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This study evaluated three techniques, stimulated emission depletion (STED) microscopy, atomic force
microscopy (AFM), and cryogenic scanning electron microscopy (Cryo-SEM), for visualising the
morphology and obtaining pore size information of agarose hydrogels (0.38, 1.0, 1.5, 2.0% agarose
content). The pore size distributions were obtained using a common manual approach which was
validated for Cryo-SEM data using poly(lactic-co-glycolic acid) (PLGA) nanoparticles as an internal
standard. There was good agreement in pore size distribution data for agarose hydrogels with an
agarose content of 1.0% and higher when using these techniques. For the 1.0% gel sample imaged using
STED and Cryo-SEM, no significant difference was observed between these two techniques yielding
average pore sizes of 240 and 230 nm, respectively. The average pore size values obtained from AFM
images for 1.5 and 2.0% gel samples were significantly smaller by 10-15% compared to values obtained
from Cryo-SEM data as predicted due to the AFM tip artefact for concave features. Pros and cons of
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1. Introduction

Hydrogels consist of hydrophilic crosslinked polymer networks
that are capable of adsorbing and retaining large amounts of
water, in some cases >90%, which is significantly higher than
that found in mammalian cells (e.g. 50-70%). The void space
between polymer strands or polymer bundles is an important
aspect in defining hydrogel properties. The size of this void
space has been referred to as the pore size (referring to pore
diameter) in some literature’ while recently, Peppas and
co-workers introduced the term mesh radius.” As the transport
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each technique are discussed in detail.

properties within gels are largely dominated by diffusion gra-
dients, the pore size and pore size distribution of hydrogel
materials are important design features for developing bio-
materials with applications spanning diagnostic, therapeutic,
drug delivery, and cell encapsulation.*® Common to these
applications is a need to control diffusive properties of small
molecules and/or proteins through the hydrogel structure.
In addition, the hydrogel morphology including the pore size
distribution influences the mechanical properties such as
compressive modulus and elongation. Therefore, in order to
rationally design a hydrogel matrix for a specific application,
the ability to accurately determine the pore size distribution
is important, and few, if any, techniques have been properly
validated to ensure the results are accurate.

Considering the experimental flow depicted in Fig. 1, it is
evident that a number of aspects will have an impact on the
hydrogel morphology and pore sizes that are reported. Many
of these aspects are intentionally chosen in the design of a
hydrogel with required properties such as the polymer chemistry,
gelling conditions including the polymer concentration and the
resulting degree of crosslinking (affected by e.g. concentration of
crosslinker). Other factors are dictated by the technique used for
characterisation, such as the requirement to label the polymer
with a fluorescent dye, the degree of labelling and the ratio of
labelled and unlabelled polymer in the hydrogel. The type of vessel
(depth and width) may also affect the hydrogel structure, as may
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Fig. 1 Illustration of the experimental flow for obtaining pore size information of hydrogels and the factors that may affect the morphology and the pore

size distribution that is reported.

the temperature and ionic strength used during gel preparation.
Some imaging techniques require additional sample preparation
including dehydration, freezing and fracturing, while other tech-
niques allow imaging of the hydrogel structure in the native
hydrated state at ambient conditions. The requirement for freezing
water within a hydrogel sample or dehydrating a hydrogel poses
challenges in characterisation of hydrogels. These processes have
been widely recognised as common causes of structural damage to
the hydrogel, resulting in imaging artefacts and overestimation of
the hydrogel pore size by orders of magnitude. This includes
formation of hexagonal ice crystals during freezing and creation
of micron-sized pores during freeze drying."***'>'" The final
aspect in Fig. 1 relates to data analysis which, depending on the
data collected, may use a manual or an automated approach using
either collected images directly or intensity profiles which are
extracted from the data.

Characterisation techniques that have been applied for
the determination of hydrogel pore size include both direct
visualisation methods (e.g. electron microscopy) and indirect
evaluation based on a bulk measurement (e.g. differential
scanning calorimetry (DSC)). While direct imaging approaches
allow direct measurement of many pores in a sample, thus
building a model-free distribution, indirect approaches yield
pore size data as the output of various models.’®** An impor-
tant distinction between the information gained is that when
applying direct visualisation methods a pore size distribution is
obtained, while when applying indirect evaluations only a mean
or lower limit value is calculated.”>™** As hydrogels do not
contain uniform pores, with respect to size or shape, a pore
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size distribution is much more informative. Cryogenic scan-
ning electron microscopy (Cryo-SEM) is a common approach,
however, issues involving the introduction of artefacts during
either sample preparation or the imaging process (e.g. under
vacuum), require innovative approaches to ensure that the
native structure is captured. Our work on imaging alginate
hydrogels demonstrated that the use of high-pressure freezing
avoids creation of known freezing artefacts,' and a subsequent
study highlighted the correlation between such artefacts
and hydrogel properties (e.g. modulus and water content)."’
Fluorescence microscopy approaches provide the opportunity
to image gels under native conditions, yet require the introduc-
tion of a fluorescent label’®> which may introduce artefacts.
Furthermore, the x-y resolution of confocal laser scanning
microscopy (CLSM) is 200 nm at best which is not always
within the pore size range of hydrogels, hence super-resolution
approaches including stimulated emission depletion (STED)
microscopy™®2° may be required to reduce resolution-based errors.
The use of atomic force microscopy (AFM) for the measurement of
hydrogel pore size distributions is less commonly applied, even
though the approach allows for imaging of the hydrogel in its
native state without the need for labelling and without resolution
issues. While AFM is optimised for studies of stiff materials, the
cantilever of the AFM can be adjusted, enabling its use with
hydrogels which are inherently soft.'

