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ABSTRACT: Thermoresponsive hydrogels are used for an array of biomedical applications. Lower critical solution
temperature-type hydrogels have been observed in nature and extensively studied in comparison to upper critical solution
temperature (UCST)-type hydrogels. Of the limited protein-based UCST-type hydrogels reported, none have been composed
of a single coiled-coil domain. Here, we describe a biosynthesized homopentameric coiled-coil protein capable of demonstrating
a UCST. Microscopy and structural analysis reveal that the hydrogel is stabilized by molecular entanglement of protein
nanofibers, creating a porous matrix capable of binding the small hydrophobic molecule, curcumin. Curcumin binding increases
the a-helical structure, fiber entanglement, mechanical integrity, and thermostability, resulting in sustained drug release at
physiological temperature. This work provides the first example of a thermoresponsive hydrogel comprised of a single coiled-
coil protein domain that can be used as a vehicle for sustained release and, by demonstrating UCST-type behavior, shows
promise in forging a relationship between coiled-coil protein-phase behavior and that of synthetic polymer systems.

B INTRODUCTION protein and peptide engineering have resulted in the design of
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structures ideal for drug binding, stimuli responsiveness, cell
adhesion, and mechanical integrity.” Though substantial work
has focused on f-structured systems,” a-helical coiled-coil
domains composed of two or more a-helices that form a
supercoil’ have also been employed to generate hydrogels.
Helical hydrogels include hybrids of the coiled-coil motif and
synthetic polymers,°~® engineered protein-block co-polymers
bearing coiled-coils fused to conformationally distinct
domains,”'® and coiled-coil peptides.'”>* These systems
have demonstrated evidence of either porous networks™~>" or
interconnected nanofibers, 2.5'°—20 nm®° in diameter. Such
matrices are physically crosslinked hydrogels, where physical
crosslinks are mediated through molecular entanglement or
noncovalent interactions including hydrogen bonds, van der
Waals, electrostatic, or hydrophobic interactions.>”*" The
physical interactions eliminate the need for potentially toxic
chemical crosslinkers and often permit stimuli-responsive
behavior.”” In the case of coiled-coil fusions that form
hydrogels, physical crosslinks are formed via reversible
intermolecular associations between coiled-coil domains.”

Thermoresponsive hydrogels, demonstrating temperature-
sensitive solution-to-gel (sol—gel) transitions, are the most
widely studied stimuli-responsive gels.*> Thermoresponsive
hydrogels are traditionally described as lower critical solution
temperature (LCST)-type hydrogels, which are miscible at
lower temperatures and gel when heated above their critical
transition temperature (LCST), or upper critical solution
temperature (UCST)-type hydrogels that gel when cooled
below their critical temperature (UCST).*® Resilin-based
protein-engineered materials are, thus far, the only examples
of single-protein-based UCST-type hydrogels; however, these
polypeptides require chemical or photochemical crosslinking.**
Although coiled-coil peptides have been utilized for hydrogel
assembly,'”>* all are comprised of synthetic peptides that do
not fit UCST-type hydrogel criteria due to their lack of
thermoresponsiveness' > or their dual-peptide composi-
tion.”"** To date, there are no described thermoresponsive
hydrogels, including those with UCST-type behavior,
comprised solely of a single coiled-coil protein.

The study described herein investigates the ability of a
rationally designed coiled-coil protein, Q,***° to self-assemble
into a fibrous network-based hydrogel. This is the first report
of a thermoresponsive hydrogel solely comprised of a single a-
helical coiled-coil domain. The physically crosslinked Q gel
demonstrates a porous network composed of interconnected
nanofibers with reversible thermoresponsiveness below and
above its UCST, determined to be ~16.2 °C. The mechanical
integrity at 4 °C and thermostability of the hydrogel at 37 °C
are both improved upon binding to curcumin (CCM), a model
molecule for hydrophobic drugs, permitting a sustained release
of the molecule at physiological temperature. This work
demonstrates that coiled-coil proteins can independently
assemble into a functional physically crosslinked hydrogel
with tunable phase behavior.

B EXPERIMENTAL SECTION

Materials. M1SMA Escherichia coli cells were a gift from David
Tirrell (California Institute of Technology). Bacto-tryptone, sodium
chloride, yeast extract, tryptic soy agar, ampicillin, kanamycin, sodium
phosphate monobasic monohydrate (NaH,PO,-H,0), sodium
phosphate dibasic anhydrous (Na,HPO,), ammonium chloride
(NH,CI), potassium phosphate monobasic (KH,PO,), sodium
hydroxide (NaOH), dextrose monohydrate (D-glucose), magnesium
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sulfate, calcium chloride (CaCl,), manganese chloride tetrahydrate
(MnCl,-4H,0), cobaltous chloride hexahydrate (CoCl,-6H,0), zinc
sulfate heptahydrate (ZnSO,-7H,0), boric acid (H;BO;), isopropyl
p-p-1-thiogalactopyranoside (IPTG), tris—hydrochloride (Tris—
HCl), Pierce bicinchoninic acid (BCA) assay kit, Pierce snakeskin
dialysis tubing 3.5 kDa molecular weight cut off (MWCO), sodium
dodecyl sulfate (SDS), and Molecular Probes FluoSpheres poly-
styrene microspheres were acquired from Thermo Fisher Scientific.
All 20 naturally occurring amino acids, nickel(II) chloride
hexahydrate (NiCl,-6H,0), sodium molybdate dihydrate
(Na,M00,2H,0), iron(III) chloride (FeCly), and thiamine hydro-
chloride (vitamin B), were purchased from Sigma-Aldrich. Copper(II)
chloride anhydrous (CuCl,), sodium selenite (Na,SeO5), imidazole,
and curcumin were purchased from Acros Organics. Hydrochloric
acid (HCI) and Coomassie Brilliant Blue G-250 were purchased from
VWR. HiTrap immobilized metal affinity chromatography (IMAC)
fast flow (FF) S mL column for protein purification and Whatman
filter paper for transmission electron microscopy (TEM) sample
preparation were purchased from GE Healthcare Life Sciences.
Macrosep and Microsep Advance centrifugal devices 3 kDa MWCO
and 0.2 um syringe filters were purchased from Pall Corporation.
Acrylamide/bis solution (30%) 29:1 and natural polypeptide SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) standard were
purchased from Bio-Rad. Formvar/carbon-coated copper grids
(FCF400-Cu) and 1% uranyl acetate for TEM were purchased from
Electron Microscopy Sciences. Silicon wafers for scanning electron
microscopy (SEM) were purchased from Ted Pella, Inc.

