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Abstract

Protein-based hydrogels have gained significant attention for their potential use in applications such
as drug delivery and tissue engineering. Their internal structure is complex, spans across multiple
length scales and affects their functionality, yet is not well understood because of folded proteins
sensitivity to physical and chemical perturbations and the high water content of hydrogels. Cryo-
scanning electron microscopy (cryo-SEM) has the potential to reveal such hierarchical structure when
hydrated hydrogels are prepared with appropriate cryofixation. We show for photochemically cross-
linked, folded globular bovine serum albumin (BSA) protein hydrogels that preparation artefacts are
reduced by in-situ gelation, high pressure freezing (HPF), plasma focused ion beam (pFIB) milling,
sublimation, and low dose secondary electron imaging. Cryo-SEM of folded BSA protein hydrogels
prepared in this way reveals a heterogeneous network with nanoscale porosity (~60 nm pores)
surrounded by high secondary electron emission regions (~30 nm diameter) interconnected by
narrower, lower emission regions (~20 nm length). This heterogeneous network structure is
consistent with small angle scattering studies of folded protein hydrogels, with fractal-like clusters
connected by intercluster regions. We further test the potential of cryo-SEM to detect the impact of
protein unfolding on hydrogel network formation and reveal nanoscale differences in cluster sizes
consistent with those derived from scattering data. Importantly, cryo-SEM directly images pores for
sizing in both systems, with initial results on BSA suggesting protein unfolding induces an increase of ~
10 nm in pore sizes. Our findings on cryo-SEM sample preparation challenges and solutions provide
new opportunities to link hydrogel structure to function.
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Introduction

Hydrogels are three-dimensional, hydrated, highly porous, percolating biopolymer networks spanning
macroscopic dimensions. Hydrogels display rich viscoelastic properties, including mechanical strength
and stress relaxation, and have hierarchical structures which span the nanoscale properties of the
building blocks to the mesoscale of the cross-linked network structure.(1-3) The space within the
hydrogel is critical to function, including the pore size between the cross-linked networks, since this
can be exploited for a range of functions, including small molecule loading and release.(4-8)
Morphological studies to accurately measure and understand the mesoscale structure of hydrogels
are therefore important for exploiting hydrogels as biomaterials in applications such as medicine and
healthcare.(8,9)

The most common techniques used to characterise the structure and morphology of supramolecular
gels are scattering and microscopy.(10,11) Whilst both approaches offer valuable information on
hydrogel properties, they each have well recognised challenges and limitations. As a result, an
integrated approach is required to gain robust and meaningful insight into the structure of
hydrogels.(12) Small angle scattering (SAS) techniques, including small angle X-ray scattering (SAXS)
and small angle neutron scattering (SANS), are powerful tools for the in-situ bulk characterisation of
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the gels, probing size, shape, internal structure and spatial arrangement on length scales between
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0.25 and 300 nm, that require model fitting to extract real space information from the scatteringrgs ontine

space.(13,14) Microscopy techniques have the advantage of acquisition of real-spacé ‘QUCture
However, they often require sample preparation, which can be prone to artefacts and only provide
information about the local structure, requiring averaging to obtain a bulk overview.(15)

Recently, super-resolution microscopy has been employed for morphological studies of hydrogels
providing measurements by automated approaches, but faced challenges such as biased image
processing and lower resolution than electron microscopy (EM).(16) There has been a long tradition
of more than twenty years of using EM in an attempt to gain structural information on supramolecular
gels.(17-21) Scanning electron microscopy (SEM) is widely used for imaging the architecture of
materials across different length scales due to its high resolution (typically 1-10 nm).(22,23) SEM
operates under high vacuum, which causes water evaporation and, therefore, requires drying of
hydrated samples before imaging, which will cause structural alteration via shrinkage.(24-27)
Alternatively, cryo-SEM prohibits sample dehydration during imaging by examining a frozen sample at
cryogenic temperatures.(28)

Cryofixation is the most critical step for cryo-SEM, as an insufficient freezing rate results in ice crystal
formation.(29) Ice crystals alter the sample structure because solutes are rejected to the boundaries
of growing ice crystals, forming a segregation pattern determined by the cooling rate.(30,31) By
freezing at high cooling rates (i.e. very rapidly), water molecules are immobilised and remain in a non-
crystalline state, resulting in a glass-like solid called vitreous (amorphous) ice.(32,33) The cooling rate
influences both nucleation and growth rates of crystalline ice, with slow cooling at ambient pressure,
permitting formation of hexagonal ice, faster cooling producing cubic ice and only very rapid cooling
inhibiting ice nucleation and vitrifying the water.(33) In an ideally cryo-immobilised sample, all water
is vitrified, and solutes remain in their native/original environment.(34,35) The commonly used bulk
cryofixation methods are slush/liquid nitrogen freezing and high pressure freezing (HPF).

Freezing with liquid nitrogen consists of immersing a sample into a slush of liquid nitrogen (a mixture
of solid and liquid) and is a widely used cryofixation method for hydrogels that results in the formation
of a characteristic honeycomb-like gel structure.(36—44) This technique, however, has a slow freezing
rate (around 500 K/s) and is only ideal for samples with a thickness of less than 2-5 um.(30,45) HPF,
on the other hand, has a larger thickness limit for the formation of vitreous ice because the sample is
secured and frozen in liquid nitrogen under high pressure (2045 bar). Pressure lowers the crystalline
ice nucleation temperature and inhibits expansion on crystallisation.(46) At ambient pressures,
several 100000 K/s are required to vitrify a eukaryotic cell, whereas only a few 1000 K/s will be enough
at 2045 bars.(47) The upper thickness limit for complete vitrification of a sample in HPF is 200-500
um.(47,48) HPF is now considered the cryofixation method to effectively cryoimmobilise cellular
samples without morphological changes, and there are examples of wider application to other
systems, including hydrogels.(49,50) Given this and the developments in cryo-SEM, consideration
should be given to their application to the full range of hydrogel materials, including emerging areas
such as folded protein-based hydrogels.(1,8,9)