Data analysis is an important component in the evaluation of
the pore size distribution of hydrogels and can significantly affect
the pore sizes that are reported. A common issue with most
approaches is how to determine the dimensions of a 3D pore from

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a 2D image. Studies have indicated that pore sizes determined
from the same images using either a 2D or a 3D approach differ
by less than a few percent validating the use of the simpler 2D
methods.”"* There are different approaches that have been used
to extract pore size information from a data set. The first aspect to
consider is if a 2D image or an intensity profile (Fig. 1) will be used
for the analysis, the latter being easily available from the data
generated by e.g. AFM and STED. When the 2D image is used for
analysis, it can be analysed by either a manual® or an automated
approach. Inherent in all data analysis, is the choice of a threshold
that defines where the pore wall ends and the pore void starts.

The current work uses physical hydrogels made from agarose
and complements our previous study investigating calcium cross-
linked alginate hydrogels. It represents a gel of low modulus and
high water content that is prone to the introduction of freezing
artefacts during sample preparation for Cryo-SEM."" Agarose has
a long history of applications in biomedical research particularly
for DNA gel electrophoresis and continues to be applied as a
model hydrogel system.**® It consists of an uncharged linear
polysaccharide extracted from red algae, made from monomer
units of p-galactose and 3,6-anhydro-i-galactose.”” Gels form at
temperatures around 35 °C and at concentrations as low as
0.1%,>” with commercial reagents selected for “high” and “low”
gelling temperatures. The gelling process is physical and is
brought about by hydrogen bonding between the agarose mole-
cules leading to the formation of networks.”® Agarose hydrogels
are best described as biphasic gels, one phase being solvent-rich
and the other a polymer-rich phase.>**° This means that the walls
of agarose hydrogels are not solid and as such the bundle
thickness cannot be used to calculate pore size in a meaningful
way, however, it is a useful metric that we can compare to our
images obtained by the different techniques. Previous studies
using Cryo-TEM, Cryo-SEM, SAXS/SANS or AFM, have reported the
bundle thickness for agarose gels to be 5-20 nm.***

There is a need to evaluate the techniques used for visualising
hydrogel morphology and their ability to provide correct informa-
tion about the native structure of hydrogels. Considering the
articles citing our previous article’ on the use of high-pressure
freezing of alginate hydrogels prior to Cryo-SEM evaluation, the
challenge of capturing the native hydrogel structure is well
recognised, yet only few studies have adopted this method.>*®
This lack of access to high-pressure freezing equipment has
motivated us to compare established as well as emerging direct
imaging techniques in order to provide additional guidance on
hydrogel imaging. This manuscript thus investigates, in-depth,
three different techniques used for capturing images of agarose
hydrogels, namely Cryo-SEM, STED microscopy and AFM. Manual
image analysis is used as the common approach to extract pore
size information across all data sets.

2. Materials and methods
2.1 Materials

Agarose for immunoelectrophoresis, low EEO (gelling tempera-
ture 34-38 °C, Product Number: A4679, Catalogue Number:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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US024566, Sigma-Aldrich), PLGA-E1 (poly(lactic-co-glycolic acid),
Resomer® RG 502, ester terminated, My = 7-17 kg mol ™,
T, = 42-46 °C, Sigma-Aldrich), poly(vinyl alcohol) (PVA, My, =
25 kg mol ", 88% hydrolysed, Polysciences Inc.), 10 x Phosphate
Buffered Saline (PBS, Bio-Whittaker), 5-(4,6-dichlorotriazinyl)
aminofluorescein (5-DTAF) (Thermo Fisher Scientific), absolute
ethanol (Merck), Na,SO, (99% purity, Chem Supply), NaOH (98%
purity, Chem Supply), hexadecene (Merck), dichloromethane
(DCM, anhydrous, >98%, Merck) and deionized (DI) water were
employed in the experiments. Minor alterations were made to the
procedure for labelling agarose with fluorescent 5-DTAF.?” Speci-
fically, the labelled agarose polymer was washed thoroughly with
DI water in addition to an ethanol wash, to ensure the removal of
the salts precipitated during the labelling process, and the
efficiency of the process was verified using FTIR spectroscopy.
According to the published work, this process results in labelling
every 200th monomer.*”

2.2 Material fabrication

In the current study, in order to achieve homogeneous hydro-
gels, a homogeneous agarose solution was prepared by heating
on a water bath at 110 °C for 30 minutes with continuous
magnetic stirring, rather than by the standard microwave
method. Agarose hydrogels form upon cooling, and the final
gel structure and pore size distribution are affected by the
cooling rate.*®*° In the current study, the gel was formed with
rapid cooling over 30 min from 72 to 30 °C, followed by a very
slow cooling phase until the hydrogel reached 22 °C (the
cooling curve was previously published®). Separate agarose gels
prepared from agarose solutions of various concentrations
(0.38-2.0% w/v) are referred to as agarose gels of the respective
concentration. For example, for a ‘1.0% agarose gel’, 50 mg of
agarose powder was dissolved in 5 mL of 1 x PBS. Solutions of
varying concentration were all made using a volume of 5 mL.
The solutions were cast in suitable moulds depending on the
imaging technique to produce translucent gels of varied thick-
ness. For Cryo-SEM (gel thickness: 7.75 mm), flat bottom 48 well
microplates, well diameter: 1.1 mm (Nunclon Delta Surface,
Thermo Fisher Scientific) were used. For AFM (gel thickness:
1.15 mm), 50 x 9 mm style Petri dishes, diameter: 50 mm (BD
Falcon) were used. For STED/CLSM (gel thickness: 2.29 mm),
35 mm glass-bottom microwell dishes, diameter: 35 mm
(MatTek Corporation) were used.