Protein Expression. Chemically competent M1SMA E. coli
cells,’” 100 uL in volume, carrying the kanamycin-resistant pREP4
plasmid*® (Qiagen) were transformed via heat shock with 250 ng of
ampicillin-resistant pQE30/Q_plasmid®® maintaining an N-terminal
6x histidine tag (6x His-tag). Transformed cells were allowed to
recover in 700 yL lysogeny broth and grown at 37 °C and 300 rpm
for 45 min. Transformed cells were then plated onto tryptic soy agar
plates containing ampicillin (0.2 mg mL™") and kanamycin (0.35 mg
mL™") and allowed to grow overnight at 37 °C for approximately 16
h. Ampicillin and kanamycin were used to positively select for
MISMA cells containing the plasmid vector. Starter cultures were
prepared from single colonies in modified M9 medium (0.5 M
Na,HPO,, 0.22 M KH,PO,, 0.08 M NaCl, and 0.18 M NH,CI)
containing all 20 natural amino acids (100 ug mL™"), ampicillin (0.2
mg mL™), kanamycin (0.35 mg mL™"), vitamin B (0.034 mg mL™),
p-glucose (0.1 mg mL™'), magnesium sulfate (0.22 mg mL™'),
calcium chloride (0.01 mg mL™"), and trace metals (0.02% (v/v), see
the Supporting Information). Starter cultures were incubated at 37 °C
and 350 rpm for 16 h. Single starter cultures were added to expression
flasks at 4% (v/v) in 400 mL of M9 media, supplemented as described
above, and incubated at 37 °C and 350 rpm for approximately 3 h
until the optical density at 600 nm was 0.7—0.9. Protein Q_expression
was induced with IPTG (200 pg mL™") and returned to 37 °C and
350 rpm for another 3 h. Following protein expression, cells were
pelleted by centrifugation at 4 °C and 5000 rpm for 20 min and
subsequently stored at —80 °C until purification. Aliquots of 1 mL cell
culture were obtained before and 3 h post-IPTG induction for
assessment of protein expression via 12% SDS-PAGE bearing a
polypeptide ladder. The expression gel was stained with Coomassie
Brilliant Blue G-250 and imaged on an ImageQuant 350 imager.

Protein Purification. The Q protein was purified under native
conditions at pH 8.0. Cell pellets from 400 mL expressions were
thawed and resuspended in 40 mL, 1/10 of the expression volume, of
buffer A (50 mM Tris—HCl and 500 mM NaCl, pH 8.0). The cell
suspension was placed in an ice water bath and lysed using ultrasonic
probe sonication (QS00 sonicator, QSonica) at 45% amplitude, pulse
S s on and S s off, for a total sonication time of 3 min in 1 min
intervals. Cellular debris was removed from the crude lysate via
centrifugation at 4 °C and 14 000g for 50 min prior to purification via
syringe—pump driven immobilized metal affinity chromatography
(IMAC) on a cobalt-charged Q_sepharose high-performance S mL
column (HiTrap IMAC FF S, GE Health Sciences). The protein was
eluted using a gradient of buffer B (50 mM Tris—HCl, 500 mM NaCl,
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500 mM imidazole, pH 8.0) yielding an increase in imidazole
concentrations from 10 to 500 mM. All fractions were assessed for
purity using 12% SDS-PAGE, stained and imaged as described above.
Pure Q protein was typically seen in the elutions containing 100—500
mM imidazole, which were filtered through a 0.2 ym syringe filter and
added to snakeskin tubing with a 3.5 kDa MWCO for room-
temperature dialysis across six buckets, each containing S L of buffer
A, to remove imidazole. The Q protein, in both solution and hydrogel
state, was maintained in buffer A for all studies.

Hydrogel Preparation and Assessment of Thermorespon-
siveness. The protein was concentrated using 3 kDa MWCO
Macrosep and Microsep Advance centrifugal devices at 4 °C and 3000
rpm, after which the protein concentration in buffer A was assessed
using a BCA assay compared to a standard curve of known albumin
concentrations. A sample of the concentrated purified Q protein was
diluted to 50 pM, run on 12% SDS-PAGE, and its purity was
quantified based on band intensity using the Image Studio Lite
software (LI-COR Biosciences). For initial hydrogel formation
studies, a 250 yL sample of 2 mM (1.3% w/v) protein Q in buffer
A was added to a 2 mL glass vial and placed at 4 °C. Gel formation
was visually monitored after 48 h and 96 h. To assess whether the
hydrogel was responsive to temperature, it was placed at 37 °C and
inverted to determine if the sample remained in the gel state or
transitioned to a solution. For comparison, a 250 uL sample of 2 mM
(1.3% w/v) protein Q was added to a 2 mL glass vial and placed at
room temperature for 96 h and furthermore up to 2 weeks.

Transmittance Assessment. Concentrated Q solutions (2 mM
or 1.3% w/v) in buffer A, 200 xL in volume, were added to a type-21
quartz cuvette with a 1 cm pathlength (BuckScience). Its trans-
mittance at 720 nm, the wavelength at which all protein samples
showed a distinct peak in the spectrum, was recorded on a UV—vis
Cary-50 (Varian Inc.) equipped with a TC12S temperature regulator
(Quantum Northwest). Solution-state samples were first analyzed at
room temperature. They were then permitted to gel in the cuvette at 4
°C for 96 h prior to transmittance assessment at 4 °C. Cuvettes were
incubated at 37 °C for 30 min to initiate the gel—sol transition, and
the transmittance was measured at 37 °C. Samples were cycled
between 4 and 37 °C until the transmittance recordings revealed a
significant decrease in transmittance, indicative of sample aggregation.