In recent years, folded proteins have emerged as promising building blocks for constructing hydrogels.
While studies have employed thermal or pH-induced denaturation of proteins to trigger gelation
through physical cross-links(51-54), there is a growing interest in retaining the fold of the protein to
preserve its function in the hydrogel material. A pioneering study by Li et al. engineered a protein
hydrogel aimed to mimic the mechanical properties of the giant muscle protein titin.(55) Further
studies have engineered protein hydrogels mimicking the mechanical properties of tissues, forming
highly elastic and stimuli-responsive materials, and dynamically regulating their properties and
shape.(37,56—66) Engineering of natural and synthetic proteins has enabled the formation of
hydrogels with programmable properties.(1,67,68) However, it remains challenging to understand
how the nanoscale protein structure and mechanics translate to the macroscopic properties of the

00204K


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00204k

Page 3 of 28 Faraday Discussions

hydrogel network. Given the sensitivity of proteins to physical and chemical perturbations, there is
enormous potential in exploiting protein unfolding to modulate the dynamic properties of proteine ontne
hydrogels. Indeed, it has become clear that protein unfolding is critical to network mechanies SRd tHe204r
architecture of protein hydrogels.(69-71)

In particular, recent studies have highlighted the role of in situ unfolding and entanglement in defining
hydrogel network mechanics.(70,72,73) For example, using bovine serum albumin (BSA) as a model
protein, an integrated SANS and rheology analysis showed that in situ unfolding altered network
topology and enhanced network mechanical rigidity.(70) More recently, protein unfolding has been
exploited in a protein-polymer system that undergoes a unique strain stiffening and strengthening
behaviour after shape recovery cycles.(71) Such control of in situ unfolding provides a powerful route
for the design of tuneable biomaterials for medical and healthcare applications.(8,72) Given their
potential, there is an urgent need to develop robust experimental methods to study the structure of
protein hydrogels to determine and understand the impact of protein unfolding on the network
structure and morphology. Here, we focus on the application of cryo-SEM for structural analyses of
protein hydrogels.

For this purpose, the BSA protein was used as the building block to create protein-based hydrogels.
BSA is a globular folded protein with attractive properties such as biodegradability, biocompatibility,
low cost, non-immunogenicity, and drug binding capabilities, enhancing the properties of hydrogels
when used as the building block.(74-76) The folded state of BSA is held together by 17 covalent
disulphide bonds, which act as ‘nanostaples’ and stay intact during gelation (Figure 1). These
mechanically robust covalent staples can withstand forces as high as 2 nN(77,78), far exceeding the
20-100 pN generated within the cross-linked protein network.(79) Moreover, these bonds can be
removed by reducing agents such as dithiothreitol (DTT), making the protein force labile, allowing it
to easily unfold under the forces generated during gelation. Together, these properties render BSA an
ideal model for protein unfolding studies. For gelation, a photochemical crosslinking method is used,
during which the solvent accessible surface tyrosine residues of BSA (Figure 1) crosslink with
neighbouring BSA molecules by irreversible dityrosine bonding.(80) A schematic showing the
photochemical crosslinking of a folded (mechanically robust) BSA to form a hydrogel is shown in Figure
1. Finally, we test this protocol on unfolded protein-based hydrogels composed of force labile BSA
protein to detect morphological alterations to the gel network. Linking the cryo-SEM protocols and
analysis methods we present to SAS models opens the possibility of complete structure-property
evaluation of hydrogels in general.(70) The rheology of the final folded protein-based hydrogel is
explored using a parallel plate geometry to confirm successful gelation. Previous SANS and SAXS
studies have shown that the final BSA protein network consists of fractal-like clusters of proteins
connected by intercluster regions of folded proteins (Figure 1).(2,70,73,81-83)
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Figure 1. Schematic of folded BSA-based hydrogel synthesis by a Ru(BiPy); catalysed photochemical
crosslinking method (BSA PDB code: 3V/03). Disulphide bonds are highlighted with yellow, and tyrosine
residues with black. The mechanically robust disulphide bonds hold the folded state of BSA together
and stay intact during gelation. The tyrosine residues are used for the crosslinking to form the hydrogel.
In the presence of light, Ru(BiPy); photo-oxidizes to Ru(BiPy)s;**, and NaPS acts as an electron acceptor.
The photoactivated Ru(BiPy)s;, extracts an electron from tyrosine, leading to tyrosine radical species
that can covalently crosslink via dityrosine bonding, highlighted in the middle schematic, to form the
hydrogel. The crosslinked hydrogel network schematic constructed by SAXS and SANS data(70)
represents the BSA hydrogel network. The network consists of fractal-like clusters (dashed circles)
made of folded proteins connected by more sparsely populated intercluster regions of folded proteins.

In this study, we develop a reproducible protocol for representative preparation and cryo-SEM
imaging of folded protein-based hydrogels while identifying structural artefacts induced by ice
crystallisation. We benchmark features of the vitrified gel network against those obtained by SAS
analysis(2,70,73,81-83) and evaluate additional aspects of the morphology of these gels, such as pore
sizes. Finally, we test this protocol on unfolded protein-based hydrogels composed of force labile BSA
protein to detect morphological alterations to the gel network. Linking the cryo-SEM protocols and
analysis methods we present to SAS models opens the possibility of complete structure-property
evaluation of hydrogels in general.