PLGA nanoparticles were prepared by an emulsion solvent
evaporation technique as previously published.”’ Briefly,
10 mg PLGA was dissolved in 0.5 mL DCM (20 mg mL™"). This
solution was added dropwise to a surfactant solution contain-
ing 1.0% w/v PVA (20 mg) in 2 mL of DI water whilst stirring.
The emulsion was sonicated in an ice bath using a Branson
Digital Sonifier 450 with a 1/8” tapered microtip operated at
20% amplitude (179 pm) for 2 minutes. The resulting particle
suspension was added dropwise into 40 mL of DI water and
magnetically stirred for 3 hours to allow evaporation of the
organic solvent. The emulsion was centrifuged at rcf = 76 500 x
g for 1 hour maintained at 17 °C on a Beckman Coulter Avanti
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HP-20 with a JA25.50 fixed angle rotor and washed twice. The
washed particle pellet was resuspended in 1 mL of DI water.

The agarose gel containing nanoparticles and a control gel
were prepared in DI water at an agarose concentration of
0.38%. To prepare the composite gel, a nanoparticle suspen-
sion was added to the agarose solution such that the final PLGA
nanoparticle mass in 2 mL was 4.5 mg. Solutions of agarose or
agarose containing the nanoparticle suspension (2 mL) were
cast in 35 x 10 mm Petri dishes, diameter: 35 mm (gel
thickness: 3.0 mm).

2.3 Sample preparation and imaging

2.3.1 STED. STED (and simultaneous CLSM) imaging of
agarose hydrogels were conducted with the use of the fluores-
cent dye 5-DTAF (Aexem = 492/516 nm). Gels were prepared from
labelled agarose only. The gels were imaged in their hydrated
state in air at ambient humidity and temperature. Imaging was
performed using Leica TCS SP8 STED 3x confocal microscope
system, equipped with white light laser (WLL), STED laser of
592 nm and Leica hybrid detectors for single molecule detec-
tion (HyD SMD). Images were captured using 100 x 1.4NA oil
immersion objective. The combination of imaging with high
NA objective and using only labelled polymer was found to
allow for much greater detail of the hydrogel network, than
what was previously reported using a 1:4 ratio blend (labelled
to unlabelled agarose) and imaging using a 60 x 1.2NA water
immersion objective.?” In more detail, imaging was performed
in the resonant scanner mode with 32-line averaging. The
488 nm line from WLL was used for excitation and fluorescence
emission was collected from 495-585 nm band. For each
region, images was first captured in confocal mode, followed
by STED. For STED imaging, 60% of the STED laser power was
used. Three regions from each hydrogel sample were imaged,
with the 1032 x 1032 pixel format (pixel size of 29 nm) for each
region, representing an area of 30 um x 30 um as the z-stack of
three slices with an interval of 219 nm. The focus plane (center
slice) was set to 5 um above the coverslip. This was found to be
a sufficient distance from the coverslip to avoid any surface
proximity effect on the hydrogel and not too far in solution
such that any image quality degradation due to refractive index
mismatch of the oil objective could be avoided. The z-stack thus
acquired provided 3D information for the subsequent decon-
volution step. A deconvolution approach was successfully
applied to increase the signal-to-noise ratio and to improve
the resolution of raw agarose hydrogel images as previously
described.”" An example is included in the ESIf (Fig. S1).
Briefly, the images were deconvolved using the Huygens Profes-
sional (Scientific Volume Imaging, the Netherlands) software in
wizard mode (CMLE algorithm, max. iterations 80, quality
criteria 0.05, SNR 10 for confocal and SNR 7 for STED). A single
deconvoluted 2D slice for each region was used for subsequent
analysis.

2.3.2 AFM. The contact mode of AFM was used to image
the surface of agarose gels immersed in DI water at ambient
temperature. Contact resonance mode for imaging softer mate-
rials is preferred as this will ensure constant contact between
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the tip and the sample.*>** The presence of water prevents the
evaporation of water from the gel surface and helps eliminate
the capillary forces between the cantilever tip and the gel
preventing dehydration of the gel.** AFM imaging was achieved
using an MFP-3D AFM (Asylum Research, USA) mounted on an
anti-vibrational table (Herzan, USA) and operated within an
acoustic isolation enclosure (TMC, USA). Silicon nitride canti-
levers (Budget Sensors, Bulgaria) with a triangular tip, a nominal
spring constant of 0.06 N m™ " and a resonant frequency of 10 kHz
were used. The force constant is an important parameter in AFM
imaging; where softer cantilevers exert less pressure on the
sample compared to a stiff cantilever, making them more suitable
for imaging softer materials such as hydrogels.” The forces
exerted on to the gel by the cantilever tip were minimised in
order to avoid any potential damage to the surface of the gel.
It should be noted that due to the manner in which the AFM tip
scans across a porous surface, the reported artefact of pore
narrowing results in more narrow and shallow troughs compared
to the actual pore.*>** Three regions of 2 x 2 pm were imaged for
every sample.