Upper Critical Solution Temperature (UCST) Determina-
tion. To determine the UCST, 150 uL of Q samples were prepared at
1-3.5 mM (0.6—2.2% w/v) protein concentration in buffer A and
incubated in 2 mL tubes at specific temperatures ranging from 4 to 23
°C (room temperature) (Thermomixer R, Eppendorf). Samples
remained at the set temperature for up to 2 weeks and were inverted
to check for gelation. If gelation was not observed after 2 weeks, the
conditions were deemed unsuitable for gel formation, and the sample
was considered to be a solution in its equilibrium state. A phase
diagram was created by plotting the concentration with respect to
temperature for each experimental condition. The gelled samples on
the sol—gel boundary were then fitted to a third-order nonlinear
regression®”*" to interpolate points on the phase boundary not
feasibly achieved experimentally due to limitations of the heating
instrumentation, which was strictly programmable in increments of 1
°C. Specifically, the fit was used to predict the UCST as the maximum
point on the solubility curve.*'

Microrheology. The sol—gel transition was characterized at the
microscale using passive microrheology, as described by O’Neill et
al.** Briefly, Molecular Probes FluoSpheres polystyrene microspheres,
1 pm in diameter, were added to a room-temperature solution of 2
mM (1.3% w/v) Q in buffer A resulting in 4% (v/v) bead content
within the protein solution. The bead—protein sample was loaded via
pipette onto a microscopy slide fitted with an elevated coverslip to
create a channel for the sample addition and subsequent gelation. The
slide was imaged at 0 h and subsequently every 12 hours, up to 144 h
(6 days), until bead movement was no longer detectable. Between
measurements, the sample was left to incubate at 4 °C fastened to a
laboratory rotisserie (Labquake Rotisserie, Barnstead Thermolyne)
rotating at 8 rpm, allowing for gel formation while preventing bead
settling. For each time point, sample slides were imaged on a Leica
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DMI4000 B automated inverted microscope at 40X magnification
using an N21 filter (Leica Microsystems). The Brownian motion of
the particles was recorded for 300 frames at 27 frames s™'. The
resulting images were stacked and converted to grayscale using New
York University High Performance Computing. Video files were used
to track the mean squared displacement (MSD), A% of the beads’
Brownian motion as a function of time () in seconds, as described in
eq 1, following a protocol developed by Larsen and Furst®® with
MATLAB (MathWorks) algorithms developed by Dufresne, Kilfoil,
and Blair**™*® and modified by O’Neill et al.**

MSD=Ar*(z) (1)

2)

The logarithmic slope of the initial 0 h MSD data of the pre-gelation
room-temperature Q protein solution was defined by eq 2, where its
logarithmic slope of ~1 indicates the Brownian diffusion of particles
within a viscous liquid or solution-state material.*” All subsequent
MSD curves were mathematically superimposed onto the 0 h curve to
determine the time at which the data diverged, indicating the sol—gel
transition time or critical gel time (t.), when the material transitions
from a solution state to a gel-state network. Due to the similar shape
of the MSD curves throughout the experiment, superimposition of the
curves is achievable by empirical shifting of the data into solution-
state and gel-state master curves.”’ Superimposition was, therefore,
achieved by multiplying post-0 h MSD curves horizontally by the
relaxation time shift factor a and vertically by the creep compliance
shift factor b in an attempt to overlay them onto the 0 h curve,
creating the solution-state master curve, until the time point at which
the data could no longer be aligned. This point of divergence is
indicative of the sol—gel transition, and remaining curves were instead
superimposed onto the final post-gelation curve, forming a gel-state
master curve. The solution-state and gel-state master curves intersect
at t,, with the logarithmic slope at this intersection corresponding to
the critical relaxation exponent (or viscoelastic exponent), nc.47
Therefore, whether the logarithmic slope of the MSD curve at a given
time point is greater than or less than n_ determines whether it is in
the solution state or gel state, respectively. Furthermore, the value of
n. is indicative of the connectivity within crosslinked systems, where
0.5 < n. < 1 is indicative of a loosely crosslinked gel and 0.1 < n_ < 0.5
indicates a densely crosslinked gel.*”~>" Plotting the shift factors a and
b of each curve against time (h) allows for a more precise calculation
of t. Upon determination of f, this value was used to find the
dynamic scaling exponents, namely, the relaxation time exponent (y)
and the creep compliance exponent (z). The values of y and z are
equal to the slope of a logarithmic plot of each curve’s shift factors a
and b, respectively, against the difference between the time at which
that curve was acquired and t.. The value of n. was then calculated as
z/y. All analyses were performed independently for three protein
samples, and the averaged logarithmic slope of MSD, t,, ¥, z, and n,
values, along with the corresponding standard deviations, were
reported.

Modeling of Q-CCM Binding. CCM conformer libraries were
generated using the BioChemical Library ConformerGenerator
application.”> Docking between the Q protein and CCM was
performed using Rosetta (RosettaCommons) with the ligand
transform protocol.>> The docking protocol was used to simulta-
neously sample ligand conformations, while allowing for flexibility in
both the side chains and backbone of the protein. Due to the long,
narrow axial pore of the Q protein, five independent runs were
conducted where the starting position of CCM was adjusted to scale
the full length of the cavity. Models (500) were generated from each
starting conformation for a total of 2500 models.

Curcumin Binding, Release, and Hydrogel Erosion. The
hydrogel was assessed for its ability to bind CCM as was previously
demonstrated by Q_fibers in solution.**¢ A 150 uL aliquot of Q
protein concentrated to 2 mM (1.3% w/v) was added to a 2 mL
Eppendorf tube and placed at 4 °C for 96 h to allow for gel formation.
A 300 uL volume of 1 mM CCM solution (in buffer A containing 5%
dimethyl sulfoxide (DMSO)) was added atop the gel and returned to

dIn(Ar*(z))/dInz =1
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4 °C. The sample was incubated at 4 °C for 48 h, permitting
absorption of CCM by the gel. As a control, 300 L of 5% DMSO in
buffer A, excluding CCM, was added atop separate gels and identically
assessed. Following the absorption period of 48 h, control Q and
CCM-bound Q (Q:CCM) gels were gently centrifuged at room
temperature and 2500 rpm for 2.5 min, allowing for the collection of
the supernatant only. The gels were then washed with fresh 37 °C
buffer A to remove nonspecifically bound CCM. The wash buffer was
collected and replaced with fresh 37 °C buffer A. The gels were placed
at 37 °C and 300 rpm (Thermomixer R, Eppendorf) for the
remainder of the gel erosion and drug-release study. At specific time
intervals, the gels were again centrifuged at room temperature and
2500 rpm for 2.5 min, 300 uL of the supernatant was collected and
replaced with 300 uL of fresh 37 °C buffer, and the samples were
returned to 37 °C and 300 rpm between collections. This process was
repeated for each time point until the gels had broken down entirely
and were unable to pellet upon centrifugation. The collected
supernatant samples were subjected to BCA assays to determine the
extent of gel erosion. The percent of total protein released from the
gel at each time point was plotted.

