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ARTICLE INFO ABSTRACT

Edited by Silvio C.E. Tosatto Biomaterials for tissue regeneration must mimic the biophysical properties of the native physiological envi-
ronment. A protein engineering approach allows the generation of protein hydrogels with specific and cus-
tomised biophysical properties designed to suit a particular physiological environment. Herein, repetitive
engineered proteins were successfully designed to form covalent molecular networks with defined physical
characteristics able to sustain cell phenotype. Our hydrogel design was made possible by the incorporation of the
SpyTag (ST) peptide and multiple repetitive units of the SpyCatcher (SC) protein that spontaneously formed
covalent crosslinks upon mixing. Changing the ratios of the protein building blocks (ST:SC), allowed the
viscoelastic properties and gelation speeds of the hydrogels to be altered and controlled. The physical properties
of the hydrogels could readily be altered further to suit different environments by tuning the key features in the
repetitive protein sequence. The resulting hydrogels were designed with a view to allow cell attachment and
encapsulation of liver derived cells. Biocompatibility of the hydrogels was assayed using a HepG2 cell line
constitutively expressing GFP. The cells remained viable and continued to express GFP whilst attached or
encapsulated within the hydrogel. Our results demonstrate how this genetically encoded approach using re-
petitive proteins could be applied to bridge engineering biology with nanotechnology creating a level of
biomaterial customisation previously inaccessible.
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1. Introduction

The complex physiological environment of different biological tis-
sues presents diverse cell types, tissue chemistry, tissue morphology, and
mechanical stresses that are further altered by local pathology. This
complex and dynamic environment may also alter the properties of
implanted materials and affect their performance (Boni et al., 2018). As
such, a “one size fits all” biomaterial is not appropriate to the diversity of
biological needs, and real value rests in the customisation and tailoring
of material design. Stem cell transplants have shown great promise to-
wards improving behavioural recovery following injury and in amelio-
ration of chronic or degenerative diseases (Rashidi et al., 2018; Grant
et al., 2017). Engineering new stimuli-responsive hydrogels as stem cell

carriers could increase the viability of stem cells, or the derivative so-
matic cell type, after implantation into damaged tissue and contribute to
improve functional repair (Tang et al., 2019). The field of tissue engi-
neering is moving towards the development of biological rather than
synthetic hydrogels due to their biocompatibility and bioactivity (Boni
et al., 2020). In particular, next generation protein-based hydrogels are
exciting new candidates for tissue engineering applications, due to the
precise control of the structure and function enabled by protein engi-
neering (Schloss et al., 2016; Wu et al., 2018). The advantages of this
engineering biology approach can be summarised as follows: (1) key
features and requirements of the hydrogels are encoded by the protein
sequence that specifies the structure; (2) virtually any desired sequence
can be created by straightforward genetic engineering methods; (3)
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stimuli - responsiveness can be controlled by engineering the in-
teractions between building blocks; (4) biological function can be
directly encoded in the material (Grove et al., 2012; Gao et al., 2016;
Hughes et al., 2021). Protein hydrogels can be either physically entan-
gled systems or permanently crosslinked hydrogels. In physical hydro-
gels, the polymer chains entangle, typically via hydrogen, ionic or
hydrophobic bonds, and create transient junctions, resulting in weaker
hydrogels and reversibility of the bonds. Conversely, in chemically
crosslinked hydrogels the bonds are not reversible and the hydrogels
normally present stronger mechanical properties. There are several
methods of covalent crosslinking, such as thermal polymerisation and
enzymatic crosslinking (Stojkov et al., 2021). Our approach is based on
the design and expression of repetitive proteins programmed to form
permanent covalent molecular networks. To this end, we made use of
SpyTag-SpyCatcher, a pair of reactive protein partners that form a spe-
cific covalent bond between Asp-117 of SpyTag and Lys-31 of Spy-
Catcher (Zakeri et al., 2012). SpyTag-SpyCatcher has been shown to
allow the formation of covalent molecular networks with the encapsu-
lation of stem cells without loss of viability (Sun et al., 2014). The
genetically encodable attachment of SpyTag and SpyCatcher to proteins
of choice makes this an efficient approach to incorporate repetitive
proteins in the hydrogel, inducing different biophysical characteristics.
Here we illustrate how SpyTag and SpyCatcher can be used to create
functional protein hydrogels, how the biophysical properties of the
hydrogels can be fine-tuned and controlled (e.g. mechanical strength,
gelling behaviour, swelling capability), and how the network is suitable
for tissue engineering applications.

2. Experimental procedures

Bacterial strains, plasmids, culture conditions. The bacterial
strains and plasmids used in this study are listed in the supplementary
information.