2.3.3 Cryo-SEM. High-pressure freezing (HPF) and Cryo-
SEM imaging were performed based on the procedure pre-
viously published." A sample with the dimensions 0.1 cm x
0.1 cm X 0.026 cm (width x length x height) was cut from the
gel and transferred to a brass HPF sample holder. The space
between the sample and the sample carrier was filled with
hexadecane to ensure no voids remained during freezing. The
sample container was clamped to an arm assembly and trans-
ferred to the primed high-pressure freezer (Baltec HPMO010),
where the specimen was frozen under a stream of liquid
nitrogen at a pressure greater than 2100 bar. Subsequently,
the arm assembly was removed from the freezer and the sample
carrier was immediately plunged into a liquid nitrogen filled
carrier to prevent any warming up of the sample. The high-
pressure frozen samples were stored under liquid nitrogen
until imaging. During Cryo-SEM imaging, the top of the sample
carrier was removed, while gently clamped to a brass ALT 118
Gatan sample holder under liquid nitrogen, to expose the dome
of the frozen sample within the brass carrier. While still under
liquid nitrogen the sample was mounted on a Gatan Alto
sample holder (ALT 136) and transferred under vacuum to
the Cryo-SEM preparation chamber which was maintained at
less than 100 K. The exposed dome was fractured within the
chamber, using a Gatan precision cold rotary knife ALT 335,
to provide a clean, uncontaminated section of the internal
structure of the gel. This fracturing is a random process
through the horizontal plane of the gel and a transverse section
is revealed. A JEOL JSM-7100F field emission scanning electron
microscope coupled to a Gatan Alto 2500 cryotransfer chamber
was used to image the samples, at a low accelerating voltage
(e.g. 2 kv) and a spot size of 3. Based on the optimised
procedures, sample sublimation was carried out for 60 minutes
at —105 °C within the SEM chamber and subsequently the
samples were sputter coated twice with Pt for 120 s at 10 mA.
Three or four regions at 30000 times magnification were
imaged for every sample. This magnification was chosen as a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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practical compromise between image resolution, number of
pores per image, and minimising sample charging effects (no
additional information could be obtained from an image at
60 000 times magnification). Each image covered approximately
4 X 5 pm.

Included in the current study are SEM images obtained for
samples for which we deliberately introduced various artefacts
from drying or freezing of hydrogel samples in order to have
these as reference images and these are included in the ESIf}
(Fig. S2). Specifically, when using critical point drying, we have
observed that this process significantly contracts the hydrogel
specimen in an irregular manner. We therefore recommend,
that the pore size distribution that can be obtained from the
resulting images is not re-scaled to the dimensional changes of
the overall hydrogel.

2.4 Pore size determination

In the current study, the term ‘pore size’ refers to the diameter
of a sphere that fits within a specific pore. The distribution of
pore sizes measured within a region of interest in a given
hydrogel sample is referred to as a ‘pore size distribution’.
The ‘homogeneity’ of the pore size distribution of a gel sample
refers to a statistically non-significant distribution of pore sizes
throughout a gel sample of a given concentration (further detail
provided in Section 2.6). The manual approach to determina-
tion of the pore size distribution used Image] software as
previously described." Illustration of this approach can be
found in the ESIt where it is applied to a Cryo-SEM image
(Fig. S3, ESIY). The current study involved two researchers who
cross-referenced their interpretation of the images and how to
place the circle.

For images obtained by Cryo-SEM, only pores belonging to
the topmost porous network were considered. This distinction
is important as the Cryo-SEM images reveal underlying layers of
porous networks of the gel where individual pores are more
difficult to distinguish and may be obscured by the topmost
network. This issue does not present itself with respect to
evaluating the STED and AFM images as they do not display
underlying porous networks. For these techniques, a threshold
that defines where the pore wall ends and the pore void starts
needs to be chosen. For AFM images, we interpret the yellow to
orange regions (Fig. S4, ESI{) as the pore walls and regions
appearing black or dark purple (z-dimensions of —60 to
—30 nm) as the pores. Deconvoluted STED images were
binarised using thresholds ranging from 100% to 10%, decreas-
ing the percentage by 10% in each step. Similar to the approach
used by Vandaele et al.,>* we assessed by visual inspection the
quality of different thresholds and found that the 60% thresh-
old had the highest degree of similarity (details included in
ESL 1 Fig. S5). For all image types, all pores within a selected
region were measured to minimise bias.

2.5 Nanoparticle size determination

The particle size of the nanoparticles in the suspension was
evaluated prior to gel preparation. This was done using
dynamic light scattering (DLS) with a Malvern Zeta Sizer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Nano-ZS or Ultra or 3000 HSA) at 25 °C. The refractive index
of the dispersing medium was set at 1.33 (water at 25 °C) and
PLGA at 1.45. The sample was analysed at 25 °C with 3 repeat
measurements.

The particle size of the nanoparticles in the gel was evalu-
ated using a manual approach for SEM images captured
at magnifications of 30000x. A circle drawn using Image]
software was placed on each nanoparticle, which displayed
well-defined edges to determine the area which allowed the
calculation of the diameter of the nanoparticle (details
included in Fig. S6 in the ESIt). The scale bar of the images
was used to calibrate the measured diameter to nanometres.
All suitable nanoparticles of three images were counted.

2.6 Statistical analysis

Graphs were prepared in Prism 7 (GraphPad Prism 7.0). The
manual approach was used to evaluate the pore size distribu-
tion from the images. Between 50 and 100 pores were measured
and compared for each region. To evaluate the homogeneity of
the pore size distribution of a gel, the pore size distributions
obtained for various regions of a particular gel sample were
evaluated via a statistical approach. Kruskal-Wallis analysis
was performed to compare pore size distributions between
regions of the same sample (n = 3 for AFM/STED/Cryo-SEM
(with nanoparticles); n = 4 for Cryo-SEM), or to compare the
methods. Error bars are expressed as standard deviation of the
mean. For the DLS data where three repeat measurements were
done on the particle suspension, the standard deviation and
the mean represent the data from one such measurement and
all three measurements gave similar values. The p-values
obtained from all tests were interpreted by considering
p > 0.05 to be a significant difference and p < 0.05 not to be
a significant difference among the data sets being compared.