Simultaneously, collected supernatant samples from Q:CCM were
characterized spectrophotometrically for CCM concentration via
absorbance at 410 nm. Sample absorption values were compared to a
standard curve of known CCM concentrations in buffer A + 5%
DMSO that were also incubated at 37 °C and 300 rpm and measured
spectrophotometrically throughout the time course. The gel’s
encapsulation efficiency, calculated by eq 3,°* and the percent of
encapsulated CCM released were plotted.

Encapsulation Efficiency =
mass of CCM added — mass of unbound CCM
mass of CCM added (3)

Analysis of Curcumin Release Kinetics. To assess the CCM
release mechanism from the Q:CCM hydrogel, CCM release data
were fitted to zero-order™ (eq 4), first-order®® (eq 5), Higuchi57 (eq
6), and Hixson—Crowell*® (eq 7) kinetic models. Data were also
fitted to the Korsmeyer—Peppas model’” (eq 8) and a modified
Gallagher—Corrigan (G—C) model®® (eq 9) to assess the
contribution of diffusion and erosion on drug release.”” To obtain
the kinetic rate constants and burst parameter, the modified G—C
model was fitted to the data using nonlinear regression analysis in
MATLAB.®' In Fickian diffusion, i.e., zero-order kinetics, the drug
diffuses from the matrix independent of its concentration.’® By
contrast, for non-Fickian diffusion, several factors can affect drug
release, including drug concentration and the surface area or diameter
of the drug-release system.’” In vitro CCM release data were fitted to
the kinetic models, and the goodness of fit was determined.

Qt = Qo + kOt

log(Q,) = log(Q,) — k;t/2.303

(4)
(s)
(6)
(7)
(8)

Q, = kHtl/z
1/3 1/3
Q" =Qy " ~ kuct

log(Mt/Moo) = log(ka) + ngp Iog(t)

—Ky(tmax—t)
_ _ Kt ¢
Q,=A+X(1-e)+ le el

)

where Q, is the amount of CCM released at time ¢, Q, is the initial
amount of CCM released, k, is the zero-order release constant, k, is
the first-order release constant, ky; is the Higuchi dissolution constant,
and kyc is the Hixson—Crowell rate constant. For the Korsmeyer—
Peppas model, M,/M, is the fraction of CCM released at time ¢, kgp is
the release rate constant, and nyp is the release exponent. For the
modified Gallagher—Corrigan model, A is the burst parameter; K, and
X, are the kinetic release constant and fraction of CCM released
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during the burst/diffusion (first) phase of the model, respectively; K,
and X, are the kinetic release constant and fraction of CCM released
during the erosion (second) phase of the model, respectively; and £,
is the time to reach the maximum release rate.

Rheology. To assess the impact of CCM binding on the gel’s
mechanical integrity, the rheological properties of the Q and Q- CCM
hydrogels were assessed on a stress-controlled rheometer (ARES-G2,
TA Instruments) equipped with parallel plate geometry with a lower
plate 25 mm in diameter and an upper plate 8 mm in diameter set to 4
°C with a 0.2 mm geometry gap. The Q gel was formed at 2 mM
(1.3% w/v) in buffer A at 4 °C, as described above, and assessed via
rheology following 6 days at 4 °C, in line with the final day of gelation
assessed via microrheology. The Q-CCM gel was also assessed on day
6, after 4 days (96 h) of gelation and 48 h of CCM binding. Excess
CCM was washed away with buffer A prior to rheological analysis.
The gels were gently transferred from 2 mL tubes onto the 4 °C
rheometer plate with the effective sample area matched that of the 8
mm plate. Strain sweep experiments were carried out on the Q gel
from 0.1 to 1000% strain to determine the linear viscoelastic region of
Q, at which the frequency sweeps for both gels were performed. The
gels” storage moduli (G’) and loss moduli (G”) were determined as a
function of frequency from 0.1 to 10.0 Hz with an oscillation strain of
5%. Triplicate studies of both gels’ G’ and G” values were plotted as a
function of frequency.

Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR). ATR-FTIR spectroscopy was performed
to assess the secondary structure of Q before and after gelation and
CCM binding using a Nicolet 6700 Fourier Transform Infrared
Spectrometer equipped with a diamond ATR accessory and a mercury
cadmium telluride-A detector. Protein samples, at 2 mM (1.3% w/v),
were prepared as described above, where the pregelation solution-
state Q samples were maintained at room temperature for 96 h, the Q
hydrogel samples were incubated at 4 °C for 96 h, and the CCM-
bound Q:CCM hydrogels were prepared by binding the Q hydrogel
to CCM for an additional 48 h at 4 °C. First, a background spectrum
was obtained by spotting a S uL sample of the appropriate buffer onto
the diamond surface; its spectrum was acquired at room temperature
from 400 to 4000 cm™" with 0.5 cm™ resolution and automatically
subtracted from the protein sample spectra subsequently collected,
thus eliminating the contribution of water and buffer salts on the
protein spectra. A S uL sample of 2 mM (1.3% w/v) protein solution
or protein hydrogel in buffer A was then spotted onto the diamond
surface, and a 128 scan spectrum was acquired at room temperature
from 400 to 4000 cm™" with 0.5 cm™" resolution. Spectra for CCM
alone, in the absence of Q, were also collected for comparison. The
data was analyzed using PeakFit (Systat Software, Inc.), and peak
deconvolution with Gaussian function was performed within the
amide I region of 1600—1700 cm™, as previously described.*>*
Briefly, a second derivative zero baseline correction was performed on
the buffer-subtracted sample spectrum.*>*® The second derivative of
each spectrum was investigated to determine the number and relative
locations of peaks. Peak deconvolution was then carried out on the
original spectrum, keeping the full width at half-maximum of peaks at
less than 30 cm™, and was deemed complete when the coefficient of
determination for the overall spectra was r* = 0.99.°> Areas under the
peaks were calculated by PeakFit for each secondary structure, and
their intensities were compared pre- and post-gel formation and post-
CCM binding. Secondary structure percentages were reported as the
average of three independently prepared samples.