Experimental

Materials

Bovine serum albumin (heat shock fraction, protease free and essentially globulin free), sodium
persulfate (NaPS), tris(2,2’-bipyridyl)dichlororuthenium(ll) hexahydrate (Ru(BiPy);), 1,4-dithiothreitol
(DTT), sodium phosphate monobasic and sodium phosphate dibasic were purchased from Sigma-
Aldrich and used without further treatment.

Hydrogel Preparation

As previously described(2,70,81,83), initially, a protein stock of 200 mg/mL BSA and a cross-link
reagent stock of 100 mM NaPS and 200 uM Ru(BiPy); are prepared. For the unfolded protein gels, 6
mM DTT is also prepared for the reagent stock. Hydrogel samples are prepared by mixing ina 1:1 mass
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ratio of protein stock to cross-link reagent stock to obtain final concentrations of 100 mg/mL BSA, 50

mM NaPS§, 100 uM Ru(BiPy)3, and 3 mM DTT. View Article Online
DOI: 10.1039/D4FD00204K

Rheology

Rheology was performed to characterise the mechanical properties of the hydrogels in situ by an
Anton Paar MCR 302 rheometer using a parallel plate geometry (8 mm diameter). The pre-gel solution
was loaded on the rheometer, and the gap height was adjusted for each measurement to ensure
correct sample filling. Then, a thin layer of silicon oil was pipetted at the edges of the pre-gel solution
to avoid any sample evaporation. Measurements were carried out at 20°C. A blue LED light source
operating at a current of 0.48 A, was turned on, initiating gelation (by photochemical
crosslinking)(70,80) and was turned off after 5 min, completing gelation. Time sweep (oscillation)
experiments were performed at a constant frequency of 1 Hz and a shear strain of 0.5%. The
measurements continued for 60 min after the lamp was turned off to record relaxation of the samples
post-gelation. Frequency sweep measurements were acquired over the range of 0.1 to 2 Hz. Following
the method described by Hughes et al., the relaxation exponent n is extracted by fitting a linear
function to the frequency sweeps(70):

log(¢") =nlog(f) +log(4) (1)

Where G’ and f are the corresponding elastic modulus and oscillation frequency of the measurement,
n is the relaxation exponent, and A is a prefactor.

Cryo-SEM sample preparation

Slush nitrogen freezing

Two different sample preparations were used to explore the effect of sample thickness on resulting
structures. Samples were either gelled (irradiated with a 20 W LED projector of 452 nm wavelength
for 5 min) inside a 10 mm wide and 5 mm deep sample holder (in-situ sample preparation) or on a
petri dish, fractured with a surgical knife and placed in the sample holder (ex-situ sample preparation).
For the ex-situ hydrogels, the void space in the sample holder was filled by a mixture of optimum
cutting temperature (OCT) compound and carbon paste, ensuring good thermal and electrical
conductivity across the loaded holder. All hydrogels were frozen by quickly immersing the gels into
slush nitrogen held at -207 °C.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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High pressure freezing

All samples were directly gelled (irradiated with a 20 W LED projector of 452 nm wavelength for 5 min)
into 100 um deep planchettes of 3 mm diameter, leaving no void space. The planchette containing the
sample is placed in a planchette holder with a hole in it. A second flat lipid-coated planchette was
placed directly over the first planchette to secure the gel and form the pressure chamber. The
planchette holder containing both planchettes is secured between two identical half cylinders. Then,
the samples were high pressure frozen using a Leica EM ICE. After freezing, the high pressure frozen
samples (placed in the frozen planchettes secured inside the planchette holder and the half cylinders)
were placed under liquid nitrogen inside a sample unloading chamber, which contains a sample
release station, filled with liquid nitrogen. The planchette holders with the two frozen planchettes
(attached to each other) are transferred to the sample release station. The frozen planchettes are
punched out from the holder under liquid nitrogen using a release handle separating them. The 100
pum deep frozen planchettes containing the high pressure frozen samples are collected and stored
under liquid nitrogen. Before transfer to the SEM, the frozen samples were mounted onto a Quorum
sample holder with two collets under liquid nitrogen to prevent samples from warming.

(cc)
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Cryo-SEM imaging
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The structural features of the hydrogels were plasma focused ion beam (pFIB) milled & d\9rvagedrap0204K

cryogenic temperatures using a TESCAN AMBER X Plasma FIB-SEM. The frozen hydrogels were
transferred onto a cooled specimen stage held at -140 °C inside a Quorum cryo-preparation chamber
under high vacuum (107 mbar). An anti-contaminator was cooled to -170 °C to reduce frost
contamination. The slush frozen hydrogels were fractured using a cold knife and sublimed at -70 °C
for 5 min to expose the internal features of the gels and then vacuum transferred into the imaging
chamber of the SEM. In an alternative route to expose the inner structure of the HPF hydrogels, pFIB
milling with a 10 nA probe was conducted to mill a 30 x 30 x 20 mm (width x height x depth) volume
of sample (microscope details are given below). The front side of the milled trench was further
polished using a 1 nA pFIB probe to reveal an unaltered face of pristine gel. Then, the HPF samples
were sublimed at -100 °C for 8 min to expose the pores of the hydrogels. All samples were surface
sputter-coated with platinum at 5 mA for 45 s to enhance their conductivity and reduce thermal
damage and charging. The samples were transferred inside the SEM chamber under high vacuum at -
140 °C. Images were taken at a range of magnifications with a probe current of 100 pA and beam
energy of 2 kV (to minimise irradiation damage). Elemental mapping of hydrated sample surface was
conducted using an Oxford Instruments Aztec Energy Dispersive X-ray (EDX) Spectroscopy system.