3. Results

3.1 Evaluating the morphology of agarose hydrogels using
STED

Similar to CLSM, STED microscopy provides images of hydrated
hydrogels in air at ambient conditions (temperature and
humidity). The technique requires fluorescent labelling of the
agarose polymer prior to gel formation and thus the agarose
hydrogel substrates were prepared using 5-DTAF-labelled agar-
ose. STED images were found to reveal more structural detail
compared to the CLSM images, due to the enhanced resolution
of the STED technique. This is clearly evident in Fig. 2A-D
which displays CLSM and STED images of the exact same
region of each hydrogel. Two hydrogels with different concen-
trations were imaged using this method, 1.0 and 0.38% agar-
ose. These gels were found to have pore sizes above 143 nm
(identified using Cryo-SEM, Section 3.3), which is more than
three times larger than the pixel size in the STED imaging.
Thus, the chosen conditions should provide sufficient sam-
pling that potentially allow for accurate pore size determination
from the STED images. The enhanced resolution provided by
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Fig. 2 Simultaneously captured deconvoluted STED and CLSM images. (A and B) CLSM images of gels prepared using different agarose percentages.
(C and D) STED images of the same gels. (E and F) Display the pore size distributions for the STED images. (A, C and E) 0.38% agarose gel; (B, D and F) 1.0%

agarose gel.

STED microscopy allows for detection of small pores that would
be un-noticeable in regular CLSM images and evaluation of the
pore size distribution was therefore restricted to the STED data.
Some images captured of the 0.38% gel revealed what appeared
to be channels throughout the structure indicating that the
structure may have partly collapsed due to dehydration.
Statistical analysis of the pore size distributions obtained
from STED (Fig. 2E and F) allow us to compare the degree of
homogeneity between different regions of a given gel. The
results displayed in Table 1 suggest that the gels were relatively
homogenous for both agarose concentrations of 0.38% and
1.0%, based on a Kruskal-Wallis test. Wilcoxon tests of 1.0%
and 0.38% gel pore sizes indicated a significant difference
between the two concentrations (p-value < 0.0001), in agree-
ment with their appearance in Fig. 2. It can be seen that the
pore size distributions are skewed towards higher values con-
sistent with a lognormal distribution, hence it is informative to
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also report the median values which are 400 nm for the 0.38%
gel and 200 nm for the 1.0% gel.

3.2 Evaluating the morphology of agarose hydrogels using AFM

For AFM, no sample preparation is required and this technique
permits the surface of the hydrogels to be imaged at ambient
conditions where the gel is immersed in a suitable solution. AFM
has previously been used to image agarose gels where pore size
evaluation has mostly been done using a line plot.*?*1 A
comparison to the line plot is included in Fig. S4 and S7 (ESIf).
Two agarose gels were imaged using this technique, 1.5 and 2.0%,
based on the requirement for a high polymer content. AFM
images for agarose gels were captured based on reported imaging
procedures combined with instrument-specific optimisations
(Fig. 3A and B). An estimation of the bundle thickness was done
for the 1.5% gel was found to be 35 nm (n = 5). The method used
is described in the ESI} and images displayed in Fig. S8.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Average pore size data® and evaluation of the homogeneity of the pore size distribution of the gels using the manual pore size determination

approach

STED? AFM°

Cryo-SEM*

Agarose (%) Pore size (nm) KW test p-value®

Pore size (nm)

KW test p-value Pore size (nm) KW test p-value

0.38 550 + 330 0.86 —
1.0 240 + 110 0.21 —
1.5 — — 170 =+ 40
2.0 — — 130 + 25

— 380 £ 60 <0.0001
— 230 £+ 30 <0.0001
0.07 190 £ 25 0.35

200 £ 30 0.22
<0.0001 150 £+ 50 0.23

“ For the average pore size, errors are the standard deviations of the data combined from 3 or 4 regions of each gel. > n > 100. °n > 150. “ n >
300. ¢ Kruskal-Wallis (KW) test p-values indicate agreement between regions of a single gel, it was evaluated if the number of pores or number of

regions analysed affected the statistical analysis but no effect was found.

Pore size data is displayed in Fig. 3C and D where the
resulting histograms for three regions of each gel are included.
The average pore size is included in Table 1. Analysis of different
regions of one gel sample revealed that the 1.5% agarose gels were
relatively homogenous, whereas there was a significant difference
in the pore size distributions for the 2.0% gels across different
regions (Table 1). This analysis was consistent even after removal
of four extremely large pores from the data describing the 2.0%
agarose gel, which were reasoned to be artefacts. On the basis of
pooled pore size distribution for the 1.5% gel versus the 2% gel,
Mann-Whitney tests indicated a significant difference in the pore
size for the two types of gels (p-value < 0.0001).

3.3 Evaluating the morphology of agarose hydrogels using
Cryo-SEM

Evaluation of hydrogel morphology using Cryo-SEM requires
the use of high-pressure freezing and allows imaging of a

30 mm Region 3
L Region 2
mm Region 1
3 20 o
<
]
g
10
ol A
AN N
o ks

Pore Size (nm)

Fig. 3

/Two replicate gels of 1.5% were analysed using Cryo-SEM.

cross-section of the gel. Agarose gels prepared from agarose
solutions with concentrations of 0.38, 1.0, 1.5% and 2.0% could
all be imaged and as such, data obtained from this technique
can be compared to STED and AFM. The images and pore size
distributions obtained are shown in Fig. 4. A bundle thickness
of 36 nm (n = 5) was obtained for the 1.0% gel (Fig. S8, ESIT).
The average pore size values obtained are given in Table 1.
Furthermore, Table 1 also includes values for a replicate sample
of a 1.5% agarose gel. The images and pore size distribution
plots for three regions of this true repeat sample are included in
Fig. S9 (ESIY).