Circular Dichroism (CD) Spectroscopy. The secondary
structures of pre-gelation and post-gelation Q were further assessed
using CD spectroscopy. CD spectra were collected in triplicate for
both samples using a Jasco J-815 CD spectrometer with a PTC-423S
single position Peltier temperature control system. Pre-gelation
solution-state Q and Q_hydrogel samples were prepared at 2 mM
(1.3% w/v) as described above for ATR-FTIR spectroscopy via
incubation at room temperature or 4 °C, respectively, for 96 h.
Additionally, for CD spectroscopy, solution-state and hydrogel Q
samples were diluted 200-fold in deionized water (diH,O) from 2
mM (1.3% w/v) Q to a final concentration of 10 uM and added to
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Figure 1. Hydrogel assembly and thermoresponsive phase behavior. (a) Schematic representation of the proposed hierarchical assembly of the Q
protein hydrogel from monomeric a-helices to coiled-coil nanofibers at pH 8.0 that interact to form a 3D hydrogel network at 4 °C and transition
back to the solution state (arrowhead) at 37 °C. (b) Transmittance of 2 mM (1.3% w/v) Q protein throughout temperature-based cycling between
solution and gel states, where each data point represents the average of three independent trials and error bars indicate the standard deviation. (c)
Solution-gel phase diagram of Q fitted with a third-order polynomial (dashed line) at the sol—gel boundary to predict the upper critical solution

temperature.

quartz cuvettes, yielding the pre-gelation and post-gelation samples,
respectively. This dilution was necessary to lower the protein and
NaCl content to concentrations suitable for CD measurements.
Wavelength spectra were measured at 4 °C from 190 to 250 nm with
a step size of 1 nm, a pathlenﬁgth of 1 mm, and a continuous scanning
mode of 20 nm min~! %%~ Using Jasco spectral analysis software,
all Q spectra underwent a buffer spectrum subtraction, using buffer A
diluted 200-fold in diH,O, prior to spectral smoothing via the
Savitzky—Golay method set at a convolution width of 13.°* The mean
residue elg)pticity (MRE, 6) was calculated from ellipticity values (&)
via eq 10

0
10 X protein conc. X path length X residue number

(10)
The difference in a-helical content between pre- and post-gelation Q
was evaluated by comparing the ratios of the MRE at 208 and 222 nm
(025/0505), where a ratio of 0.8—0.9 typically describes isolated a-
helices.”” The data represent the average of three independently
prepared samples.

Transmission Electron Microscopy (TEM). TEM was employed
to visualize the assembly of Q on the nanoscale pre- and post-gelation
and post-CCM binding. Both solution-state and gel-state Q samples
were diluted in buffer A to 50 yM protein concentration at room
temperature immediately before TEM spotting. Samples were spotted
at room temperature onto Formvar/carbon-coated copper grids at 3
4L volume for 1 min. The samples were blotted with a filter paper,
washed with 5 yL diH,0, and again blotted with the filter paper. The
grids were subsequently treated with 3 uL of 1% uranyl acetate for 1
min to negatively stain the spotted protein and blotted dry. All TEM
images were acquired at an accelerating voltage of 120 kV on a JEOL
JEM-1400 LaB6 soft bio transmission microscope. The diameters of
imaged }Jrotein assemblies were measured using the Image]
software.”!

Scanning Electron Microscopy (SEM). Topographical informa-
tion of the Q gel in the presence and absence of CCM was acquired

MRE, 6=

on a MERLIN field emission scanning electron microscope (Carl
Zeiss AG). For comparison, room-temperature Q_solution was also
assessed. The pre-gelation solution-state Q samples were prepared by
spotting S uL of 2 mM (1.3% w/v) room-temperature Q in buffer A
solution onto a silica wafer, which was dried in a vacuum desiccator
for 3 h. For post-gelation samples, a S uL aliquot was taken from the 2
mM (1.3% w/v) Q gel formed in buffer A at 4 °C, in the presence or
absence of CCM, and spotted onto the wafer prior to drying for 3 h.
All samples were iridium-coated to 3 nm using a high-resolution
sputter coater 208HR (Cressington Scientific Instruments) prior to
image acquisition for improved contrast.

Statistical Analysis. GraphPad Prism (GraphPad Software) was
employed for statistical analysis using student’s t-test.

B RESULTS AND DISCUSSION

Rationale. Although coiled-coil domains have proven to be
successful hydrogel components®™'”'?7>* for designing
networked systems, they have either been paired with a
second coiled-coil motif for heterodimeric assemblies®"** or
fused to other distinct motifs.~'®”> This work explores the
creation of a single a-helical coiled-coil self-assembling domain
system for the production of thermoresponsive hydrogels.
Based on the coiled-coil domain of the cartilage oligomeric
matrix protein (COMPcc), Q has been designed and has
previously exhibited robust nanofiber and CCM-dependent
mesofiber assembly under acidic conditions.****”* Surface
charge distribution, predicted by Adaptive Poisson—Boltzmann
solver (APBS)’* and visualized using PyMOL (Schrodinger,
LLC),”> demonstrates that the charged surface patches
previously described of Q under acidic conditions® are
significantly retained at pH 8.0 (Figure la). Therefore, the
hierarchical self-assembly of Q into nanofibers through
intermolecular associations between coiled-coil pentamers,*
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Figure 2. Microrheological determination of sol—gel transition time. (a) Representative particle mean squared displacement (MSD) as a function
of time for Q maintained at 4 °C presented as a log—log plot. (b) Superposition of the MSD data in the panel (a) where data from 12 to 144 h was
shifted horizontally by factor a and vertically by factor b to reveal changes in Q’s viscoelastic properties over 144 h. (c) Shift factors for time (a,
blue) and MSD (b, red) required for the superposition shown in panel (b) where the critical gel time t_ is determined as the time at which a large
shift in a or b is seen (dashed line). (d) Relaxation time (g, blue) and MSD (b, red) plotted against the distance from ¢ to determine the critical
scaling exponents y and z and the critical relaxation exponent n.. The values of y, z, and n_ represent the average values and standard deviations

among three independent studies of Q.

and subsequent hydrogel formation, is investigated here.
Notably, Q is able to undergo sol—gel transition in a
temperature-dependent manner, exhibiting UCST-type hydro-
gel behavior.