Recombinant protein expression and purification. E. coli cells
harbouring the appropriate plasmid were grown at 37 °C, 250 rpm
shaking, in Luria Bertani broth to an optical density of 0.6-0.8 at 600
nm. Protein expression was induced with 1 mM IPTG and growth
continued for a further 20 h at 18 °C. Cells were harvested and collected
by centrifugation at 10,000 rpm for 10 min and pellets were stored at
—20 °C until needed. The His-tagged proteins were purified from the
frozen cells using ion metal affinity chromatography (Ni-NTA resin,
Qiagen) in a batch method. Briefly, after cell disruption, whole cell
lysate was incubated with 8 mL of Ni-NTA resin for an hour at 4 °C on a
shaking platform. The resin was washed twice with Tris - HC, Imidazole
20 mM buffer, pH 8 and the protein of interest was eluted using Tris -
HCl, Imidazole 200 mM buffer, pH 8. Protein expression and purification
were assessed by SDS-PAGE. The purified protein was then dialysed
extensively against distilled water at 4 °C for 12 h, frozen at —80 °C, and
then lyophilised. Lyophilised proteins were stored at —80 °C until use.

Small-angle X-ray scattering. Small angle X-ray scattering (SAXS)
measurements were carried out on beamline B21 at Diamond Light
Source, Didcot, UK; Experiment. no. sm32446-1; fixed camera length
configuration (3.6887 m; q range 0.0045 to 0.34 A~1); 13.0 keV beam.
45 uL of 5 mg/mL protein was loaded onto a Superdex200 Increase 3.2/
300 size-exclusion chromatography column (GE Healthcare) pre-
equilibrated in 20 mM Tris, pH 8, 100 mM NacCl, 15 °C at a flow rate
of 0.05 mL/min using an Agilent 1200 HPLC system. The eluting pro-
teins were exposed to x-rays and diffraction measured on a EigerX 4 M
(Dectris) detector. SAXS data reduction was performed in the Diamond
Light Source software pipeline; ScAtter (v3.1) (https://www.bioisis.net
/scatter). Buffer subtraction, frame averaging, and data inspection was
also carried out in ScAtter (https://www.bioisis.net/scatter). Simple
geometric parameters were calculated using ScAtter, PRIMUS and the
ATSAS 2.8.34 suite of programs (Franke et al., 2017).

Preparation of the ST:SC hydrogels. Lyophilised proteins were
dissolved in distilled water at the desired concentration, at room
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temperature, and mixed together manually at the predetermined molar
ratio. Gelation occurred spontaneously upon mixing. For urea mediated
protein denaturation experiments, 1 mL of 8 M urea was added to an
Eppendorf tube containing 60 uL of the hydrogel and incubated over-
night. The urea-soaked hydrogels were washed with distilled water prior
to further experiments.

Microrheology measurements. Polystyrene microspheres with
diameter = 1 + 0.03 pm (Polysciences, Warrington, PA) served as tracer
particles. Particles were washed in ultrapure water and then diluted to
give a ‘bead slurry’ of approximately 0.25% solids (w/v) aqueous sus-
pension. 5 pL of SC (1 mM) were mixed with 0.5 pL of the bead slurry
and pipetted onto a chambered glass slide built via double sided sticky
tape (1 x 1 cm). The SC + beads mix was allowed to rest onto the glass
slide for 1 min to avoid excessive drift. 5 uL of ST-SasG-ST at the pre-
determined molar concentration (2 mM or 4 mM) were added and mixed
with the SC + beads mixture on the masked glass slide, which was
subsequently sealed with a coverslip. The embedded beads were imaged
at a magnification of 60x using a Nikon Eclipse Ti inverted microscope
(Nikon, Japan) set up with Micromanager V1.4.19 software (Edelstein
et al.,, 2010). The motion of approximately 50 in-frame particles was
captured for a total of 6000 frames per minute using a CMOS high-speed
camera (ORCA - Flash4.0 V3, Hamamatsu). The beads were imaged in
real time for a minimum of 45 min and a maximum of 110 min. Particle
tracking was carried out using a Python script based on the weighted
centroid method (Crocker and Grier, 1996) and the ensemble-averaged
mean square displacement (Ar’(t)) was calculated. Methods were
adapted from Larsen and Furst (2008).

Dynamic shear rheology. Rheological measurements were carried
out using a strain-controlled TA Instruments Discovery Hybrid Rheom-
eter (DHR-2) with a standard steel parallel plate geometry (8 mm
diameter). The linear viscoelastic region (LVR) was determined via a
strain sweep with strain amplitude increasing from 0.01 to 100 % and a
frequency of 100 rad/s. Following each strain sweep, frequency sweeps
were carried out by holding the strain at 1% and decreasing the oscil-
latory frequency o from 100 to 0.1 rad/sec. The storage (G’) and loss
moduli (G”’) were determined as a function of ® at 25 °C. Three inde-
pendent measurements were recorded and the mean is reported.

Water content. 30 pL of ST-SasG-ST at 4 mM and 30 pL of SC at 1
mM were manually mixed together to initiate spontaneous gelation.
After gelation was complete, 1 mL of ultrapure water was added to each
Eppendorf tube containing the hydrogel and incubated overnight at
room temperature. Excess water was removed by blotting using lint free
paper and the hydrogels were weighed (Wy). Subsequently, the hydro-
gels were freeze-dried and weighed again (Wj). The percent water
intake was calculated using: (Wy, - Wo) * 100/Wj.