Image Analysis

The Imagel software,(84) was used for pore size, wall thickness, cluster size and intercluster distance
analysis. Image segmentation was conducted for the pore size measurements. In detail, a contrast
threshold is set at around 35-45%, depending on the contrast of the image pre-processing, to put
background signal (i.e. pores) to black and preserve only morphological information as white. After
that, ‘watershed’ and “fill holes’ analysis tools are selected to automatically separate and cut ‘particles’
that touch and fill any remaining holes that could affect the measurements. The Feret’s diameter was
assigned for the pore length. Pores caused due to beam damage were excluded from the
measurements (Figure S1 shows an increase in pore sizes due to prolonged exposure by the electron
beam). For visualisation of the protein clusters and intercluster distances, enhanced contrast images
were obtained by narrowing the contrast and brightness limits of the image to reveal signal from the
front layer of the sample. Standard errors are used, and data are shown by mean =+ standard error
of the mean.

Results and Discussion

Rheology of folded protein hydrogels

In order to confirm successful gelation of BSA hydrogels, elastic (storage) (G’) and viscous (loss) (G”)
moduli were measured against time in-situ (Figure 2a). A time sweep monitoring the gelation of a
photochemically cross-linked 7.4% (volume fraction) folded BSA hydrogel is displayed in Figure 2b.
This time sweep behaviour has previously been reported for in situ gelation studies on folded BSA
gels.(70,73,81-83) The gelation curve shows the evolution of G’ and G” with time when a lamp is
switched on at t = 0 s, initiating gelation, switched off at t = 300 s, completing gelation, and during
network relaxation up to t = 3960 s. Initially, a sharp increase in G’ is displayed due to photo-activated
crosslinking gelation of the BSA protein into a network, which then decreases due to network
relaxation, reaching a time-stable plateau value. The time at which G’=G” (t = 21 s) indicates the
gelation point as the sample transitions into a viscoelastic gel.

The frequency sweeps displayed in Figure 2c and d show G’, G” and the loss ratio tan(6) (defined as
G”/G’) variation versus oscillation frequency. Both elastic and viscous components increase with
increased frequency. Fitting a linear function to the G’ data of Figure 2c, between 0.1 and 2 Hz, enables
a relaxation exponent n to be calculated.(70) We measured n for the folded BSA hydrogels to be
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0.029 £ 0.0002, indicating that the gels have elastically dominated behaviour (n for a viscous

hydrogel approaches 1, whereas that of an elastic hydrogel approaches 0). This is also supported:by:

Online

the loss ratio tan(8), which has a value below 0.1 (tan(8) is defined as G”/G’, so when Pgﬁz(@)lﬁ)ss%gf&\?ozo“

1, the gel exhibits elastically dominated solid-like behaviour, whereas, when tané is higher than 1, the
gel displays a liquid-like behaviour).
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Figure 2. a) Schematic of sample preparation, parallel plate geometry and measurements for the
folded BSA (7.4% BSA) hydrogel rheology. The pre-gelled sample is placed on top of a glass surface,
and blue light illumination from below is used for photoactivated gelation. b) Time sweep rheology
measurements confirm successful gelation. Gelation curves showing the changes in the elastic G’ and
viscous G” moduli against time at 1 Hz. At t = 0 s, the lamp is turned on, initiating gelation. After 300
s, the lamp is turned off, completing gelation (highlighted by blue light). The measurements were done
in real time, monitoring the formation and relaxation behaviour of the hydrogel. b) Frequency sweep
measurements of G°, G” and c) the loss ratio, tan(8) of the photochemically crosslinked gels. Filled
symbols represent the storage modulus (G’), and the open symbols the loss modulus (G”). The error
ribbons (b) and bars (c,d) display the standard errors calculated after 3 repeats.

Small angle scattering (SAS) reveals mesoscale structure for

complementing cryo-SEM

Small angle neutron scattering (SANS) and small angle X-ray scattering (SAXS) are used to probe
network structure on length scales between tens to hundreds of Angstroms to study the structure of
hydrogels,(14) including photochemically cross-linked protein hydrogels. SAS provides the
opportunity to extract in-situ bulk measurements of a system (Figure 3a). The data shown in Figure
3b and ¢ show SAXS and SANS for folded BSA hydrogels (7.4% BSA) prepared in the same way as the
present study.(70) The SANS experiments were completed in a 35% D,0/65% H,0 solution, while the
SAXS experiments for folded BSA hydrogels (Figure 3 a and c) were completed in the Nano-inXider
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instrument at the ISIS neutron and Muon Source (concentration: 7.4% BSA, 20 mM NaPS, 100 uM
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Ru(BiPy); in a 100% H,0).(70) Differences are observed in the background scattering in the SANSdata: ontine
compared to the SAXS data, as expected, due to the higher incoherent scattering fron??ﬁéoﬁ%gr%gé)r?ozo“

in the buffer in SANS which is not a consideration in SAXS. SANS and SAXS experiments have previously
shown that these folded BSA hydrogels form heterogeneous network structures with fractal-like
clusters connected by more sparsely populated intercluster regions of folded proteins (Figure
3d).(70,81-83) .

A fractal structure factor model(85) can be used to extract quantitative information from the
scattering curves(70) (see Sl). From this model, two key structural parameters are obtained: the fractal
dimension, Ds, which is a measure of the space-filling capacity of an object and here can be thought of
as the density of a cluster; and the characteristic or correlation length of the fractal-like clusters, ¢,
which is related to the overall size of the clusters. Details regarding the SAS models and formulas are
explained in the SI.