The homogeneity of the pore size distribution of the gels as
a function of agarose concentration was evaluated using a
Kruskal-Wallis analysis. For both the 1.5% and the 2% agarose
gels it was found that there were no significant differences
in pore size distributions collected from different regions
(Table 1). However, in the case of the lower agarose concentra-
tions (0.38 and 1.0%), there were significant differences

-60

40 mm Region 3

Region 2

30 mm Region 1

20

Frequency IEI

Pore Size (nuy)

(A and B) AFM images of gels prepared using different agarose percentages (horizontal and vertical scale bars: 2 pm, the depth scale is indicated

on the right-hand side of each image as a coloured bar). (C and D) Display the pore size distributions determined using the manual approach. (A and C)

1.5% agarose gel (B and D) 2% agarose gel.
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(A—D) Cryo-SEM images at 30 000x magnification (scale bar: 1 pm). (E—H) Display the respective pore size distributions determined using the

manual approach. (A and E) 0.38% agarose gel; (B and F) 1.0% agarose gel; (C and G) 1.5% agarose gel; (D and H) 2.0% agarose gel.

between regions, suggesting that these samples were less
homogenous. Kruskal-Wallis tests indicated significant differ-
ences of the pore size distributions for all five gels evaluated
including those prepared using different agarose concentra-
tions as well as the replicate samples (p-value < 0.0001).
Therefore, despite the average pore size values for the replicate
samples differing by only 5%, the pore size distribution is
significantly different. This highlights the combined errors
associated with sample preparation, gel preparation by HPF
and coating, and manual pore size determination.

3.4 Evaluation of pore size distribution by Cryo-SEM in
hydrogels containing nanoparticles

To evaluate the suitability of using the manual approach for
determination of the pore size distribution, we created a 0.38%
agarose gel (from water) containing PLGA nanoparticles with
a size distribution pre-determined by DLS (Fig. 5A). These
nanoparticles made from PLGA were used as an internal
standard of size as this particle is not subjected to swelling in
water and as such would be minimally impacted by the freezing
preparation.””*® We found excellent agreement with DLS when
we measured the particle size distribution using the manual
approach applied to the Cryo-SEM images (Fig. 5B). Our pre-
vious work evaluating this type of PLGA nanoparticles likewise
confirmed that there was no difference in the size obtained
from dried particles imaged via SEM and a particle suspension
evaluated using DLS of the same particle batch.*® Collectively,
this confirms that the particle size was not affected by the high-
pressure freezing process, nor by the presence of the hydrogel.

The hydrogel morphology can be observed in Fig. 5C (con-
trol hydrogel) and Fig. 5D (hydrogel with particles) together
with pore size distribution evaluated using the manual approach
shown in Fig. 5E (control hydrogel) and Fig. 5F (hydrogel with
particles). The Kruskal-Wallis test showed that there was no
significant difference among three regions of agarose hydrogels
containing nanoparticles (p-value > 0.05). Similarly, the control

676 | Mater. Adv., 2023, 4, 669-682

sample was homogeneous between two regions of the samples
when analysed by the Mann-Whitney test (p-value > 0.05). The
presence of the PLGA nanoparticles did not have a significant
effect on the pore size distribution. The control hydrogel had an
average pore size of 135 + 65 nm while the hydrogel with
nanoparticles had an average pore size of 140 £ 55 nm which
was not significantly different (p-value > 0.05). In addition, it was
observed that the size range of the nanoparticles fell within the
size range of the hydrogel pores making them a suitable internal
reference.

4. Discussion

The current study aimed to evaluate the effect of the measure-
ment technique (e.g. Cryo-SEM, AFM and STED) on the hydro-
gel morphology and pore size distribution. The pore diameters
of the agarose gels were defined as the smallest diameter of the
void space enclosed within the pore walls. This way of defining
the pore size agrees with the mesh radius recently introduced
by Peppas and co-workers.” This definition of the pore size is
useful when the value is used to correlate diffusion of solid
nanoscale objects through the hydrogel. It is, however, different
to the Feret diameter*® and depending on the shape of the pore,
the pore size may be underestimated relative to that of the
Feret diameter. To avoid introducing additional variables in the
study, a common approach to extracting the pore size from the
images generated from the different techniques was required.
A manual approach as proposed in our previous work' was
found to allow pore size information to be extracted from all
image types in the current study.

The level of morphological detail for the hydrogels captured
by different techniques is distinctly different. The enhanced
depth sensitivity of SEM yielding almost 3D information
permits a clear visualisation of the pore walls and pore void
compared to AFM or STED which are less depth-sensitive

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Hydrodynamic size distribution of nanoparticles determined by DLS prior to hydrogel formation. (B) Size distribution determined from the

manual approach for nanoparticles in the gel where n = 42. (C) Cryo-SEM image of control sample of 0.38% agarose hydrogel at 30 000 x magnification
(scale bar: 1 um). (D) 0.38% agarose hydrogel containing PLGA nanoparticles at 30 000 x magnification (scale bar: 1 um). (E) Pore size distribution
determined using the manual approach of the control sample. (F) Pore size distribution determined using the manual approach of the hydrogel

containing PLGA nanoparticles.

techniques where the pore walls and boundaries are less well
defined. STED images (Fig. 2) display a network structure with
‘walls’ of approximately 1-2 um surrounding large pores. The
‘walls’ appear not solid but rather porous with much smaller
pores. The AFM images (Fig. 3) look somewhat similar to the
STED images although the scale is very different with the ‘walls’
being much thinner and less than 200 nm and they appear less
porous. SEM captures images that reveal a very detailed porous
network structure (Fig. 4) with no evidence of similar ‘wall’
structures. The bundle thickness obtained from the AFM and
SEM images gave similar average values of 35-36 nm for both
techniques while the pixel size of the STED images did not
allow for this analysis. It has been recognised that the bundle
thickness depends on agarose concentration®" and as such, our
measurement is in general agreement with those previously
found (5-20 nm.**"*%). This is a key measurement which allows
validation of the images captured by SEM and AFM in the
current study.