Cell attachment. Human HepG2-CYC1-GFP were a gift from Prof.
van de Water of LACDR, Leiden University, Netherlands (Wijaya et al.,
2021). The cells were maintained at 37 °C with 5% CO, in DMEM
(Gibco) supplemented with 10% (vol/vol) FBS (Gibco), 1% L-glutamine,
and 1% penicillin/streptomycin. Cells were passaged every 3 days with
0.5 mL of trypsin-EDTA (0.25%) solution (Gibco) and plated onto cell
culture-treated T25 flasks. 20 uL of ST-SasG-ST and 20 uL of SC were
manually mixed together to initiate gelation in a well of a 96 well plate
without a poly-D-lysine coating (Greiner Bio-one, Germany) and left to
gel in situ. The entire bottom of the well was covered by the hydrogel.
The plate was seeded with HepG2-CYC1-GFP at a density of 0.01 x 10°
cells per well and incubated at 37 °C with 5% CO;. The medium was
changed after 24 h and floating cells were removed. For counting cell
numbers, the cells were detached, stained with Trypan Blue solution
(0.4%, Gibco) and counted using an automated cell counter (Countess II,
Thermofisher Scientific). Two tailed T tests were carried out using
GraphPad Prism version 9.3.1 for Mac OS, GraphPad Software, San
Diego, California USA.

Cell encapsulation. Human HepG2-CYC1-GFP cells were main-
tained at 37 °C with 5% CO; in DMEM (Gibco) supplemented with 10%
(vol/vol) FBS (Gibco), 1% L-glutamine, and 1% penicillin/streptomycin.
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Cells were passaged every 3 days with 0.5 mL of trypsin-EDTA (0.25%)
solution (Gibco) and plated onto cell culture-treated T25 flasks. A 96
well plate without a poly-D-lysine coating (Greiner Bio-one, Germany)
was seeded with HepG2 - GFP at a density of 0.01 x 10° per well. 20 pL
of ST-SasG-ST at 4 mM and 20 pL of SC at 1 mM were manually mixed
together with the cells to initiate gelation. We used specific molar con-
centrations as they allowed fast gelation of the system, needed to ensure
encapsulation of the cells inside the hydrogels. The cells were incubated
at 37 °C and 5% CO; overnight.

Fluorescence microscopy. For the cell attachment, 0.5 pL of ST-
SasG-ST (4 mM) and 0.5 uL of SC (1 mM) were manually mixed
together to initiate spontaneous gelation. The hydrogels were manually
spotted as dots of approximately 1 pL onto a Petri dish and flooded with
HepG2-CYC1-GFP cells (approximately 30,000 cells). After removal of
the medium, the hydrogels were washed three times with 1 mL PBS to
remove non-attached cells. Fluorescence images were obtained on a
Leica DMi8 microscope equipped with a 488 nm laser for GFP excitation
at magnification 4x. For the encapsulation of HepG2-CYC1-GFP, fluo-
rescence confocal images and z-stacks were obtained on a Zeiss LSM880
microscope equipped with a 488 nm laser for GFP excitation at magni-
fication 10x.

Protein secretion. Cell conditioned media was collected after 48 h
and quantified using the commercially available ELISA kits (Alpha
Diagnostic International) according to the manufacturer’s instructions.
AFP ELISA: 25 L of diluted samples were added to the microwell strip
plate containing immobilised AFP binding antibodies. 100 uL of Anti-
AFP biotin conjugate was added to the wells and incubated for 30
min. After incubation, microwells were washed 3 times. The wells were
incubated for 30 min with 100 uL anti-hAFP-HRP conjugate. This was
followed up with 3 washes and 100 uL of HRP conjugate incubation for
15 min. 50 uL of stop solution was added to stop the reaction. Albumin
ELISA: 100 pL of diluted samples were added to the microwell strip plate
containing ALB binding antibodies and incubated for 60 min. Then,
microwells were washed 4 times and 100 pL of diluted Anti-Human
Albumin-HRP conjugate was added to each well and incubated for 30
min. The wells were washed 5 times. After washing, 100 uL of HRP
substrate was added and incubated for 15 min. 100 pL of stop solution
was added to each well to stop the reaction.

For both assays, cell-conditioned media was diluted at 1:100 in wash
buffer. All the wash steps were performed using the appropriate wash
buffer and all the incubation steps were carried out at room tempera-
ture. The absorbances were read at 450 nm within 30 min of stop so-
lution addition. The mean absorbances were calculated and protein
concentrations were determined using a standard curve generated from
known protein standards. Data was normalised to the total cell number.
Two tailed T tests were carried out using GraphPad Prism version 9.3.1
for Mac OS, GraphPad Software, San Diego, California USA.

