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Abstract: The distribution of noble metal nanoparticles (NMNPs) in hydrogels influences their
nanoplasmonic response and signals used for biosensor purposes. By controlling the particle
distribution in NMNP-nanocomposite hydrogels, it is possible to obtain new nanoplasmonic features
with new sensing modalities. Particle positions can be characterized by using volume-imaging
methods such as the focused ion beam-scanning electron microscope (FIB-SEM) or the serial
block-face scanning electron microscope (SBFSEM) techniques. The pore structures in hydrogels
are contained by the water absorbed in the polymer network and may pose challenges for
volume-imaging methods based on electron microscope techniques since the sample must be in
a vacuum chamber. The structure of the hydrogels can be conserved by choosing appropriate
preparation methods, which also depends on the composition of the hydrogel used. In this paper,
we have prepared low-weight-percentage hydrogels, with and without gold nanorods (GNRs),
for conventional scanning electron microscope (SEM) imaging by using critical point drying (CPD)
and hexamethyldisilazane (HMDS) drying. The pore structures and the GNR positions in the
hydrogel were characterized. The evaluation of the sample preparation techniques elucidate new
aspects concerning the drying of hydrogels for SEM imaging. The results of identifying GNRs
positioned in a hydrogel polymer network contribute to the development of mapping metal particle
positions with volume imaging methods such as FIB-SEM or SBFSEM for studying nanoplasmonic
properties of NMNP-nanocomposite hydrogels.

Keywords: metal nanocomposite hydrogels; particle positions; nanoplasmonic sensor; preparation
methods; SEM imaging; volume imaging

1. Introduction

The ability of a hydrogel to absorb large amounts of water without being dissolved has
shown to be useful in a significant number of applications, such as drug delivery systems, wound
healing, protein purification, crystallization of minerals, distillation, pollutant capturing, and sensor
technologies [1-10]. The hydrogel properties can be designed by controlling the crosslinking
density, the polymer hydrophilicity, the type of recognition entities, polymer ionicity, or polymer
elasticity. The common functions of the polymer network consist of responding volumetrically to
external stimuli such as pH [11-13], temperature [14-17], ionic strength [18-20], or receptor—analyte
recombinations [21-24]. Some of these stimuli-responsive features have shown to be very useful in
controlling drug release [1] or to be useful for label-free and specific sensing of biomolecules [22,25].
By filling the hydrogel with composite materials such as polymeric fibers, carbon-based or metal
nanostructures, and amorphous or crystalline inorganic materials, the stability of stimuli-responsive
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hydrogels as well as its homogeneity can be enhanced, and new functionalities can be added in terms
of sensor selectivity, sensor specificity, and new sensor techniques [26-29]. These nanocomposite
hydrogels with noble metal nanoparticles (NMNPs) are fascinating materials, often utilized for wound
healing [30,31], but are also impressive materials as nanoplasmonic systems [32,33]. In membrane
technology, NMNPs have also shown to be a potential candidate for development in thermoplasmonics
that may improve nanofiltration, pervaporation processes, or oil-in-water nanoemulsions [34-37].
Hydrogels with NMNPs as composite materials exhibit intense optical scattering at specific light
frequencies. These phenomena arise from light interacting with confined collective oscillations of
electron clouds in the NMNPs at a resonance frequency, also known as localized surface plasmon
resonance (LSPR) [38—40]. The LSPR of NMNPs may occur in the visible or infrared light-range and
are frequently used in label-free biosensor applications due to fast response times, high sensitivity,
high selectivity, and the possibility for multianalyte sensing in complex mixtures [38,41-44]. The LSPR
of NMNP-nanocomposite hydrogels are dependent on the particle shape, the size, the refractive
index (RI) of the surrounding medium, and the interparticle distances [44,45]. Coupling may occur
between the resonant modes of the localized surface plasmons of NMNPs in close proximity to
each other [44,46-49]. The scattering of NMNPs in a hydrogel may have an LSPR frequency for a
random distribution of particles that is different from the LSPR frequency for an inhomogeneous
particle distribution.

