e.g., N, A, and T treatments), while all other
conditions did not yield gelation as expected following their
programmed logical operation, corroborating observations in the
aforementioned in vitro gel degradation studies.

2.3 Controlled Release of Therapeutics
Following Boolean Logic

Heartened by the ability to control material degradation with
precise specificity, we next sought to demonstrate controlled
release of bioactive protein therapeutics. By exchanging mGL for
a therapeutic protein, we can create a prodrug-like material –
a “drugamer” – that utilizes biocomputation to dictate release
in response to environmental cues. We chose to incorporate
recombinant human epidermal growth factor (EGF), which is
commonly administered to aid wound healing as it promotes
angiogenesis, cellular proliferation, and extracellular matrix
remodeling [57, 58]. We swapped mGL for EGF in the A∨C and
(A∧T)∨C crosslinks, then expressed and purified these proteins
following traditional methods with endotoxin removal (Figure
S6). Due to the potency of EGF, final materials were formulated
whereby 10% of the crosslinks featured EGF and the other
90% contained a non-bioactive maltose-binding protein (MBP)
with the same logical responsiveness (Figure 3a). Therefore, the
A∧C-gated materials were calculated to contain 30 µg of the
EGF-containing crosslink, while the (A∧T)∨C-gated materials
contained 50 µg. Materials (10 µL, 10% w/v) were prepared
as previously mentioned, creating drugamers that release the
payload upon bulk degradation. The hydrogels were treated with
all possible protease input combinations, then incubated at 37◦C
for twohours until full dissolution. Supernatantwas collected and
then frozen until analysis.

To determine EGF release from materials and assess bioactivity,
we used a human embryonic kidney (HEK293T) reporter cell line
that expresses firefly luciferase in response to the SerumResponse
Element (SRE) [35] (Figure 3b). When EGF is added to SRE
HEKs, the SRE genetic element is activated, resulting in cells that
luminesce in the presence of luciferin. We first tested if unbound
and intact crosslinks (EGF and MBP for each logic response) are
bioactive, utilizing commercially purchased recombinant human
Advanced Materials, 2026
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FIGURE 2 Protein hydrogel degradation and mGL cargo release via protease actuators. (a) Logic-degradable protein hydrogels were subjected to
all possible protease input combinations. Asmaterials degrade, mGL payload was released into the supernatant, allowing for fluorescence quantification
of material degradation. (b) The response profiles of YES-gated single-input materials. (c, d) The response profiles of the two-input (c) OR-gated and (d)
AND-gated constructs. (e–h) The response profiles of the three-input (e) (OR)AND-, (f) (AND)OR-, (g) OR-OR-, and (h) AND-AND-gated systems. Plot
titles correspond to the protein crosslink identity; the y-axis represents percent of material degraded as measured through supernatant fluorescence;
the x-axis indicates treatment conditions, wherein N indicates no treatment, A indicates eSrtA(2A9), C indicates HRV-3C, and T indicates TEV. Bars for
conditions in which release is expected are colored green, while those unexpected are colored red. Error bars correspond to ±1 standard deviation about
the mean for N = 3 replicates.