Cell Viability. Cell viability was quantified via the commercially
available MTT kit (SigmaAldrich, Germany) following the manufac-
turer’s instructions. 20 uL of ST-SasG-ST at 4 mM were manually mixed
together with 20 pL of SC3 at 1 mM or 20 pL of SC4 at 1 mM and human
HepG2-CYC1-GFP were seeded in 100 uL of cell culture medium at a
density of 1 x 10* per well and incubated at 37 °C with 5% GO, for 24 h.
The next day, 10 uL of MTT labelling reagent were added to each well
(final concentration 0.5 mg/ml) and incubated for four hours at 37 °C
with 5% CO. After the incubation period, 100 pL of solubilisation so-
lution were added to each well and incubated overnight at 37 °C with
5% CO,, Absorbance levels were read at 570 nm using a POLARstar
Omega plate reader (BMG Labtech, UK). After subtracting the back-
ground, the percentage of cell viability was calculated using the
following equation: (sample absorbance/control absorbance) * 100.
Two tailed T tests were carried out using GraphPad Prism version 9.3.1
for Mac OS, GraphPad Software, San Diego, California USA.
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3. Results and discussion

Repetitive protein design. S. aureus surface protein G, SasG (PDB
ID: 3TIQ), is a mechanically strong, elongated, stiff, rod-shaped protein
(Gruszka et al., 2012). SasG is formed from tandem repeats of ‘EG’
consisting of two structurally related domains: E (50 residues) and G5
(78 residues), formed from single-layer triple-stranded p-sheets. It is
readily possible to make proteins having different numbers of EG
repeating units, and thus change the length of the protein, whilst
keeping the core stiffness (Gruszka et al., 2015). In this study, we used a
SasG composed of the core monomer GEG to form structurally rigid and
strong hydrogels. Here, the SasG unit was engineered to carry two
SpyTags (ST) motifs, one at each end of the chain (ST-SasG-ST), Fig. 1A,
with the final length of the construct ~17 nm. The ST-SasG-ST construct
was combined with two different constructs named SC3 and SC4 (~5 nm
for each SpyCatcher unit). The repetitive constructs carry three or four
respectively SpyCatcher (SC) units linked together by a flexible glycine-
rich linker (GGS)2RS, Fig. 1A. We predicted that the reaction between
the two protein partners - SpyTag and SpyCatcher would result in
complementary interchain crosslinking, culminating in a covalently
crosslinked hydrogel, Fig. 1B. Therefore, we were interested to see how
different ratios of ST:SC affected the viscoelastic properties of the
resulting hydrogels and how these properties could be fine-tuned to
achieve a higher degree of control over the hydrogel properties. All
proteins were generated by expression in E. coli strain BL21 (DE3), pu-
rified via N terminal His tag using Ni-NTA resin, dialysed against
distilled water, and lyophilised. The resulting proteins presented as
white powders that were readily dissolved in water and, when mixed
together at room temperature, underwent spontaneous gelation.

Behaviour of repetitive SC3 and SC4 arrays in solution. The
behaviour in solution of the repetitive protein SasG has been charac-
terised before (Gruszka et al., 2015). Here we investigated how tandem
arrays of SC, generating the repetitive proteins SC3 and SC4, behave in
solution. Both SC3 and SC4 migrate as single species in size exclusion
chromatography. SEC MALS data confirms that the mass of the species in
the peak is consistent with the expected mass of SC3 (41 kDa), and SC4
(54 kDa) respectively. To further characterise the solution behaviour of
the species, we performed SEC SAXS analysis. Processing of the data
confirmed that both SC3 and SC4 are monomeric species. The Kratky
plot exhibits a rapid rise, followed by a plateau, and then falls slowly
towards zero, Fig. 2A. This form of a Kratky plot is consistent with a
species that contains rigid folded elements and flexible linkers. The P(r)
plot confirms this interpretation of the data for both SC3 and SC4,
Fig. 2B. In both P(r) plots, the first peak corresponds to the intra Spy-
Catcher unit distances. This peak has the highest probability because
these distances are the same for each SC unit. The second peak corre-
sponds to distances between two adjacent SC units. These intra and inter
distances are similar for both SC3 and SC4 units, 30 A and 60 A
respectively. Because of the inherent flexibility of the structures, the
subsequent peaks become less defined. The maximum particle dimen-
sion, Dmax (120 A for SC3 and 150 A for SC4), indicates that both SC3
and SC4 are predominantly extended structures, with no indication of
stacked association between SC units in the array. Taken together, these
data are consistent with the SC array cartoon showed in Fig. 1.