Hydrogel Formation and Thermoresponsiveness. To
determine the appropriate conditions for hydrogel formation,
biosynthesized (Figure S1) and purified (Figure S2) Q protein
was concentrated to 2 mM (1.3% w/v) in buffer A (50 mM
Tris—HCI, 500 mM NaCl, pH 8.0) prior to incubation at room
temperature or 4 °C. Q_ left at room temperature showed no
gelation within a 2 week time frame. However, Q incubated at
4 °C assembled into a soft hydrogel within 48 h and a firm gel,
capable of being physically inverted, within 96 h (Figure 1a).
Upon subsequent incubation at 37 °C, typical UCST-type
thermoresponsive behavior was observed where the gel
transitioned back to the solution state in 30 min (Figure 1a),
in agreement with the well-characterized reversibility between
coiled-coil interactions via alterations in temperature, pH, and/
or salt concentration,”?*3>7¢77%

To assess the reversibility of the temperature-dependent
gelation of Q, the transmittance of Q was monitored via UV—
vis spectroscopy while cycling between the solution state at 37
°C and the gel state at 4 °C (Figure 1b). The initial
transmittance of concentrated pre-gelation solution-state Q at
room temperature was 74.3 = 0.3%, which decreased to 61.0 +
3.9% following gelation at 4 °C for 96 h. After gel—sol
transition at 37 °C for 30 min, the transmittance increased to
71.7 + 0.8%. The protein continued to regel and solubilize
within 96 h and 30 min, respectively, resulting in similar gel-
state and solution-state transmittance values for two
subsequent gelation cycles and confirming that the thermor-
esponsiveness of Q was reversible. However, after the third 37
°C incubation, aggregation was observed, and the trans-
mittance decreased to 41.1 + 1.5%. Surprisingly, the sample
again regelled at 4 °C within 96 h even with apparent
aggregation and a transmittance <40.1%.
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A phase diagram was generated from Q samples incubated
from 4 to 23 °C (room temperature) at 1—3.5 mM (0.6—2.2%
w/v) protein concentration (Figure 1c). As expected, more
concentrated samples gelled at higher temperatures, resulting
in a system whose phase behavior could be manipulated by
altering the protein concentration.”' The temperature for
gelation plateaued at 16 °C for the highest studied protein
concentrations of 3—3.5 mM (1.9—2.2% w/v). A third-order
polynomial was then fitted to the gelled samples at the sol—gel
boundary®”*° to predict the UCST, the maximum point on the
sol—gel curve below which the system would be in the gel state
and above which it would remain in solution.*" The maximum
point on the fitted curve provided a UCST prediction of 16.2
°C at a concentration of 3.3 mM (2.1% w/v) (Figure lc,
dashed line). This work confirmed that the Q hydrogel
demonstrated UCST-type behavior with a UCST that was
determined experimentally and closely predicted by curve
fitting.

Sol—Gel Transition. To quantify the sol—gel transition
time . of the hydrogel at 4 °C, passive microrheology was
employed, and the Brownian motion of fluorescent beads was
tracked by their MSD within Q from the solution to hydrogel
state as demonstrated via representative microrheological
analyses of Q (Figures 2 and S3). This temperature was
investigated here and in subsequent gelation studies given the
reproducible access to 4 °C conditions. Over 6 days (144 h),
the logarithmic slope of the particle MSD decreased from 0.99
+ 0.04 um?” s™', consistent with a viscous solution, to 0.17 +
0.03 um®> s~', suggesting that the viscous solution became
viscoelastic*’ (Figures 2a, S3, and Table S1). MSD curves were
superimposed to identify the time at which there was a
divergence in the data, indicative of the sol—gel transition.”” Q
demonstrated a divergence between the 60 and 72 h curves
(Figures 2b and S3), illustrating a sol—gel transition time
between these timepoints. By plotting the shift factors a and b
against time, f. was calculated to be 70.4 + 0.1 h (Figures 2c
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and S3). The determination of f. was used to calculate the
dynamic scaling exponents y and z from which the critical
relaxation exponent n,, defined as z/y, was determined to be
0.53 + 0.03 (Figures 2d and S3). Logarithmic slopes greater
than n,, at 0—60 h timepoints, corresponded to a viscoelastic
liquid or solution state and logarithmic slopes lower than n,, at
72—144 h timepoints, were indicative of the viscoelastic solid
state (Figures 2a, S3, and Table S1). Based on this n_ value, the
Q_hydrogel was at the boundary (n. ~ 0.5) of a loosely
crosslinked, or porous, gel and a gel densely crosslinked
through the entanglement of linear polymers by strong
hydrodynamic interactions.’

Effects of Curcumin Binding on Hydrogel Erosion
and Release. Given previous reports of CCM binding by Q
fibers in solution,*° this study sought to test the ability of the
Q hydrogel to encapsulate the yellow-colored polyphenolic
molecule CCM. First, protein modeling of Q revealed that the
protein’s long, internal hydrophobic pore varies in diameter,
with the widest part being a pentalobular void formed near the
N-terminus due to a kink induced by alanine and proline in the
65th and 66th residue positions, respectively (Figure 3). Of the

Figure 3. Modeling of Q-CCM Binding. The lowest-energy model
from docking simulations illustrating CCM binding by the Q protein
at its N-terminal pentalobular void, the widest part of the protein’s
hydrophobic pore in the (a) axial view and (b) cross-sectional view of
the N-terminus.

2500 possible models, the lowest-energy model predicted that
this N-terminal hydrophobic cavity would be capable of
accommodating the majority of the CCM molecule, with a
total energy of —785.2 Rosetta Energy Units. Motivated by the
docking prediction, the Q hydrogel was incubated with
equimolar CCM at 4 °C. After 48 h, the entire hydrogel was
yellow (Figure S4), suggesting uniform distribution of CCM
throughout the Q:CCM gel. Control Q_gels, incubated in the
absence of CCM did not exhibit any color, as expected. From
the amount of CCM remaining in the solution and that
removed during wash steps, the encapsulation efficiency of
CCM within the Q:CCM hydrogel was calculated to be 52.3 +
0.9%.