Advanced Materials, 2026 5 of 13

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.74038 by C
ole D

eForest - U
niversity O

f C
olorado B

oulder , W
iley O

nline L
ibrary on [24/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 3 Logic-dictated release of bioactive EGF fromBoolean logic-gatedmaterials. (a) Protein drugamermaterials were formedwith 10% EGF-
and 90% MBP-containing crosslinks. In this example, EGF and MBP are genetically incorporated within A∧C. Upon gated degradation, the materials
release monomeric MBP and bioactive EGF. (b) To assess EGF release and bioactivity, supernatant was tested by a SRE HEK293T reporter cell line
that expresses luciferase upon activation of SRE by EGF. (c) Bioactivity of EGF and MBP crosslinks in solution before protease treatment compared to
commercially purchased recombinant human (rh)EGF. EGF-containing crosslinks exhibit similar activity to the commercial rhEGF, while MBP is not
significantly different than the untreated control. (Crosslinks, N = 5. Control, N = 6). (d,e) Detection of EGF in supernatant post-protease treatment for
(d) A∧C- and (e) (A∧T)∨C-gatedmaterials, N= 6. Bars for expected release are colored green, while unexpected releases are red. N indicates no treatment,
A indicates eSrtA(2A9), C indicates HRV-3C, and T indicates TEV. Error bars correspond to ±1 standard deviation about the mean. Data points that fell
outside the interquartile range were determined to be outliers and were excluded. One-way ANOVA test with Dunnett’s Post-Hoc analysis comparing
each condition to the control, 𝛼 = 0.05. ** = p < 0.005, *** = p < 0.0005, **** = p < 0.0001. Unless marked, all other conditions are not significant.
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rh)EGF and untreated samples as control groups. Upon addition
f the crosslinks [i.e., EGF-A∨C, MBP-A∨C, EGF-(A∧T)∨C,
BP-(A∧T)∨C], only EGF-containing crosslinks exhibited bioac-
ivity similar to commercial rhEGF, while MBP crosslinks did
ot elicit a cellular response above the baseline SRE activation
een in the untreated reporter cells (Figure 3c). Genetic fusion of
ogical operators with therapeutic cargo and cyclization did not
nterferewith bioactivity as previously seen [35], but interestingly,
he SICLOPPS-mediated AND-gate had slightly reduced activity
ompared to the SnoopLigation (AND)OR gate, potentially due
o increased cyclic strain. Although EGF bioactivity is retained
ithin the crosslinker, its covalent immobilization within the
ydrogel network is expected to limit receptor interactions
rior to protease-triggered release, reducing the likelihood of
remature signaling in surrounding cells if applied in vivo
59, 60]. Supernatant from the protease-degraded A∧C- and
A∧T)∨C-gated materials was then added to the SRE HEKs.
of 13
As programmed, only conditions that were expected to degrade
and yield release exhibited bioactivity with little off-target release
compared to the control (Figure 3d,e). This approach affords
precise control over therapeutic release, demonstrating what we
believe to be the first report of a recombinant protein-based
drugamer while opening doors for future controlled delivery
applications.

2.4 Release of Cells fromMaterials Following
Boolean Logic

The delivery of therapeutic cells holds promise due to their
ability to sense environmental stimuli and dynamically respond,
allowing for therapeutic action on previously intractable dis-
eases [61]. Unfortunately, cell-based therapies often struggle
with reduced cellular survival, loss of phenotype, and off-target
Advanced Materials, 2026
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ffects post-transplantation [61, 62]. By encapsulating cells within
iomaterials and only releasing them site-specifically, we could
otentially increase the survival of cellular therapeutics [61,
3]. The utilization of a multi-stimuli responsive biomaterial
ould enable release only when multiple disease biomarkers are
resent, thereby improving specificity.

irst, we verified that cells can be readily encapsulated within
ur gels in a cytocompatible manner. Fibroblast-like HS-5 cells
ere entrapped in a non-fluorescent MBP-A∨T∨C gel, incubated
or 24 h in traditional cell culture conditions, and then assayed
or viability (Calcein AM live stain, Hoechst 33342 nuclear
tain) (Supporting Information). Cell-laden gels incubated in 50%
MSO overnight served as dead controls. Stained cells were
hen imaged on a Leica Stellaris 5 confocal microscope (Leica,
etzlar, Germany; Leica Application Suite X 4.5.0.25531), where
ells that double-stained for Calcein AM and Hoechst 33342 were
onsidered alive, while those that only stained with Hoechst
3342 were dead (Figure S7). The encapsulated cells exhibited
0.7% ± 5.5% viability, demonstrating that the materials are not
ytotoxic regardless of covalent crosslinking via SpyLigation and
ncapsulation after 24 h.