Previous SAS studies on BSA-based hydrogels have applied the fractal structure factor model and
found that in the presence of DTT, the clusters become denser and larger (approximately 7 times more
protein in each cluster), and the intercluster region sparser, suggesting a more heterogeneous
network.(70,83) It was shown that regardless of the presence of DTT, a heterogeneous hydrogel
network dominated by clusters of proteins is formed. Inspired by this, cryo-SEM was used to explore
BSA-based hydrogels to understand what features of the SAS structural models can be resolved by
electron microscopy.
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Figure 3. a) Schematic of SAXS data acquisition geometry. The accessible g-range investigated was
0.0045-0.37 A and 0.002-0.5 A for SAXS and SANS, respectively. Samples were directly gelled inside
sample holders. b) SANS data from the Sans2d instrument at the ISIS neutron and Muon Source, UK,
for folded BSA hydrogels (concentration: 7.4% BSA, 20 mM NaPS, 100 uM Ru(BiPy);in a 35% D,0/65%
H,0 and c) SAXS data from Nano-inXider instrument at the ISIS neutron and Muon Source for folded
BSA hydrogels (concentration: 7.4% BSA, 20 mM NaPS, 100 uM Ru(BiPy);in a 35% D,0/65% H,0).(70)
d) Schematic of the predicted network structure using SANS and SAXS using model fitting of data from
reference(70) suggesting that the network consists of connected clusters made by folded protein.
Correlation length & is indicative of the cluster size, and the fractal dimension D; can be thought of as
the density of the cluster.
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Exploring the effect of different sample handling on the pore sizes of folded

protein-based hydrogels

In order to establish an EM methodology to obtain images of folded protein-based hydrogels, slush
nitrogen freezing was first explored, as this method has been used many times before to image BSA-
based systems with reports of a characteristic honeycomb-like structure.(37-39,86,87) However,
previous studies have highlighted that the low vitrification depth of slush/liquid nitrogen freezing
introduces artefacts in polymer-based and heat-induced protein-based hydrogels.(28,50) Motivated
by this, we evaluated potential artefacts of this cryofixation method on folded protein hydrogels.

Two different sample preparation routes of the same gel but of different thicknesses prior to freezing
in slush nitrogen were investigated, as sample thickness can affect ice crystal growth.(88) For the in-
situ sample preparation (Figure 4a) a sample is gelled in the sample holder and frozen ‘in bulk’. In
contrast, for the ex-situ route (Figure 4b) an already gelled sample is sectioned to be less thick than
the in-situ gel preparation sample, and then placed in a holder for freezing.

Cryo-SEM images of the in-situ and ex-situ samples after sublimation are displayed in Figure 4c and
Figure 4d, respectively. Both preparation routes display a honeycomb-like structure commonly
reported for BSA-based systems.(37-39,86,87) The average pore length for the in-situ sample is
5.26 + 0.05 pm and is ~ six times shorter for the ex-situ sample, 0.72 £+ 0.01 um. Clearly, the scale
of the pore sizes depends on the preparation route, and it is suggested that this is due to specimen
thickness affecting ice crystal formation. i.e., the honeycomb-like structure observed is not the native
network of the gels but is caused by ice crystal formation and protein displacement to the boundaries
of the crystals as they nucleate and grow.

in-situ gelation —

ex-situ gelation
pre-gelled /
a) sample " \ b)

i ‘
g o g - I O | CILtir‘.g
5mm} v 5mm}

-« %
10 mm

S i - 3 RN

Figure 4. a) Schematic of the in-situ sample preparation route, which consists of directly gelling the
sample in the cryo-holder before freezing in slush nitrogen. This route produces a sample thicker than
5 um but does not require sectioning of a non-frozen gel i.e. eliminates any potential structural
alteration due to knife-induced tearing or shearing. b) Schematic of the ex-situ sample preparation
route, which consists of gelling the sample in a petri dish, cutting off a thin section, which is then
transferred into a cryo-holder before freezing in slush nitrogen. This route creates a thinner sample
than in-situ preparation but still thicker than 5 um. (c-d) Cryo-SEM images of sublimed BSA hydrogels
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(7.4% BSA protein hydrogel) frozen in slush nitrogen, prepared a) in-situ and b) ex-situ, highlighting

pore formation suspected to be due to insufficient vitrification. View Article Online
DOI: 10.1039/D4FD00204K

Exploring the effect of the imaging area on the structure of folded protein-based

hydrogels

To further investigate and support that slush nitrogen freezing inhibits complete vitrification of water
inside hydrogels, cryo-SEM images were acquired at the edge and towards the centre of the holder
(more than 100 um from sample edge) of the slush frozen and sublimed BSA hydrogel prepared in-
situ (7.4% BSA protein hydrogel) (Figure 5a and b). There is a clear porosity change from the edge to
the bulk of the sample (Figure 5c), particularly across the expected 2-5 um limit for complete
vitrification of a slush frozen hydrogel.(50) The average pore length at the edge of the sample was
129 £+ 3 nm whereas beyond a depth of ~5 um, the slow cooling rate provides enough time for ice
crystals to nucleate and grow, altering the network into a honeycomb structure with ~1-10 um size
pores after sublimation. Thus, we can conclude that the pores observed in Figure 4c and d and Figure
5a and c are induced by ice crystal formation, and the walls are made of protein that has been pushed
to the boundaries of the growing ice crystals (89).

It is also noted here that slush nitrogen freezing provides sufficient time for ice crystals to form within
hydrogels regardless of the building block used. For example, Efthymiou et al. highlighted this issue
when imaging heat-induced protein and polysaccharide-based hydrogels.(28). Buchheim also
supports this, reporting that hydrogels containing more than 80% water are expected to show
structural damage due to ice crystal formation, with crystal sizes at the um scale.(90) The slush/liquid
nitrogen freezing method has been used to induce ice crystal formation and create pores in hydrogels
for use as scaffolds in tissue engineering applications.(91) It is even clear that by modifying the cooling
rate, the internal porous architecture of hydrogels can be adjusted(92-94) so that if the water is
sublimed, a microporous network is formed, whose size and morphology are determined by the
freezing rate, temperature and sublimation conditions.(95-97)

Occasionally, we observed a second porous network interconnected within the larger honeycomb-like
voids, as shown in Figure 5d, which has also been reported by Aston et al. in alginate-based gels.(50)
This smaller network appeared as thin fibres within the larger pores. The average length of the smaller
pores was 192 + 6 nm.
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Figure 5. Cryo-SEM images of a slush frozen, sublimed folded BSA hydrogel (7.4% BSA) prepared in-situ
prior to freezing taken from a) the middle and b) at the edge of the sample. c) Decreased magnification
(zoom out) image of the hydrogel highlighting the pore size difference between the edge and bulk of
the hydrogel. d) A secondary, smaller porous structure is sometimes seen within the larger pores. The
location of the imaging sites within the cryo-holder is shown on the top right of each image (black dot
within a white rectangle).