Erosion of the hydrogel in the presence and absence of
CCM was tracked until the gel completely degraded at 37 °C.
The control Q gel demonstrated rapid erosion (Figure 4a,
open black diamond), with complete solubilization by 2 h. By
contrast, Q:CCM gels (Figure 4a, open orange diamonds)
revealed that 19.4 + 1.5% of the protein hydrogel was
solubilized at 2 h and 58.4 + 4.0% solubilized at 6 h. After 24
h, the Q-.CCM gel erosion slowed to 1.6 + 1.6% encapsulated
protein per day through 288 h (day 12), at which point there
was again increased erosion to 2.3 + 1.3% per day, until
complete gel degradation was observed at 408 h (day 17) or
432 h (day 18), or 17.7 % 0.6 days on average, 212-fold slower
than the unbound Q hydrogel. The rapid erosion of the control
Q gel at 37 °C reflected typical UCST-type hydrogel
behavior,””” with a gel—sol transition above its UCST.
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Figure 4. Hydrogel erosion and curcumin release at physiological
temperature. (a) Cumulative percent Q protein solubilized from the
control Q gel and the curcumin-bound Q:CCM gel, as well as the
cumulative percent of curcumin released from the Q-CCM gel, at 37
°C. (b) Cumulative CCM released from the Q-CCM gel fitted to the
modified Gallagher—Corrigan model of drug release. All points
represent the average of three trials, and error bars indicate the
standard deviation.

However, the Q-:CCM gel eroded at a significantly slower rate,
suggesting that CCM binding possessed a stabilizing effect on
the assembled hydrogel, slowing its rate of solubilization or
erosion and increasing its potential for sustained drug release.

Tracking of CCM release from the Q-CCM gel was
conducted in tandem with erosion studies (Figure 4a, filled
orange circles). The Q-CCM gels released 10.3 + 0.7% of the
encapsulated CCM to the supernatant at 2 h and cumulative
27.9 + 4.4% at 6 h. CCM release slowed to 2.9 + 2.3% per day
from 24 h (day 1) to 288 h (day 12), at which point there was
an increased release rate of 6.7 + 3.4% per day, until the Q-
CCM gels were completely eroded, and all CCM had been
released to the surrounding buffer at 17.7 + 0.6 days.

Of the models used in assessing CCM release from the Q-
CCM gel, the modified G—C model demonstrated the best fit
(r* = 0.97) (Figures 4b, SS, and Table 1). Fitting to the model

Table 1. CCM Release Model Parameters Evaluated Using
the Modified Gallagher—Corrigan Model

)
0.97

A (%)
21.6

X, (%)
40.3

K (h7)
0.013

X, (%)
59.7

K, (h7™)
0.020

408

suggested that drug release initially occurred via a burst effect
followed by a sustained release, with matrix degradation
dominating CCM release in the latter stage® (Figure 4b).
Comparison of the rate constants, in which K, > K; (Table 1),
indicates that the release of CCM due to matrix erosion
occurred at a faster rate than the release of CCM through
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diffusion.”” The described predictions for the CCM release
were in agreement with visual inspections of Q:CCM gels
throughout the study (Figure S4). The Q:CCM hydrogel,
therefore, showed potential as a vehicle for sustained drug
release over 17—18 days.

Mechanical Integrity. Macroscopic mechanical properties
of the hydrogel pre- and post-CCM binding were assessed via
rheological analysis of the storage and loss moduli (G" and G”,
respectively). Strain sweep assessment of the Q hydrogel pre-
CCM binding revealed a linear viscoelastic region at 0.3—
19.9% strain (Figure S6). A strain of 5% was, therefore, used
for all subsequent frequency sweeps of Q hydrogels both pre-
and post-CCM binding. At 4 °C, both sets of Q samples were
elastic in nature with G’ values exceeding their respective G”
values, indicating a gel state (Figures S, S7, and Table S2). The

- QG

o QG"

-+ Q*CCMG'
-+ Q*CCM G"

Frequency (Hz)

Figure S. Rheological properties of the Q hydrogel in the presence
and absence of curcumin. Representative rheological assessment of
the storage (G’) and loss (G”) moduli of Q and Q:CCM hydrogels at
4 °C under 5% oscillatory strain.

addition of CCM increased hydrogel elasticity as demonstrated
by an increased final G’, at 10.0 Hz, from 50.4 Pa for the Q gel
to 88.0 Pa for the Q-CCM gel (Table S2). For hydrogels, a
higher G’ is directly related to increased physical crosslinking
or entanglement,”” suggesting that Q-CCM’s higher G’
compared to that of the nonbound Q gel indicates an
increased degree of crosslinking or entanglement within the
sample. These findings are in agreement with the previous

work on a COMPcc domain-containing protein-block co-
polymer hydrogel that demonstrated increased G’ following
CCM binding, suggesting that CCM indeed improved the
protein network and hydrogel assembly."

Secondary Structural Changes upon Gelation and
Curcumin Binding. ATR-FTIR spectroscopy was performed
to assess the secondary structure of Q from the solution state
to the gel state and following CCM binding. Peak
deconvolution of the amide I region allowed for quantification
of the protein’s secondary structure, including its a-helicity®
(Figures S8, S9, and Table S3). Measurements of the pre-
gelation solution-state Q revealed 46% a-helicity (Figures S8a,
S9a,b, and Table S3), which increased to 52% in the Q
hydrogel (Figure S8b, S9¢,d, and Table S3). This increase in a-
helicity upon gelation was also confirmed by circular dichroism
(CD) measurements (Figure S10 and Table S4). CD spectra
of Q both pre- and post-gelation displayed the characteristic a-
helical signature (Figure S10). A comparison of the MRE
ratios at 208 and 222 nm (6yy,/60,43)%" revealed an increase in
the a-helical character from the pre-gelation state to the post-
gelation state with 0.70 and 0.85, respectively (Table S4).
Increased a-helicity upon gelation may result from the physical
crosslinking between coiled-coil domains via intra- and
intermolecular interactions, including hydrophobic and elec-
trostatic interactions as well as hydrogen bonding.****
Following CCM binding, a-helicity assessed via ATR-FTIR
spectroscopy increased to 69%, for an overall 23% increase in
a-helicity from the pre-gelation state (Figures S8c, S9e,f, and
Table S3). Notably, CCM alone does not contribute to the
amide I signal on ATR-FTIR spectroscopy (Figure S9gh).
Therefore, the a-helical coiled-coil content increased as Q
assembled into a hydrogel and was further stabilized by CCM
binding, consistent with previous studies of Q fibers under
acidic conditions that also demonstrated increased a-helicity
by ATR-FTIR spectroscopy following CCM binding.>* Hydro-
phobic interactions between the small molecule and the
hydrophobic a and d residues within Q’s axial pore may further

Figure 6. Nanofiber assembly and network formation by Q protein. Transmission electron micrographs of the (a) pre-gelation solution-state Q
protein; (b) the Q hydrogel prior to CCM binding; and (c) the CCM-bound Q:CCM gel. Scanning electron micrographs of the (d) pre-gelation
solution-state Q_ protein; (e) the Q hydrogel prior to CCM binding; and (f) the Q-CCM gel.
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stabilize the coiled-coil assembly, explaining the increase in a-
helicity revealed by ATR-FTIR following CCM binding.