e next sought to release cells from three different logic oper-
tions, allowing for multiplexed cell release. We individually
ncapsulated three cell lines that express spectrally separate
luorescent proteins within each uniquely crosslinked material
o mimic therapeutic release (Figure 4a). We utilized mGL-A∨C
rosslinks to encapsulate HS-5 mTag blue fluorescent protein
BFP)-expressing cells, mGL-YES-T hydrogels to release HS-
red fluorescent protein mCherry+ cells, and mGL-(C∧T)∨A
aterials were used to encapsulate HEK293T stably expressing
n enhanced monomeric infrared fluorescent protein (emiRFP)
hat excites at 703 nm [64]. HS-5 mTagBFP+ cells and HS-5
Cherry+ cells were used in prior studies [32], while HEK293T
miRFP+ cells were newly generated for these studies via lentivi-
al transfection (Figure S8). Upon encapsulation, hydrogels were
reated with all 8 possible protease combinations; flow cytometry
as then used to determine fluorescent composition of the
eleased cell populations (Figures S9 and S10). When compared
o expected response profiles (Figure 4b), materials released
ells according to their logical operation, demonstrating tight
ontrol over cell presentation (Figure 4c; Table S1). We attribute
he low levels of off-target release (measured at <8%) to cell
scape from the material edges during supernatant collection.
s several prior studies have shown no inflammatory responses
rommaterials containing ELPs [21, 52, 54, 65, 66] or protein click-
ike chemistries [16, 21, 52, 66], we anticipate that these materials
nd their degraded byproducts would be nonimmunogenic in an
n vivo setting. Based on protease treatment, these materials can
e utilized for multiplexed – and/or potentially sequential – cell
elease, highlighting their applicability for tissue engineering and
herapeutic delivery.

Conclusion

n this manuscript, we engineered the first fully recombinant
rotein-based materials whose bulk degradation and bioactive
argo release can be specified through Boolean logic. With the
ddition of three orthogonal proteases, degradation is tightly
dvanced Materials, 2026
controlled, with minimal off-target cargo release. By employing
genetically encoded materials, protease-recognition sequences,
and therapeutic cargo(s), response to user-specified disease sig-
natures can be readily encoded. For instance, materials sensitive
to proteases upregulated during wound healing could control
the release of EGF to coincide with a desired healing stage,
while exogenous proteases could be co-delivered to provide user
control. Furthermore, we demonstrated the applicability of these
multi-stimuli-responsive materials for controlled delivery by dic-
tating the release of both protein and cell therapies. We anticipate
that these materials could unlock a new suite of applications
across drug delivery, tissue engineering, and biosensing.

4 Experimental Section

4.1 General Method for Protein Expression

E. Coli BL21.(DE3) (NEB) were transformed with plasmids, then
expressed using routine protein expression protocols. In short,
bacteria were grown in Luria-Bertani (LB) media [tryptone 1%
(v/w), yeast extract 0.5% (v/w), 85.56 mm NaCl, pH 7.0] with
kanamycin (30 µg mL−1) at 37◦C in a shaker incubator (220 rpm)
until an optical density (OD) of 0.4–0.6 was reached. Isopropyl
β-D-1-thiogalactopyranoside (IPTG) was then added to induce
protein expression. If constructs are linear, 0.5 mm of IPTG was
used; otherwise, cyclic constructs were inducedwith 0.4mm. The
cultures were then moved to a reduced temperature (16◦C) for 18
h. Cells were harvested via centrifugation (4,000 g, 20 min, 4◦C)
and stored at −80◦C until use.

4.2 Protein Purification via Immobilized Metal
Affinity Chromatography (IMAC)

Cell pellets were reconstituted in 40 mL of lysis buffer (20 mm
Tris, 50 mm NaCl, pH 7.5). These were then supplemented with
phenylmethylsulfonyl fluoride (PMSF) to a final concentration of
1 mm and sonicated on ice (18min at 30% amplitude and 33% duty
cycle) (Fisher Scientific; Waltham,MA). After sonication, the cell
lysate was centrifuged for 45 min at 11,000 g to separate soluble
from insoluble fractions.