The homogeneity of the pore size distribution of the gels was
evaluated (Table 1). An increase in homogeneity with increasing

© 2023 The Author(s). Published by the Royal Society of Chemistry

agarose concentration has previously been observed for agarose
gels.*”° This trend was supported in this study by the Cryo-
SEM data for which we had four different gel concentrations. In
addition, it was found that the 0.38% gels with nanoparticles
prepared in water and imaged using Cryo-SEM were homoge-
neous. Since the pore size of this gel is significantly smaller
(140 £ 55 nm) compared to the one prepared from a PBS
solution (380 + 60 nm) the level of homogeneity appears to be
related to the pore size, as per the expected and confirmed
trend. For the data obtained from AFM and STED data, it is
more difficult to evaluate this trend as each technique was
applied only to two gel samples.

The pore size distributions for the gels prepared from PBS
solutions were given in Table 1 and the distribution plots in
Fig. 2-4. Due to the increased resolution, super-resolution
imaging techniques such as STED microscopy® 8312
provides more structural detail of the hydrogel network. This
allows for detection of small pores that would be un-noticeable
in regular CSLM images, leading to more accurate representa-
tion of pore size distribution when using STED. For data

Mater. Adv,, 2023, 4, 669-682 | 677
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obtained by each technique of this study (STED, AFM, Cryo-
SEM), there were statistical differences between the pore size
distributions obtained from images captured of different gel
concentrations (p-value < 0.001). All data follow an inverse
relationship between the agarose concentration and the pore
size, consistent with expectations,??37:44:16,50,33,54

In the current study, PLGA nanoparticles served as an
internal reference in addition to the scale bar. Similar use of
particles as internal magnification standards has been reported
for decades in electron microscopy.”>*® Monodispersed poly-
styrene spheres can be fabricated with a well-defined diameter
that range from 80 nm to 90 um and are extensively used for
this purpose.””® In the current study, the size of the PLGA
nanoparticles was 120 nm which falls within the range of pore
sizes observed in the hydrogels making these particles a
suitable internal standard. The use of this internal standard
further confirmed the suitability of using the manual approach
for determining pore size distributions from Cryo-SEM images.
Incorporation of PLGA nanoparticles in 0.38% agarose gels in
the current study found no change in hydrogel structure or pore
size distribution. However, it is possible, that if higher nano-
particle loadings are used or if the nanoparticles have strong
intermolecular interactions with the hydrogel matrix, that
alteration to the hydrogel network could occur and it is recom-
mended that this aspect is evaluated.

The main aim of the current study was to compare the pore
size distribution obtained by different techniques. For the
0.38% gel, a significantly larger average pore size was obtained
from images captured by STED compared to Cryo-SEM (p-value
< 0.001), where the relative difference in size was 45%.
In contrast, for the 1.0% gel sample, there was no significant
difference observed between these two techniques (p-value 0.94,
data pooled across replicates). The average pore size values
obtained using AFM and Cryo-SEM for 1.5 and 2.0% gels
were significantly different (p-value < 0.001), with a 10-15%
difference between the two techniques, where the pore size
distributions were more narrow and the average pore sizes
smaller when using AFM. This smaller size obtained from AFM
images can be justified considering the expected underestima-
tion of the pore size due to the AFM tip artefact for concave
features.®’ An important observation of this study is that
despite the differences in the morphological details of the
hydrogels in the images captured by STED, AFM and Cryo-
SEM, for gels of 1.0% agarose or higher, the pore size distribu-
tions are in close agreement with each other (less than 15%
different). Based on the accepted trend that lower agarose
concentrations lead to less regular porous networks, there is
expected to be more experimental variation between techniques
and even replicates for <1.0% agarose gels, and perhaps also a
larger effect related to the sample preparation method such as
the casting substrate, gel dimension and imaging environment.

There are studies in the literature reporting the pore size of
agarose gels employing CLSM®” and AFM>? as well as indirect
methods®*>*°>~%* where freezing artefacts are not a contribut-
ing factor. Yet, these studies report pore diameters for agarose
gels prepared from a 1.0% agarose concentration in the range
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from 150 nm to 1 um (refer to ESL T Table S1). While it is
acknowledged®”***¢°*%5 that many parameters including the
type of agarose, the concentration of agarose and the ionic
strength of the casting solution affect the pore size, we have
determined that these parameters account for a variation of
pore diameter from 130 to 380 nm based on HPF and Cryo-SEM
imaging (data included in main manuscript Table 1 and
Section 3.4 and in ESI, Fig. $10). This is a significantly smaller
range than that previously reported. The parameter to cause
the most pronounced effect based on our data is the ionic
strength of the casting solution. Thus, the pore size of the
0.38% agarose gel prepared from a PBS solution was 380 +
60 nm (Section 3.3) while the gel prepared from water was
130 + 60 nm (Section 3.4).