EDX elemental mapping of hydrated folded protein-based hydrogels

To further investigate ice crystal formation, energy dispersive X-ray spectroscopy (EDX) based
elemental mapping was conducted on a slush frozen but hydrated, folded BSA hydrogel (7.4% BSA)
prepared ex-situ. An elemental map of the hydrated gel is displayed in Figure 6a. Oxygen (O) is
detected throughout the sample while carbon (C) is detected at the walls of the network suggesting
water does indeed fill the voids while the proteins are located at the walls. Sodium (Na) was detected
in the network walls and is found in the reagent stock used for the gelation, confirming that ice-crystal
nucleation and growth do push all impurities to the walls of the network.

A high magnification cryo-SEM image of a slush frozen, hydrated folded BSA hydrogel (7.4% BSA)
prepared ex-situ prior to freezing is displayed in Figure 6b. Clusters 29.8 £+ 0.4 nm connected together
in a sub-network structure within the walls of the frozen gel are clearly visible. Even though these
clusters are compressed together at the pore walls, the undeformed network structure is similar to
that predicted by modelling of SAS data (Figure 3c) (70). Figure 6 indicates what can be achieved by
elemental mapping and high-resolution imaging with the appropriate cryo-SEM sample preparation.

4FD00204K
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Figure 6.a) Elemental mapping by EDX spectroscopy of a slush frozen, hydrated, folded BSA hydrogel
(7.4% BSA) prepared ex-situ prior to freezing. Assigned elements are labelled on top of each image. b)
High magnification cryo-SEM image of the same hydrogel displaying a network wall structure of
interconnected clusters that have been displaced to the boundaries of the ice filled pores.

Cryo-SEM imaging using the high-pressure freezing (HPF) cryofixation
method

Investigation of folded protein-based hydrogels

HPF enables vitreous freezing of hydrogels up to 500 um thick.(45) Here, HPF was used to freeze 100
um thick samples first prepared by gelling in-situ (Figure 7a) in order to explore the structure of folded
protein-based hydrogels without ice crystal formation. Figure 7b-d show the required steps to expose
the porous structure of the hydrogels. In more detail, cryo-plasma focused ion beam (pFIB) milling
(Figure 7b) was conducted on the HPF samples to expose the native structure of the hydrogels. pFIB
milling was preferred over knife sectioning in order to eliminate the risk of mechanical damage such
as knife induced compression, tearing, lift-out and drag(98,99), which we have observed in sectioned
hydrogel samples (Figure S2). We minimised ion/plasma beam artefacts, such as excessive curtaining
due to over-milling, by careful control of the final cleaning currents and times (example of over-milling
shown in Figure S3). Sublimation was still required to expose the porous network structure of a
carefully ion milled face (Figure 7c and d).
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A high magnification cryo-SEM image of a HPF, pFIB milled and sublimed, folded BSA (7.4% BSA)
hydrogel is shown in Figure 7d. The structure difference between the hydrogels frozen by HPF and in
slush nitrogen is striking (Figure 4 vs Figure 7). The pores of the HPF samples appear rounded, are
58.3 + 0.2 nm across and are two orders of magnitude smaller than the pores in the bulk regions of
the slush nitrogen frozen hydrogels (5.26 £+ 0.05 pum).

The pore sizes and heterogenous network structure measured by the HPF sample preparation are
similar but smaller to those within 2-5 um of the edge of the slush frozen gel (and similar to the
secondary networks seen within some pores of the bulk slush frozen gel; Figures 5c and d). Aston et
al. observed a similar behaviour in alginate-based hydrogels.(50)
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Figure 7. The methodology used to acquire an image of an HPF, pFIB milled and sublimed folded BSA
hydrogel (7.4% BSA) prepared in-situ prior to HPF. a) Schematic representation of the in-situ sample
preparation. The sample is directly gelled into a 100 um deep planchette, leaving no void space. Then,
a second flat planchette is placed on top, securing the sample prior to HPF. After HPF, the planchettes
are separated, exposing the frozen, hydrated gel. (b-e) Cryo-SEM images of the HPF BSA hydrogel after:
b) pFIB milling was used to expose the inner structure of the hydrogels; (c-d) Images obtained from the
front side of the milled area c) before and d) after sublimation exposing the pores; e) Increased
magnification of the milled area after sublimation.

Image analysis exploration of folded protein-based hydrogels

Cryofixation without devitrification of ice (by HPF) offers a powerful opportunity for image analysis
exploration. Our methodology to obtain cryo-SEM images of folded protein-based hydrogels
containing high amounts of water is captured in Figure 8a. The route consists of in-situ gelation to
ensure native gel state preservation, HPF for cryofixation with water vitrification and little or no ice
crystal formation, pPFIB milling to avoid knife compression and then sublimation to expose the native
structure of the hydrogels.