Clarified lysate was loaded onto anÄKTAPure 25L FPLC (Cytiva;
Marlborough,MA) equippedwith a 5mLHisTrapHP column at a
flow rate of 5 mL/min. The HisTrap columnwas first equilibrated
with 5 column volumes (CV) of lysis buffer prior to loading. Once
all protein was bound, the column was washed with 10+ CVs of
lysis buffer until residual UV read-outs (λ = 280 nm) dropped
to 0 absolute units (au). The target protein was then eluted
from the column into a 96-well plate by switching to elution
buffer (lysis buffer supplemented with 250 mm imidazole).
Elution fractions were assessed for purity by preliminary sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE);
the purest fractions were then pooled pending further dialysis or
SEC.

For SDS-PAGE, samples were mixed with 2x Laemmli sample
loading buffer (125 mm Tris base, 4% SDS, 20% glycerol, 0.01%
Bromphenol blue, 10% β-mercaptoethanol) and boiled at 99◦C
for 10 min. Samples were loaded into precast 8–16% miniProtean
7 of 13
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FIGURE 4 Release of entrapped fluorescent cells from logically responsive recombinant proteinmaterials. (a)mGL-A∨Chydrogelswere employed
to release encapsulated HS-5 BFP2+ cells, mGL-YES-T hydrogels contained HS-5 mCherry+ cells, and mGL-(C∧T)∨A materials mediated HEK293T
emiRFP703+ cell release. Materials were treated with all possible input protease combinations, resulting in material dissolution and accompanying
cell release according to their programmed Boolean operations. Released cell population compositions were measured by flow cytometry. (b) Expected
degradation and fluorescent cell release, where colored boxes correspond to expected release per protease treatment. (c) Observed cell release following
protease treatment. Stacked bars correspond to the mean per cell population, where error bars (±1 standard deviation) are displayed on top of each cell
population bar. N = 3.
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el (BioRad) in tris-glycine running buffer (25.0 mm Tris base,
92.4 mm Glycine, 3.5 mm SDS), then run at 130 V. The miniPro-
ean gels were stained with Coomassie Blue dye, following
tandard staining protocol (stain: 0.1% Coomassie Blue R250, 30%
ethanol, 5% acetic acid, destain: 30% methanol, 5% acetic acid)
nd imaged with true color on an Azure 600 AZI600 scanner.

or linear constructs that had no higher-order macro-cycle
ontaminants, the pooled purified protein was dialyzed (20 mm
ris, 50 mm NaCl, pH 7.5) to remove imidazole (SnakeSkin
ialysis Tubing, 10K MWCO. Fischer Scientific; Waltham, MA).
fter 4+ dialysis bath changes, proteins were spin-concentrated
f needed using an Amicon Ultra 15 centrifugation filter (10 kDa
utoff. Sigma-Alrich; Burlington, MA) to reach a concentration
etween 2 mg mL−1 and 2.5 mg mL−1. The purified solution was
upplemented with glycerol (10% of the final volume) to act as a
ryoprotectant, aliquoted into single-use tubes to avoid repeated
reeze-thaw cycles, and flash-frozen with liquid nitrogen prior to
ong-term storage.

.3 Size-Exclusion Chromatography (SEC)

or cyclized constructs, proteins were loaded again onto an
KTA Pure unit equipped with a HiLoad 26/600 Superdex
of 13
75pg SEC column. The column was equilibrated with a high-
salt buffer solution (20 mM Tris, 300 mM NaCl, pH = 7.5).
Sample injection occurred at a flow rate of 2.6 mL/min. Buffer
flow rate through the system occurred at 1.5-1.8 mL/min,
depending on the purity of the injected solution. Purified
eluates were collected in 96-well plates. Prior to pooling,
preliminary SDS-PAGE was conducted to verify fraction
purity. Proteins were then spin-concentrated using an Amicon
Ultra 15 centrifugation filter (10 kDa cutoff, Sigma-Aldrich;
Burlington, MA) and then stocked as described in Method
4.2.