Microrheology. The speed of gelation was investigated under
different conditions to explore how gelation could be controlled, with a
view to being able to optimise the gelation rate for 3D printing appli-
cations. It would be crucial to control how fast the hydrogels form to
adapt the hydrogel design to biofabrication, for example to ascertain the
appropriate extrusion speed. It was found that the speed of gelation was
proportional to the concentration of the ST:SC components and that the
speed of gelation could be controlled by changing the concentration of
the core components. The rate of gelation was measured using micro-
rheology, in which the thermal motion of embedded microspheres was
used to quantify changes in the rheological properties throughout the
liquid-solid (sol-gel) transition (Larsen and Furst, 2008). Fig. 3 shows a
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Fig. 1. Components of the SpyTag/
SpyCatchers hydrogels. (A) Precursors
components of the hydrogel networks.
~ SpyTag/SpyCatcher  ligase  system,
crosslinker SasG protein composed of
the core monomer G5EG5 (PDB: 3TIQ),
and the glycine rich flexible linker
(GGS),RS. SpyTag in yellow, SpyCatcher
in pink, SasG protein in blue, and linker
in green. (B) Schematic representation
of the crosslinking between the SpyTag
and SpyCatchers leading to the forma-
tion of a covalently crosslinked hydro-
gel. Triple (SC3) and quadruple (SC4)
SpyCatchers domains in pink linked
\ together by the green glycine rich flex-
ible linker, ST-SasG-ST crosslinker in

yellow (SpyTags) and blue (SasG).

Glycine rich flexible linker

ST:SC hydrogel

Fig. 2. SAXS studies of triple (SC3) and

A B
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0.00003

0.00002
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quadruple (SC4) linked SpyCatchers do-
mains. SC3 in black and SC4 in pink. (A)
Kratky plot of SC3 and SC4. The Kratky plot
exhibits a rapid rise, followed by a plateau,
and then falls slowly towards zero. This is
characteristic of species that contain rigid
folded elements and flexible linkers. (B)
Distance distribution functions, P(r), of SC3
and SC4. The first peak (30 A) corresponds to
the intra SpyCatcher unit distances. The
second peak (60 A) corresponds to distances
between two adjacent SC wunits. The
maximum dimensions of SC3 and SC4, 120 A
and 150 A respectively, suggest that the
linked chains of SC units are predominantly

—S8C3
— SC4

0.00000 . — e ]
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plot of the calculated mean square displacement (MSD) plotted against
lag time (7).

At t = 0 both systems at the two different molar ratios (SC3 = 1 mM
and ST-SasG-ST = 2 mM or 4 mM respectively) showed liquid-like
behaviour, characterised by free diffusion of the microparticles in the
system ((Ar%(t)) ~ t). As the time post mixing increased, the behaviour
of both systems changes. The system composed of ST:SC 2:1 mM showed
a progressive and continuous decrease in the magnitude of the MSD and
dependence on lag time, indicative of subdiffusive behaviour, Fig. 4A.
After longer time intervals (~35-45 min) the microparticles dynamics
exhibit fully subdiffusive behaviour displaying a distinct plateau and the
MSD across all lag times approaches a constant value, characteristic of
the formation of a viscoelastic solid. Conversely, the system composed of
ST:SC 4:1mM shows a much faster decline of MSD, which approaches a
constant value at ~10 min, Fig. 4B. The subdiffusive dynamics showed
that the slow gelling systems are attributable to the development and
growth of protein clusters in the pre-gel, culminating in the percolating
network forming an infinite cluster throughout the entirety of the
sample after the critical gelling point is reached. The subdiffusive dy-
namics were not visible in the fast-gelling system, as this combination of
ST:SC reached complete gelation too quickly, indicating that the for-
mation of an infinite protein cluster spanning the entirety of the sample
was almost immediate. Combinations of ST:SC at different molar con-
centrations of ST (namely ST = 3 mM and ST = 3.5 mM) showed an
intermediate behaviour (data not shown) where complete gelation was

in extended structures. For presentation
purposes, P(r) have been scaled relative to
construct length.

achieved progressively faster at ~30 and ~20 min respectively.
Microrheological analysis on the system composed of ST-SasG-ST and
SC4 showed a very similar behaviour, Fig. 3C and 3D. ST:SC 2:1 mM
shows slows subdiffusive behaviour and progressive dependence on lag
time until gelation is reached after 35-45 min. Conversely, increasing
the ST content to ST:SC 4:1 mM shows a fast decline of the MSD,
indicative of gelation within 10 min. Notably, comparisons between SC3
and SC4 in the slow gelling combinations shows that ST-SasG-ST com-
bined with SC3 is marginally faster than its counterpart with SC4. This is
likely due to the increased size of SC4 that leads to slower diffusivity of
the protein. Due to the fast gelation kinetics of the rapidly gelling sys-
tems, differences between SC3 and SC4 are not discernible.

Thus, we showed that by subtly changing the ratio of ST:SC in the
system we can control the speed of gelation of the hydrogel. Moreover,
by changing the ST:SC ratios more dramatically, we were able to
determine the ratios beyond which no gelation occurred (due to one of
the components being present in large excess). This showed that a ratio
of 2 SpyTag domains to 9 SpyCatcher domains (i.e. a ratio of 4.5:1) was
incompatible with gelation. Within these established boundaries, we
observed that when keeping the ST:SC ratio constant at 1:1, the rate of
gelation was directly proportional to the protein concentration.