Low current, low kV secondary electron imaging of the cryo-fixed hydrogels is required to reveal pores
within a network composed of regions of high secondary electron emission connected by narrower,
lower emission regions. Figure 8bi is a high contrast version of the image in Figure 7e and in this we
can assign the regions of high secondary electron emission as clusters (highlighted as orange spheres)
and the lengths across the lower emission regions as intercluster distances (highlighted as green lines).
The average cluster diameter is 30.1 £ 0.6 nm and the intercluster distance 20 £ 1 nm. From SANS
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data, the extracted correlation length £ for BSA hydrogels was 12.3 nm, which is indicative of the
average cluster size across the whole network.(70) Interestingly, the value of € is the same order of: onine
magnitude as the individual protein cluster diameter directly measured in the cryo-SEhﬁ?ﬁmﬁoégégé?ﬁ?80204K
hydrogel network. While models are required to obtain the network structure from SANS data, cryo-
SEM is a powerful method to directly visualise the heterogeneous network and complement SAS
derived models to gain valuable information regarding the pore structure of folded-based hydrogels.

Network pore sizes can be obtained by thresholding the image of Figure 7e such that pores have black
contrast and any other structure has white contrast (using Image J software and shown in Figure 8b
ii). The average pore size of the folded BSA gel is 58.3 £+ 0.2 nm. We confirm that low electron doses
are required to keep the network integrity and not alter the pore size distributions by demonstrating
an increase in measured pore size and pore size distribution with prolonged irradiation of the sample
(Figure S1).

a) in-situ gelation pFIB milling
HPF sublimation
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Figure 8. a) Schematic of a route for obtaining representative images of cryo-fixed hydrogels. The steps
consist of in-situ gelation ensuring no mechanical structural alteration, HPF assuring vitreous freezing,
PFIB milling to expose the inner structure and sublimation to expose the pores and structural features
of the hydrogels. b) Processed high magnification images of a folded BSA hydrogel (7.4% BSA) prepared
following the steps in panel a, highlighting image analysis possibilities. bi) High contrast image for
cluster (orange) and intercluster distance (green) measurements. bii) Threshold image for pore size
(black voids) analysis.

(cc)

Investigation of nanoscale protein manipulation on the structure of protein-based

hydrogels

After establishing a methodology for obtaining representative EM images of the native structure of
folded protein-based hydrogels containing high amounts of water, the effect of protein unfolding on
the network architecture of the hydrogels was explored. This is motivated by the growing interest in
the use of force-sensitive proteins in the design and mechanosensing of biomaterials.(1,71)

BSA is an ideal model protein due to its mechanical ‘nanostaples’ preventing BSA from unfolding. The
addition of DTT allows BSA to unfold during gelation, and this has an impact on the structure and


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00204k

Open Access Article. Published on 29 January 2025. Downloaded on 2/21/2025 10:28:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Faraday Discussions

mechanics of the hydrogel network, as shown schematically in Figure 9a.(70) From previous SANS
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studies of a 7.4% BSA hydrogel(70), it was found that the measured fractal dimension D; of aver@ss ontine
linked cluster is larger in BSA hydrogels formed in the presence of DTT (D; = 2.66 in th@%'fé%‘é%@éDéFrPcTOZOM

2.17 in the absence of DTT). The correlation length, which is indicative of the cluster size, also increases
in the presence of DTT (€ = 123 A in the absence of DTT and 130 A in the presence of DTT). More
recently, SAXS studies of a 7.4% BSA hydrogel used a model-independent Guinier-Porod fits to SAXS
curves to extract the Porod exponent and the radius of gyration of the largest scattering object.(82)
(Hughes et al., Soft Matter, under review) The data showed R, = 140 A and Df = 2.5 in the absence of
DTT(82) and R; =200 A and Ds= 2.8 in the presence of DTT. (Hughes et al., Soft Matter, under review)
Application of the fractal structure factor model to the SAXS data yielded a € = 116 A and D; = 2.48 in
the absence of DTT and € = 166 A and Ds = 2.75 in the presence of DTT. (Hughes et al., Soft Matter,
under review) Whilst the exact numbers show differences, in all cases, BSA hydrogels in the presence
of DTT show an increase in R, § and Dy. Taken together, this suggests that hydrogels made from force-
labile BSA (nanostaples removed) form denser fractal-like clusters of larger size compared to the
clusters present in hydrogels made from mechanically robust BSA (nanostaples present). Cryo-SEM
has the potential to directly visualise these structural changes upon protein unfolding while also
observing the induced changes to pore sizes within the protein hydrogel architectures.

High magnification and contrast adjusted images of the structure of mechanically robust BSA
(nanostaples present) and force-labile BSA (nanostaples removed) hydrogels prepared by our
methodology (Figure 8a) are displayed in Figure 9b and c, respectively. For both systems, a
heterogeneous network is observed with porosity directly visible within a network dominated by
clusters and intercluster connections or ‘walls’. The average cluster diameters, highlighted as orange
spheres in Figure 9b and c were measured to be 30.1 £ 0.6 nm and 44.2 + 0.6 nm in the absence
and presence of DTT, respectively. The cluster diameters extracted from cryo-SEM (Figure 9e) follow
the same trend as those extracted from the SANS data with an increase in cluster diameter for
networks made from force labile BSA protein. Intercluster distances, highlighted as green lines in the
cryo-SEM images of Figure 9b and ¢, are 20 + 1 nm and 27 4+ 2 nm for the mechanically robust and
force labile BSA system, respectively (Figure 9f).