4.4 Liquid Chromatography-Mass Spectrometry
(LC-MS)

Protein identity and purity were confirmed through LC-MS. Each
sample was filtered (0.22 µm), then injected into an LC-MS
(AB-Sciex 5600 QTOF) using an inline polymeric reversed-phase
column (PL 1912-1503, Agilent). Protein solutions were separated
over the following 15 min linear gradient: 10% acetonitrile (ACN)
for 5 min, then linear gradient from 10% to 90% ACN over 10 min,
with mass spectrum scans taken every 1 s in positive mode. The
chromatogramwas integrated, and the full molecular weight was
calculated using Analyst (AB Sciex).
Advanced Materials, 2026
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.5 Hydrogel Creation

o formulate hydrogels, previously stocked logical operators and
LP-TriCatcher were thawed on ice and dialyzed in deionized
DI) water at 4◦C (SnakeSkin Dialysis Tubing, 10K MWCO).
ll constructs except for linear logical operators (YES/OR) were
ialyzed for 2 h with one volume change after an hour. Linear
onstructs were dialyzed for 1 h to 1.5 h and carefully watched to
nsure no protein crashed out of solution. Protein concentration
as determined via NanoDrop microvolume spectrophotometer
nd aliquoted based on the mass of protein needed to make a
0% weight/volume (w/v) hydrogel. An Excel sheet was utilized
o calculate the ratio of crosslink and ELP-TriCatcher needed
o make a predetermined hydrogel volume, taking into account
ach construct’s molecular weight and number of Spy chem-
stry motifs. Proteins were then flash frozen and lyophilized
vernight, keeping crosslinks and ELP-TriCatchers separate until
he point of material creation. Material was resuspended with 10x
hosphate-buffered saline (PBS) with half the hydrogel volume
i.e., if creating a 10 µL gel, resuspend crosslinks in 5 µL and
LP-Tricatcher in 5 µL), then incubated at 37◦C for 20 min. ELP-
riCatcher was vigorously stirred with a pipette tip and briefly
entrifuged until completely resuspended. Crosslinks and ELP-
riCatcher were then combined, quickly mixed with a pipette tip,
nd centrifuged to remove bubbles. Materials were incubated at
7◦C for two hours to solidify into hydrogels.

.6 Material Degradation via Protease Actuators

ach construct was created into 10 µL hydrogels (see Method 4.5)
or all possible combinations of protease actuators (A, C, T) in
riplicate (8 inputs x 3 per crosslink type). Reaction buffer was
repared (final concentration: 5 mm of DTT, 5 mm of CaCl2, 1x
riglycine, proteases at 2um, 20 mm Tris, 50 mm NaCl, pH 7.5)
nd 200 µLwas added to each hydrogel. Imageswere immediately
aken (T = 0 h) with an iPhone camera, then materials were
ncubated at 37◦C on a shaker incubator with slight agitation
100 rpm) for up to 4 h. Images were then retaken at hour 4 (T =
h), and the supernatant was sampled. Material supernatant was
dded to a black-walled 96-well plate, then fluorescence was read
n a BioTek Synergy Microplate Reader (BioTek, Winooski, VT;
en5 v3.09 software). Fluorescence measurements, calculated
n Microsoft Excel, were normalized by calculating the average
luorescence per input, assuming the condition with the brightest
luorescence average was 100% released (visually verified from
el degradation images in Figure S4). The normalized percentage
f cargo released for all collected replicates was then calculated
elative to the determined fluorescence measurement for 100%
eleased.

.7 Rheological Analysis of Material
iscoelasticity

heological analysis was performed on an Anton Paar Physica
CR 301 Rheometer with parallel-plate geometry (8 mm plate
iameter, 500 µm gap). Plate temperature was controlled via a
irculating water bath. The crosslink A∨T was created into a
0 µLhydrogel (seeMethod 4.5), then incubated on the rheometer
or 1 h at room temperature. To determine the material linear
dvanced Materials, 2026
viscoelastic range, an angular frequency sweep (1% shear strain,
0.1 Hz to 10 Hz) and strain sweep (0.1% to 100% shear strain, 1 Hz)
were performed in triplicate at 37◦C. Then, a time sweep (1% shear
strain, 1 Hz) at 25◦C and 37◦C was performed to assess material
stiffness in triplicate.