The techniques evaluated in the current study each have
some shortcomings, and it is therefore critical to report, and
where possible investigate, parameters that may affect the pore
size distribution that is obtained. This includes the hydrogel
preparation (e.g. using labelled agarose), sample preparation
(e.g. HPF, casting substrate), imaging conditions (e.g. under
vacuum and at low temperature or in the native state in air),
imaging region (surface or internal structure) which are all
aspects that can cause introduction of systematic errors. As a
summary, Table 2 outlines advantages and disadvantages of the
techniques based on investigations of the current study and
previous work.

In general, imaging of a hydrogel in its native hydrated state
under ambient conditions while very attractive, can be challen-
ging. When a hydrogel is imaged in air (as was the case for
STED imaging), it may be subject to water loss during imaging
which can cause collapse of the structure and appear as
channels in the images. An extreme example of such a col-
lapsed structure is seen in the gel resulting from Critical Point
Drying (CPD) (Fig. S2A, ESIt). However, when imaging a hydro-
gel immersed in a solution (as was the case for AFM imaging),
its stability towards swelling/dehydration will depend on the
chemistry of the polymer and the solution. For agarose gels
of the current study, once the gel has set, it is not subject to
swelling making it suitable for AFM imaging.®” However, for
gels made from other polymers such as ionic polymers, osmotic
swelling will occur due to the charged groups on the polymer
backbone. In this case, only gels that have attained their
equilibrium water content can be imaged using AFM.

Common to STED and AFM is the requirement of choosing a
threshold for where a pore wall ends and a pore starts. This
introduces a bias in determination of the pore size distribution
and highlights the importance to clearly describe this threshold in
published work. A main advantage, therefore, of using Cryo-SEM in
conjunction with careful freezing preparation is the 3D information
of the gel and a clear distinction between the gel material and the
vitreous ice.""! Considering the relatively few studies using high
pressure freezing prior to Cryo-SEM imaging, despite general
acknowledgement of freezing artefacts as mentioned in the intro-
duction, the main limitation of this technique is the highly specia-
lised high pressure freezing preparation which is not commonly
available and requires highly skilled staff for its correct execution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Advantages and limitations of direct visualisation methods used for pore size determination of hydrogels

Method Advantages Limitations
STED e Hydrogel imaged in native state e Polymer labelling required
o Improved resolution compared to CLSM"” e Depending on the level of photobleaching of the fluorescent dye,
capturing z-stack images may not be possible
e Can image to different depths and regenerate 3D e Hydrated gel imaged at ambient humidity
structure from z-stack
e Pore size determination can be done using o Threshold arbitrarily chosen
automated approach>"?*%¢ o Still lower resolution than other techniques
AFM e Hydrogel imaged in native state and using e Limited to hydrogels of relative high polymer content due to the potential
immersion chamber damage from the AFM tip'**®
e High resolution e Hydrogel must be stable when immersed in solution (e.g. does not undergo
osmotic swelling)
e Depth resolution quantifiable via in-built depth e Imaging of hydrogel surface only
scale
e Pore size determination can be done using line o Threshold arbitrarily chosen
plot approach
Cryo- e High resolution (magnification 100 000x) e High pressure freezing required for accurate pore size determination of high
SEM water-content hydrogels™**

e 3D information can be resolved

e Pore wall and pore void easily discriminated
o Can potentially image internal or external
structure

Based on the data collected in the current study, we found
that images obtained using either STED, AFM or Cryo-SEM can
be employed for the pore size determination of agarose gels
with values in good agreement for gels with average pore sizes
of 240 nm or smaller when using a manual approach for
pore size determination. The fluorescence microscopy-based
technique STED provided improved resolution compared to
CLSM. '8 Deconvolution is an additional useful image post-
processing step that improves resolution and signal-to-noise
ratio of STED microscopy without the need to increase the
beam intensity.** Manual approaches to pore size determina-
tion such as those used in the current study (line plot, manually
inserting a circle) can be time-consuming and may introduce
bias. Therefore, when the data permits, an automated approach
could be used. The so-called ‘“bubble analysis” method has
previously been used for pore size determination of STED
images based on the approaches outlined by Molteni et al
and Munster et al.>"**°¢

5. Conclusion

Direct comparison of different techniques to image agarose
gels has allowed us to evaluate their suitability in obtaining
pore size distributions. For all images, the common manual
approach to extracting pore size information was used. Valida-
tion of the use of this manual approach was achieved using
PLGA nanoparticles as internal standard. Despite the different
imaging environments and the distinctly different images that
result from STED, AFM and Cryo-SEM, overall good agreement
was found (pore sizes within 15%) for agarose gels of >1.0%
which is equivalent to pore sizes of 240 nm and smaller. Gels of
lower agarose concentrations are more prone to dehydration
during imaging at ambient conditions while AFM is not sui-
table for gels of such low gel content. It is curious that AFM
analysis resulted in a general lack of homogeneity across

© 2023 The Author(s). Published by the Royal Society of Chemistry

e Hydrogel imaged at low temperature and under vacuum
e Depth resolution not readily quantifiable
e Require manual approach for pore size determination

replicate gels for both concentrations evaluated, however, this
may be a sample size effect and could be investigated further.

The main recommendations from this study are that (i) the
use of CLSM for pore size analysis should be restricted to
relatively large pore sizes, due to the resolution limits of the
technique; (ii) when extracting pore size information from
STED and AFM images, the threshold chosen to define where
a pore wall end and the void start must be communicated to
allow reproducibility, (iii) artefacts from the different techni-
ques should be avoided, these include freezing artefacts for
incorrect sample preparation for Cryo-SEM imaging, dehydra-
tion artefacts for low gel content gels imaged using STED,
cantilever artefacts during imaging using AFM for gels of low
gel content.
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