Nanoscale Assembly. To determine whether the Q
hydrogels were comprised of coiled-coil assembled fibers,
transmission electron microscopy (TEM) was performed
(Figure 6a—c). As expected, pre-gelation solution-state Q
revealed nanofiber assembly averaging 17.5 + 3.3 nm (N = 50)
in diameter and microns in length (Figure 6a). This size was
similar to the 10—15 nm diameters previously observed in the
parent protein at pH 8.0°" but smaller than the 20—560 nm
diameter Q_fibers described at pH 4.0.>> Although APBS
predictions of the Q protein at pH 8.0 revealed that positively
and negatively charged surface patches were maintained, ionic
shielding due to the presence of 500 mM NaCl within the
buffer may weaken the electrostatic interactions between
pentamers. In previous studies, at pH 4.0 with 0 mM NaCl,
strongly charged surface patches on the Q protein formed
robust electrostatic interactions to yield 20—500 nm diameter
nanofibers that did not allow for gelation.*>*® Here, by
allowing Q to assemble at pH 8.0 in the presence of 500 mM
NaCl, the electrostatic interactions are likely reduced, allowing
for fiber assembly to occur predominantly via head-to-tail
arrangements of the coiled-coils’® with reduced lateral
assembly, as previously described for the parent COMPcc®
protein.”’ Solution-state Q_ demonstrated isolated fibers with
minimal interconnections (Figure 6a). By contrast, fibers
observed in the gels were highly interconnected creating a
mesh network (Figures 6b,c and S11) similar to those in
reported coiled-coil containing hydrogels,lg’20 indicating that
the Q hydrogel was formed through physical crosslinks
between coiled-coil fibers.'”*° Individual fibers within the
hydrogel maintained diameters averaging 16.8 + 3.4 nm (N =
260) (Figure 6b). Imaging of the densest regions of the sample
revealed a tight, porous mesh containing fiber bundles 43.8 +
7.1 nm in diameter (N = 100) (Figure S11a,b), greater than 2-
fold the diameters observed in the solution state Q. The Q-
CCM gel also demonstrated interconnected fibers averaging
14.5 #+ 2.1 nm in diameter (N = 150) (Figure 6c) with fiber
bundles averaging 43.4 + 8.2 nm in diameter (N = 100)
(Figure Sllc,d). Notably, the Q:CCM gel exhibited tighter
nanofiber entanglement and, therefore, a denser meshwork
than that of the unbound Q gel (Figures S7 and S11), which
may be due to CCM binding not only within Q’s hydrophobic
pore but also between coiled-coils and coiled-coil nanofibers to
be sequestered away from the aqueous buffer environment.
This theory is supported by observations in previous
fluorescence distribution studies of CCM-bound Q, which
suggested that CCM was bound at the pentameric surface as
well as the coiled-coil pore.”

Hydrogel Microstructure. Hydrogel network topography,
both in the presence and absence of CCM, in addition to pre-
gelation solution state Q, was analyzed using scanning electron
microscopy (SEM). Although solution-state Q demonstrated a
nonporous wrinkled pattern (Figure 6d), Q (Figure 6e) and Q-
CCM (Figure 6f) gels revealed a porous microstructure similar
to that of previously described coiled-coil containing
matrices.'”'”*>*2> Pore sizes in the unbound Q gel
maintained an average diameter of 123.7 + 26.6 nm (N =
30) (Figure 6e). In the Q-CCM gel (Figure 6f), however, the
pore sizes decreased significantly, (**** p < 0.0001)
according to an unpaired two-tailed student’s t-test, creating
a tighter gel network with diameters of 82.4 + 24.3 nm (N =
20). Together, TEM and SEM results indicated that the
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improved thermostability (Figure 4a) and mechanical integrity
(Figure S) of the gel following CCM binding resulted from
increased nanofiber interactions and subsequent tightening of
the porous network.

B CONCLUSIONS

Using a rationally designed Q pentameric assembly, we have
successfully engineered a thermoresponsive hydrogel com-
posed solely of a single coiled-coil protein domain. Gelation
studies demonstrate a reversible thermoresponsive behavior
and a concentration-dependent maximum gelation temper-
ature, leading to a UCST phase diagram akin to that of a
synthetic polymer solution.” Fitting of the phase diagram
reveals a UCST point of 16.2 °C and 3.3 mM (2.1% w/v)
protein concentration. The hydrogel assembly is driven by
physical crosslinks between entangled coiled-coil nanofibers,
creating a porous gel ideal for small-molecule encapsulation. In
particular, CCM binding by the Q gel results in increased
thermostability, mechanical integrity, and a-helicity as well as a
tighter network at the nanoscale. Although Q demonstrates
traditional UCST-type behavior, via gel—sol transition above
the UCST, the CCM-bound gel solubilizes and releases CCM
at 37 °C over 17—18 days, within the range of sustained drug-
release vehicles.** This work opens up the possibility of
drawing parallels between the thermoresponsive behavior of
protein-based hydrogels and that of synthetic polymer systems,
of which a vast array of sol—gel phase diagrams has previously
been generated. Future work is already underway to apply the
polymer solution theory to the determined phase behavior of
Q_to rationally design Q variants of different chain lengths to
achieve specific UCSTs for tailored thermoresponsive drug
release. Furthermore, the effect of pH and ionic strength is
being studied to delineate the mechanism of fiber assembly and
gel formation.
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