The crosslink (A∧T)∨C was resuspended to create 30 µL hydro-
gels with protease treatment buffer (final concentration: 5 mm of
DTT, 5 mm of CaCl2, 1x triglycine, proteases at 2 um, 20 mm Tris,
50 mmNaCl, pH 7.5) for all possible input combinations for three
hours at 37 C. The rheometer was pre-heated to 37◦C via a water
bath. Crosslinks and ELP-TriCatcher were mixed, then pipetted
onto the rheometer parallel plate. A time sweep (1% shear strain,
1 Hz) was immediately started to capture gel formation over
300 s.

4.8 Expression and Purification of EGF andMBP
Crosslinks

Plasmids for SpyTag-EGF-A∧C-SpyTag and SpyTag-EGF-
(A∧T)∨C-SpyTag were transformed into SHuffle T7 Competent
E. coli (NEB, C3029J), while the plasmids for SpyTag-
MBP-A∧C-SpyTag, SpyTag-MBP-(A∧T)∨C-SpyTag, and
SpyTag-MBP-A∨T∨C-SpyTag were transformed into BL21(DE3)
E. Coli (NEB). Proteins were expressed with standard protocol,
except the EGF constructs in Shuffle cells were incubated at
30◦C in LB media until an OD of 0.4-0.5. IPTG (0.4 mM) was
added to induce protein expression and incubated overnight at
16◦C. Standard purification with an endotoxin wash (standard
lysis buffer supplemented with 0.1% triton X-114) and dialysis
protocols were followed.

4.9 EGF Release fromHydrogels

Hydrogels (10 µL, 10% w/v) were formed as described in Method
4.5, where 90% of the crosslinks contained Maltose Binding
Protein (MBP) cargo and the remaining 10% contained Epidermal
Growth Factor (EGF). This resulted in the A∧C-gated materials
containing 30 µg of EGF, while the (A∧T)∨C-gated materials
contained 50 µg of EGF. Materials were incubated for 2 h at
37◦C, then washed two times with buffer (20 mm Tris, 50 mm
NaCl, pH 7.5) for 1 h each at 37◦C. All possible combinations of
endotoxin-free proteases were then added in reaction buffer (final
concentration: 3 mm of DTT, 3 mm of CaCl2, 1x triglycine, 20 mm
Tris, 50 mm NaCl, pH 7.5), where A was added at 2 µm, C was
added at 4 µm, and T was added at 3 µm.Materials were incubated
for 2 h at 37◦C until fully dissolved. Supernatant was sampled
for the EGF bioactivity assay to detect the presence of released
EGF.

4.10 EGF Bioactivity Assay

EGF bioactivity was determined using a Human embryonic
kidney (HEK293T) (ATCC, CRL-3216) Serum Response Element
(SRE) Luciferase reporter cell line, created in previously reported
work [35]. Briefly, HEK293T cells were transfected with SRE
Luciferase Reporter Lentivirus (78627, BPS Bioscience) and
selected with Puromycin to generate a stable cell line.
9 of 13
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RE cells were seeded at 1.5 × 103 cells in a clear-bottom
hite-walled 96-well plate in Dulbecco’s Modified Eagle Medium
DMEM) supplemented with 10% fetal bovine serum (FBS) and
% penicillin-streptomycin (P/S). The following day, the media
as removed, and the cells were washed once with PBS, then
erum-free cell culture media was added (DMEM, 1% P/S). The
ext day, commercial rhEGF (R&D Systems, 236-EG-200), EGF
rosslinks, and MBP crosslinks were added to the cells at 200 ng
L−1. Alternatively, collected supernatant from protease-treated
GF gels was added to the cells at 200 ng mL−1. Cells were then
eft to incubate at 37◦C, 5% CO2 with saturating humidity for 6 h.
ellTiter-Fluor Cell Viability Assay (G6080, Promega) was mixed
n a 1:5 ratio with the cell media as directed by themanufacturer’s
nstructions. The plate was incubated at 37◦C for 30 min, then
luorescence was read on a plate reader. One-GLO Luciferase
ssay (E6110, Promega) was then added to the cells according
o manufacturer instructions, and the plate was incubated for 5
in at room temperature on a shaker, then luminescence was
ead on a plate reader. Relative luminescence was calculated
y finding the ratio between luminescence and fluorescence
o normalize to the cell count, then averaging the ratios per
nput condition, where the largest average was designated the
aximum. Ratio of each replicate luminescence to themaximum
as then determined. The data was checked for outliers by
nalyzing the interquartile range, and any outliers were removed
rom the analysis.