Rheology and water content. To determine the viscoelastic prop-
erties of the ST:SC hydrogels, dynamic shear rheology experiments, both
strain and frequency sweeps, were carried out. Preliminary experiments
determined the linear viscoelastic region (LVR) and subsequent
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Fast (ST:SC3 4mM:1mM)
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Fig. 3. Ensemble-averaged mean square displacement < Ar?(t) > of embedded polystyrene microparticles (1 + 0.03 um) plotted versus lag time. (A) Gelation of ST-
SasG-ST at 2 mM combined with SC3 at 1 mM. (B) Gelation of ST-SasG-ST at 4 mM combined with SC3 at 1 mM. (C) Gelation of ST-SasG-ST at 2 mM combined with
SC4 at 1 mM. (D) Gelation of ST-SasG-ST at 4 mM combined with SC4 at 1 mM. Individual lines represent measurements taken at different time points after mixing.
The zero minute timepoint represents the data taken immediately after manual mixing of the SC and ST components to initiate gelation. The colour legend is defined
in the figure. Slow gelation system gels in 35-45 min. Fast gelation system gels in less than 10 min. SC3 exhibits faster gelation kinetics compared to SC4.

frequency sweeps were conducted within the established LVR. For the
network consisting of ST:SC 4 mM:1mM, the storage modulus reached a
consistent value of ~1 kPa and was independent of frequency with
G'>G”, indicative of typical gel like behaviour as expected for a stable,
chemically crosslinked hydrogel, as shown in Fig. 4A. This network also
maintained its stable storage modulus throughout the strain sweep
experiment (Fig. SI1) up to 100% strain, highlighting the robustness of
the network under mechanical deformation. The G’ value of this
network is in good accordance with that of decellularised liver tissue,
reported as 1.18 kPa (Evans et al., 2013), demonstrating the potential of
the hydrogels for hepatic tissue regeneration. Conversely, in the network
consisting of ST:SC 2 mM:1mM, the G’ value showed independence from
frequency and G'>G”, indicative of a permanently crosslinked hydrogel.
However, the G' reached a value 10-fold higher (10 kPa) when
compared to the previous network, Fig. 4B. In addition, the G’ value was
maintained in the strain sweep experiment (Fig. SI1) only to 10% strain
(the critical yield stress), where the gel shows a rapid decrease of the
elastic modulus until G’ < G”, indicative of viscoelastic liquid behaviour.
We hypothesised that this behaviour, high G’ value combined with a
limited resistance to mechanical deformation, could be explained by a
material that follows the behaviour given by Eq. (1) (Larson, 1999).

pPRT
ML’

(€Y

G =

where p is the protein density (established to be 1.35 g/cm® and

independent from molecular weight (Matthews, 1968)), M, is defined as
the molecular weight between entanglements and G is the entangle-
ment plateau modulus of G’ in the appropriate frequency range (Larson,
1999). The curves presented here are all in the relevant frequency region
where G’ is nearly constant, therefore G’ corresponds to GIQI. Briefly,
more crosslinks between different binding domains lead to shorter mo-
lecular weight between them, i.e a strong network, whilst fewer cross-
links translate into larger distances between them that lead to larger
molecular weights and lower GY. Thus, we hypothesised that the num-
ber of crosslinks is maximised in approximately equimolar ST-SC com-
binations, leading to lower molecular weight between crosslinks (M)
and consequent high G% (G’ = 10 kPa). Intuitively, equimolar combi-
nations of ST and SC yield the stiffest hydrogels, as any deviation from
this ratio would lead to excess binding domains that do not contribute to
the network’s structure. However, the lack, or low presence, of excess
binding domains could mean that the hydrogel is more brittle (critical
yield stress at 10%) because when one ST crosslinker frees itself from a
SC array, it will take longer for a new ST-SC connection to form given
that most other crosslinkers will be already occupied, therefore the
network relaxes rapidly. Conversely, when ST is present in great excess
of SC, the hydrogel weakens (G’ = 1 kPa), indicating that there are fewer
linkers joining up ST and SC due to the presence of dangling ends, i.e. ST
attached to one end of the SC array but not linked to anything else,
therefore M. increases and G decreases. However, the presence of
dangling ends could induce the faster formation of new ST-SC crosslinks
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Fig. 4. The storage (G’) and loss moduli (G”) of protein hydrogels plotted as a function of angular frequency (). Elastic modulus (G’) in blacked boxes, loss modulus
(G") in white boxes. (A) Frequency sweep of the network consisting of ST:SC3 4 mM:1mM. G’ = 1 kPa. Insert shows a photo of a ST:SC hydrogel. (B) Frequency sweep
of the network consisting of ST:SC3 2 mM:1mM. G’ = 10 kPa. (C) Frequency sweep of the network consisting of ST:SC4 4 mM:1mM. G’ = 1 kPa. (D) Frequency sweep
of the network consisting of ST:SC4 2 mM:1mM. G’ = 10 kPa. G’ > G” at low frequencies, as expected for a stable, chemically crosslinked hydrogel. Three inde-

pendent measurements were recorded and the mean is reported.

once one ST-SC breaks, allowing the hydrogel to deform up until 100%
strain. Interestingly, no clear differences between SC3 and SC4 can be
observed in the frequency sweeps, as the two systems behave similarly.
However, closer observation of the strain sweeps, Fig. SI1, shows that
whilst both systems exhibit critical yield strain at ~10% strain, the
reduction in G’ is faster for the SC3 system compared to SC4. This is
likely due to the presence of an extra SC units in SC4 able to maintain the
integrity of the hydrogel for longer before reaching the flow point (G’ <
G").