Whilst it is known that making BSA force labile by protein unfolding during gelation creates a gel
network with bigger, more well-spaced protein clusters, we can for the first time, use cryo-SEM to
image directly the porosity changes within this structure. The average pore length (Figure 9d) is
measured to be 58.3 + 0.2 nm in the absence of DTT, and 67.0 + 1.4 nm in the presence of DTT, i.e.
we can confirm an increase in pore sizes with protein unfolding and visualise the expected increase in
heterogeneity of the DTT exposed gels.
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Figure 9. Controlling protein unfolding in-situ influences gel mechanics and structure. a) From left to
right: Schematic of the 3D structure of BSA highlighting the disulphide bonds (nanostaples) in yellow,
which hold BSA in a folded state. The nanostaples preserve the mechanical robustness of the protein.
Removal of the nanostaples makes the protein force labile, leading to unfolding during gelation and
ultimately to network alteration and a loss of mechanical rigidity. SAS schematics of the corresponding
structures highlight structural changes in the network from reference(70). (b-c) High contrast cryo-SEM
images of HPF, pFIB milled and sublimed prepared in-situ prior to freezing b) folded BSA (7.4% BSA)
(mechanical robust protein) and c) unfolded BSA:DTT (7.4%BSA) (force labile protein) gels, with
highlighted image analysis. Orange spheres represent the clusters, and green lines the intercluster
distances. d) Average pore length of gels made by mechanically robust BSA (light red) and force labile
BSA (dark red), as extracted by cryo-SEM images. e) Cluster diameter measurements of gels made by
mechanically robust BSA (light red) and force labile BSA (dark red) as extracted by cryo-SEM. f)
Intercluster distance measurements of gels made by mechanically robust BSA (light red) and force
labile BSA (dark red) as extracted by cryo-SEM. Error bars display the standard error of the mean.
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Overall, we show that appropriate sample preparation for cryo-SEM by HPF of folded protein
hydrogels can be used to gain information about the morphology and pore sizes of protein-based
systems and image the impact of unfolding in the network through image analysis. We evaluated our
cryo-SEM findings by comparing the results with previous SAS studies.(2,70,73,81-83) The importance
of such an integrated approach to assess the structure and characteristics (parameters) of a network
and even to validate image analysis tools has been highlighted by a number of recent
studies.(12,100,101) Often, different parameters can be extracted from different techniques,
rendering direct comparison of results challenging. From SAS data, we can extract a radius of gyration
Rg, correlation length, §, and fractal dimension Ds which are indicative of the lengthscale of the fractal
clusters within a network. To directly compare with the cryo-SEM analysis, it will be necessary to
measure an ensemble of individual cluster diameters from a number of images. Likewise, it would be
powerful if the measure of pore sizes obtained by cryo-SEM could be compared to the porosity in the
protein hydrogels studied using SAS. This highlights the importance of retrieving equivalent
parameters and understanding how extracted parameters of different techniques can correlate to
each other. As this comparison develops, the combination of SAS and cryo-SEM data for the study of
protein hydrogels provides an opportunity to understand both the hierarchical structure of the protein
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network and the resulting pore sizes of the hydrogel, both of which are critical parameters that
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describe the heterogeneity of the gel as a whole and give rise to much of its function. View Article Online
DOI: 10.1039/D4FD00204K

An additional critical factor for extracting key parameters of the system, such as cluster diameter and
intercluster distances, is to develop automated approaches that could measure these parameters
from the images obtained, reducing potential bias and time-consuming methods such as manual
measurements. The importance of developing image analysis tools that could be applied to these
systems has been underlined in fibrous networks by a comprehensive overview and comparison of
available automated tools for quantifying characteristics of fibrous networks, such as fibre diameter
and length.(102) Current state-of-the-art image analysis approaches of other microscopy techniques
could provide insights for developing similar cryo-SEM analysis tools. In confocal microscopy, studies
have developed methods to extract the pore size distribution of polymeric networks in 2-D images by
placing circles (or bubbles) of the maximum diameter that could fit the pores until full coverage is
achieved.(103-105) At the same time, in super-resolution microscopy, studies have started to
implement new computational methods for data quantification and interpretation due to rapid
imaging advances in the field.(101) For stimulated emission depletion (STED) microscopy, image
autocorrelation analysis was employed to quantify the spatial distribution of fluorophores.(106)
Super-resolution diffusion maps have been used to estimate pore sizes of polymeric-based
hydrogels.(107)

Ultimately, imaging network pores by cryo-SEM opens the possibility of directly accessing information
on network architectures and the role of perturbations such as protein unfolding on those structures.
For example, a recent study has demonstrated the potential of active particles in ‘kneading’ three-
dimensional hydrogels into porous structures.(108) Such studies offer the potential to create a
diversity of heterogeneous, percolated porous networks which would be exploited for new functional
and response biomaterials. The application of cryo-SEM of appropriately prepared samples could
provide powerful insights into active particle-induced porosity changes in such materials.(108) It is
expected that hydrogels will have controlled morphologies across individual building blocks to bulk
lengthscales, enabling the creation of complex systems, though with significant advancements still
required.(109)

Conclusions

In this study, we have developed a reproducible protocol to prepare and image protein-based
hydrogels, minimising and overcoming artefacts caused by cryo-SEM. This protocol consists of in-situ
sample preparation prior to freezing to avoid alterations due to mechanical stressing, high pressure
freezing to ensure sufficient vitrification, plasma focussed ion beam milling to avoid network
compression and sublimation to expose the native structure of the hydrogels. The protocol measures
structural differences in the hydrogel networks formed by folded and unfolded protein-based
hydrogels. In order to accurately measure differences in the protein network structure, the first steps
for image analysis were conducted such that cryo-SEM reveals a heterogeneous network of a folded
protein hydrogel to have nanoscale porosity (~60 nm pores) composed of regions of high protein
density (~30 nm diameter) connected by thinner, lower density regions (~20 nm in length). Cryo-SEM
also shows that protein unfolding induces an increase in network heterogeneity, including an increase
of ~10 nm in average pore sizes. Our findings on sample preparation challenges and solutions for
imaging protein-based hydrogels using cryo-SEM ultimately present the opportunity to understand
the structure-to-function relationship of many hydrogel systems.
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