.11 Cytocompatibility Testing

ydrogels (10 µL, 10% w/v) were formed as described in Method
.5 with MBP-A∨T∨C to encapsulate cells. To encapsulate cells,
he crosslink was co-resuspended with HS-5 cells (ATCC CRL-
611) at 3.0× 106 mL−1 beforemixingwith theELPTriCatcher. The
els were plated on a non-tissue-treated glass-bottom dish. The
ncapsulated cells were then incubated in DMEM supplemented
ith 10% FBS and 1% P/S for 24 h at 37◦C, 5% CO2 with saturating
umidity. Encapsulated dead controls were incubated with 50%
imethyl sulfoxide (DMSO) in addition to the media. The gels
ere then stained with 1 µm Calcein AM and 1:1000 Hoechst
3342 for 1 h at 37◦C. Gels were then imaged on a Leica Stellaris 5
onfocalmicroscope (Leica,Wetzlar, Germany; Leica Application
uite X 4.5.0.25531) at 10x magnification. ImageJ 1.53c was used
o process the images and count the number of alive cells and
uclei. 13 gel regions in 3 “Encapsulated” gels were analyzed (N=
831 cells), while 8 gel regions in 3 “Encapsulated + 50% DMSO”
els were analyzed (N = 800 cells). Percent live was calculated by
ividing the number of double-stained, “Live”, cells by the total
umber of nuclei per image, at which all regions were averaged
nd standard deviation calculated.

.12 Generation of Fluorescent Cell Lines

or our tri-color cell release studies, we used a mTagBlue
luorescent protein (BFP) expressingHS-5 cell line and amCherry
xpressing HS-5 cell line used in prior research from our lab.
e identified enhanced monomeric infrared fluorescent protein
emiRFP) [64] that excites at 703 nm as a third fluorescent protein
ithminimal cross-talk with BFP andmCherry. A new stable cell
ine was generated.
0 of 13
To generate a stable cell line, lentivirus was first made. HEK293T
cells were plated at ∼40% confluency and allowed to adhere to
tissue culture plastic overnight. Fresh media was added, then
HEKswere transfectedwith envelope plasmid pMD2.G (Addgene
#12259), packaging plasmids pMDLG/pRRE (Addgene #12251)
and pRSV-REV (Addgene #12253), and pLenti-emiRFP703 using
Lipofectamine 3000 (Invitrogen). Cells were cultured for 2 days
post-transfection, and virus-laden media was harvested. Viral
media was filtered (0.45 µm) and tested using a lentiviral titration
card (ABM Biologics). Once the presence of the virus was
confirmed, the virus-laden media was added to fresh HEK293T
cells that had been plated at ∼40% confluence in a 35 mm dish
(Fisher Scientific, Waltham, MA) and had adhered the prior
night. The cells were incubated overnight, then the following
day, emiRFP production was confirmed via confocal microscopy
(Leica, Wetzlar, Germany; Leica Application Suite X 4.5.0.25531).
Viral-laden media was removed and bleached to destroy any
pendant lentiviral particles. After replenishing thewell with fresh
DMEM, cells were selected in 6 µg mL−1 of Puromycin (Fisher
Scientific, Waltham, MA). Cells were incubated in selection
media for 24 h, after which non-adherent cells were removed,
and fresh DMEM was used to replenish the well, allowing the
surviving transgenic cells to recover and expand.