To further analyse the viscoelastic response of the hydrogels, strain
and frequency sweeps were carried out on the protein hydrogels where
the ST:SC ratio was kept at 1, but the absolute protein concentration was
increased, see Table 1. Herein, A3 and A4 will refer to SC3 hydrogels and
B3 and B4 will refer to SC4 hydrogels.

The frequency sweeps showed that below the mM concentration,
(samples A1, A2, B1, B2 from Table 1), there was no hydrogel formation
and the protein mixture behaved as a viscoelastic liquid (data not
shown). Therefore, a minimal millimolar threshold is required to form a
hydrogel using the SpyTag - SpyCatcher ligation system. We observed

Table 1
Molar concentration, ST:SC units in the SC3 or SC4 hydrogels.

SC3 [mM] SC4 [mM] ST-SasG-ST [mM] N.
0.41 - 0.625 Al
0.83 - 1.25 A2
1.6 - 2.5 A3
2.5 - 3.75 A4
- 0.312 0.625 Bl
- 0.625 1.25 B2
- 1.25 2.5 B3
- 1.875 3.75 B4

that the mixture A3 showed a higher modulus of ~10 kPa, Fig. SI2, but it
exhibited critical yield stress at 10% strain (data not shown). Increasing
the protein concentration in A4 led to a lower G’ value (~1kPa) and
resistance to deformation up to 100% strain. We hypothesised that if the
protein concentration in solution is increased, the crosslinking of the
chains is limited by steric hinderances (Mulyasasmita et al., 2011),
leading to a reduction in the hydrogel’s stiffness but an increased
resistance to deformation due to the presence of more unbound ST able
to form a new connection with an available SC. Combinations of ST-
SasG-ST and SC4 both presented G’ = 1,000 Pa and resistance to
deformation up until 100% strain, Fig. SI2. Due to the increased size of
SC4 compared to SC3, steric hinderances disrupting the formation of a
fully percolated network are present at lower protein concentrations,
leading to the differences between A3 and B3.

In addition, we tested the influence of protein folding on the
hydrogel’s properties. In particular, we investigated how the properties
of the resulting hydrogels would change if the crosslinks remained in
place but the protein building blocks were unfolded. This was performed
by soaking the SC3 hydrogels in 8 M urea and carrying out strain and
frequency sweeps the next day. The hypothesis was that urea treatment
would unfold the protein building blocks but not influence the covalent
bonds between ST and SC. Prior to the urea treatment, the hydrogels
exhibited G’ = 1 kPa and no yielding up until 100% strain, Fig. 4A. As
shown in Fig. SI3, after urea treatment the hydrogels still exhibited a gel-
like behaviour (G’ > G”), indicative of the permeance of the ST-SC co-
valent bonds, unbroken by the urea denaturation. However, the
hydrogel exhibited increased stiffness with G’ increased to ~10 kPa and
G” to ~5 kPa, with a consequent increase of the loss ratio 5 (G"/G’), a
marker of the level of unfolding in folded protein hydrogels (Hughes
et al., 2022). It has been shown that a concentration of 3.2 M urea is
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enough to completely unfold stable protein catenates built using the
SpyTag-SpyCatcher complex (Wang and Zhang, 2016). While we did not
quantify the extent of unfolding within the hydrogel, our observation on
the resulting properties of the hydrogels after urea treatment suggest
that significant protein unfolding occurred.

Finally, the stability and swelling properties of the gels were
explored. The covalent networks were stable in excess water and they
did not show any sign of erosions after 24 h in water. The water content
of the hydrogels was calculated to be about ~50% after 24 h. Prior to use
with cells, we tested the hydrogel stability in cell culture medium. After
overnight incubation in standard DMEM cell culture medium with 10%
serum (FBS), the covalent networks were stable and the gels showed no
signs of degradation, confirming their suitability to cell culture and
encapsulation.