To verify that cells are spectrally separate, BFP+ HS-5 cells,
mCherry+ HS-5 cells, and emiRFP703+ HEK293T cells were
seeded on a 4-chamber tissue-treated glass slide (ibidi) in DMEM
supplemented with 10% fetal bovine serum FBS and 1% P/S. The
following day, the cells were imaged on a Leica Stellaris 5 confocal
microscope at 10x magnification. The BFP channel was imaged
at an excitation/emission range of 405 nm/425–583 nm, mCherry
was imaged at an excitation/emission range of 580 nm/585–
690 nm, and emiRFP703 was imaged at an excitation/emission
range of 685 nm/690–834 nm. ImageJ 1.53c was used to split
imaging channels and add scale bars.

4.13 Fluorescent Cell Release FromHydrogels

For tricolor cell release, mGL-A∨C hydrogels were used to release
HS-5 mTagBFP2+ cells, mGL-T hydrogels were used to release
HS-5 mCherry+ cells, and mGL-(T∧C)∨A materials released
HEK293T emiRFP703+ cells.

Hydrogel material (10 µL, 10% w/v) was prepped as mentioned in
Method 4.5, resuspended in 1x PBS. Lyophilized crosslinks were
dissolved, then mixed with the corresponding cells at 10 × 106
mL−1. Crosslink/cell mixtures were mixed with ELP-TriCatcher,
then quickly placed in a 24-well plate with non-tissue-treated
glass. Gels were incubated for 10 min at 37◦C, 5% CO2 with
saturating humidity. Serum-free DMEM was then added, and
the gels were incubated for 1 h. The media was then removed
to discard any cells that were not encapsulated. Materials were
protease-treated as described inMethod 4.6 in serum-free DMEM
and incubated for 30 min at cell culture conditions. Previous
studies have verified that all proteases and buffer components
are cytocompatible [34]. Released cells were captured, pelleted
(200 x G, 5 min), and washed two times with cold Fluorescence-
activated cell sorting (FACS) buffer (PBS, 1% BSA). Population
fluorescence was captured on a BD FACS Symphony A3 analyzer
(BD Bioscience; San Jose, CA; BD FACSDiva v8.0 software). BFP
Advanced Materials, 2026
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as excited with the 405 nm laser and captured with 450± 50 nm
ilters. mCherry was excited with the 561 nm laser and detected
ith 610± 20 nm filters. emiRFP703was excitedwith 637 nm laser
nd detected at 710 ± 50 nm. Data was analyzed in FlowJo v10
o determine the percentage of the population that was positive
or BFP, mCherry, and emiRFP703 by histograms, then the data
as exported to Excel. Replicates were averaged and standard
eviations calculated in GraphPad Prism. Release studies were
erformed in triplicate.

.14 Statistical Analysis

ll data was processed and normalized in Microsoft Excel 365.
tatistical tests and graphs were completed in GraphPad Prism
version 6). All plots display the mean ± 1 standard deviation
bout the mean. To normalize data, the average value of all
eplicates per input was calculated, where the largest average
as designated the maximum. The percentage or ratio of each
eplicate was then calculated relative to the determined maxi-
um. All data presented was performed in varying numbers of
eplicates of at least n = 3 (exact number of replicates marked
ithin each figure caption). To calculate differences in EGF or
BP bioactivity comparing each protease input condition to the
ontrol, a One-way ANOVA test with Dunnett’s Post-Hoc analysis
𝛼 = 0.05. ** = p < 0.005, *** = p < 0.0005, **** = p < 0.0001)
as used. Outliers were determined using an R script to detect
ata points that fell outside of the interquartile range (25th–75th
ercentile) and were excluded from analysis for EGF activity and
el degradation studies.
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