Cell attachment and encapsulation. We evaluated the biological
properties of the hydrogels as a suitable matrix for 3D cell culture and
cell encapsulation by monitoring the growth and survival of a hepato-
cyte cell line, the HepG2 derived cell line HepG2-CYC1-GFP, in which a
GFP reporter gene has been knocked-in into the cytochrome c1 (CYC1)
gene, allowing monitoring of the cells by fluorescence (Wijaya et al.,
2021). Encapsulation of the cells was achieved by adding a solution of
ST-SasG-ST and SC3 together with the cells and manually mixing
together the components to initiate gelation. We anticipated that the
cells would prosper in the hydrogel environment due to its biological
origin and suitable viscoelastic properties. After 24 h incubation in
medium in the tissue culture incubator, the cells were visualised by
scanning confocal microscopy. Fig. 5A shows z-stacks through the gel.
We observed cells throughout the hydrogels, confirming good encap-
sulation. Cells presented a healthy epithelial - like morphology and
expressed GFP. The straightforward encapsulation conditions contribute
to make protein hydrogels a compelling choice as a platform for tissue
engineering and regenerative medicine. In addition, cell attachment
conditions were investigated to further evaluate the suitability of the
system for tissue engineering.

We manually mixed the ST and SC components in situ in a 96 well
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plate and when gelation was complete, seeded HepG2-CYC1-GFP cells
on top. After incubation for 24 h, the wells were washed to remove
floating cells, and the attached cells were detached from representative
wells and counted. Fresh media was then added and the cells were
incubated for a further 24 h. We observed preferential cell attachment to
the protein hydrogels when compared to the tissue culture plastic-only
control, Fig. 5B, indicative of good biocompatibility and suitability of
the hydrogels for tissue engineering applications. Imaging of the cells
showed preferential cell attachment to the hydrogel and a proper level
of GFP expression, suggesting good levels of cell viability, Fig. 5B.
Furthermore, we assayed the conditioned media taken from the cells
maintained on the 2 different hydrogels, ST-SasG-ST combined with SC3
or SC4 respectively, to determine their hepatocellular function. Using an
enzyme-linked immunosorbent assay (ELISA), the amount of alpha-
fetoprotein (AFP) and albumin (ALB) secreted by the cells in a 48-
hour period was quantified. We observed that both alpha-fetoprotein
as well as albumin secretion was similar, regardless of the hydrogel
used, indicating that the cells were equally as functional on both
hydrogels, Fig. 5C. Finally, we determined excellent cell viability of the
protein hydrogels via an MTT assay, 91.25 + 7.90 % cell viability for ST-
SasG-ST + SC3 and 88.28 + 5.19 % cell viability for ST-SasG-ST + SC4
(Fig. SI4), demonstrating the suitability of the protein hydrogels for
tissue engineering, and specifically liver tissue regeneration.

4. Conclusions

The development of new biomaterials that can support the growth of
cells for tissue regeneration is critical for their therapeutic application.
In this study we showed that it is possible to make biocompatible
hydrogels from flexible repetitive arrays of SpyCatcher proteins cross-
linked using bi-functional SpyTag molecules in which the SpyTags are
separated by stiff linkers. The resulting hydrogels support the growth
and encapsulation of mammalian cells in culture. The change in prop-
erties we observed following partial denaturing of the proteins in the
hydrogel using urea, supports the hypothesis that the internal structure
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Fig. 5. ST:SC protein hydrogels are biocompatible as evaluated with the HepG2 derived cell line HepG2-CYC1-GFP. (A) corresponding BF (brightfield) and GFP Z-
stacks showing cells throughout the hydrogels, confirming good encapsulation. Cells exhibit a healthy epithelial — like morphology and expressed GFP, indicative of
good cell viability. Scale bars = 440 um. (B) Quantification of cell attachment showed preferential HepG2-CYC1-GFP cell attachment to the protein hydrogels when
compared to the tissue culture plastic-only control. Fluorescence imaging of HepG2-CYC1-GFP confirmed preferential cell attachment to the hydrogels and GFP
expression. Scale bar = 550 um. Data is presented as mean + SD. (C) Quantification of alpha-fetoprotein (AFP) and albumin (ALB) secreted by the cells in a 48-hour
period showed that secretion was similar on both SC3 and SC4 hydrogels, indicating that the HepG2-CYC1-GFP cells were equally as functional on both hydrogels.

Data is presented as mean + SD with N = 3 and normalised to total cell number.
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of the hydrogel is dependent on the folded states of the constituent
proteins and that the nature of the ‘linkinG’ proteins is thus essential to
making a hydrogel with the desired properties. We also determined clear
differences in the SC3 and SC4 hydrogels, such as the faster gelation
speed of SC3 combined with ST-SasG-ST and the differences in rheo-
logical behaviour linked to the presence of an extra SC in the SC4 chain.
We note that a SpyTag-SpyCatcher hydrogel that utilises a different
connection between the ST units has been reported, which gives rise to
very soft gels, G ~ 100 Pa, (Sun et al., 2014). The hydrogels reported
here present viscoelastic properties well-suited to supporting the growth
of tissues of intermediate viscoelasticity, such as the liver. We have fully
characterised the physical properties of our SpyTag-SasG-SpyTag -+
SpyCatcher protein hydrogels, both in terms of rheological and micro-
rheological behaviour, and we showed how these properties can be fine-
tuned. Our demonstration that the covalent and repetitive SpyTag-SasG-
SpyTag + SpyCatcher network can support 3D cell culture and cell
attachment highlights the potential of the system for tissue engineering
and engineering biology.
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