We have in earlier work developed proof-of-concepts of fiber optic (FO) sensors based on
using NMNPs immobilized in polyacrylamide hydrogels and combining LSPR and interferometric
sensing modalities [25,50-53]. The interferometric sensing modality detects the change in volume
of a stimuli-responsive hydrogel, whereas the LSPR sensing modality detects receptor-analyte
recombinations on the NMNP surface. The dipole—dipole coupling and RI sensitivity of the LSPR in
NMNPs may as well be utilized for detecting the change in volume of stimuli-responsive hydrogels for
significant swelling and deswelling. The LSPR response of spherical or spheroidal gold nanoparticles
(GNP) in hydrogels has shown to deviate from the LSPR response of randomly distributed spherical or
spheroidal GNPs [51-53]. The plasmon coupling between spherical GNPs occurred for an interparticle
distance that was larger than the estimated plasmon coupling distance [51]. This was found to
be due to the inhomogeneous distribution of the particles in the hydrogel. The LSPR response for
decreasing interparticle distances, where dominated by the side-by-side plasmon coupling between
spheroidal GNPs [53]. This was likely due to an ordered tendency of the spheroidal particles in the
hydrogel. To further understand and engineer the LSPR properties of GNP-nanocomposite hydrogels
for biosensing purposes, it is desirable to identify how the particles are ordered and distributed from
morphological characterizations.

Morphological characterizations of hydrogels are often performed by using scanning electron
microscopy (SEM). By using specialized microscopy techniques, such as cryoSEM, environmental-SEM,
or time-of-flight secondary ion mass spectrometry (TOF-SIMS), it is possible to characterize the
morphology of hydrogels in their swelled state [54-56]. However, specialized microscopy techniques
may have limited accessibility due to being a state-of-the-art technology that increases the user costs.
Conventional SEM techniques require the samples to be in a vacuum, which can pose challenges
for conserving the native hydrated state of the hydrogel since its structure is contained by the water
absorbed in the polymer network. To prevent a complete collapse of the hydrogel in the SEM vacuum
chamber, one can use drying methods such as high or low temperature drying [17,57-59] or critical
point drying (CPD) [55,58,60,61] to conserve its pore structure. Different collapsing characteristics
occur depending on the drying methods used and the composition of the hydrogel [58,62,63]. By using
transmission electron microscopy (TEM), the high contrast of metal nanoparticles embedded in
hydrogels can be observed; however, only a two-dimensional particle positions can be quantized [64,65].
To map the three-dimensional positions of particles in hydrogels with volume imaging methods,
such as the focused ion beam-SEM technique (FIB-SEM) [66-68], conventional drying methods must
be used. The CPD technique is a common method for drying hydrogels or biological materials to
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conserve the morphology in SEM imaging [55,58,60,61]. An alternative to CPD is to dry the samples
with hexamethyldisilazane (HMDS) solvent in air. The surface tension of the sample is reduced by
using HMDS, and it may also cross-link proteins for biological materials [69]. This is adding strength to
the sample during air-drying and prevents collapse or fracturing. A comparison of samples dried with
CPD or HMDS for SEM have in previous work often been performed for biological specimens [70-73].
The air-drying with HMDS as an alternative to the CPD technique has its advantages: (1) less effort
and fewer variables are involved; (2) it is cost-effective; and (3) the method requires no equipment use
such as for controlling carbon dioxide phase changes. The HMDS may reduce surface tension for all
hydrophilic materials and, therefore, serve as a useful drying method for hydrogels. The HMDS drying
of fibrin or elastin hydrogels have been described in earlier work [74-77]. Additionally, the sputter
coating of the sample may have to be optimized concerning coating thickness and coating material.
Samples with significant differences in the topography may require a thicker coating than for samples
with small differences in topography; i.e., the SEM imaging of the GNPs and the hydrogel structure
may have conflicting requirements. The optimization of the sputter coating is beyond the scope of this
article. Furthermore, since swelling and molecular transport properties of acrylamide hydrogels have
been discussed in earlier work [25,50], the characterization of mechanical and rheological properties
have not been included.

Here, the morphology of 10 wt % polyacrylamide (AAM-BIS) and poly(acrylamide-co-acrylic
acid) (AAM-AAC-BIS) hydrogels, with and without gold nanorods (GNRs) as composite materials,
was studied using conventional SEM. Low GNR densities were used (10/um?) as for the earlier
FO sensor studies in [51-53]. The hydrogels were prepared for SEM using CPD or the drying with
HMDS and characterized concerning pore structures and GNR positions in the polymer network.
Pore sizes were estimated and compared for hydrogels with and without GNPs as well as compared
for CPD hydrogels and HMDS-dried hydrogels. The evaluation of the sample preparation methods
may confirm or introduce new aspects of hydrogel drying techniques with respect to the limited
literature available in this field. The results concerning the identification of GNRs positioned in
hydrogel polymer network may serve as a contribution to the development of mapping particle
positions in hydrogels by using volume imaging methods, such as the FIB-SEM or the serial block-face
scanning electron microscopy (SBFSEM) techniques [66-68,78,79]. By identifying how the particles
are ordered and positioned in NMNP-nanocomposite hydrogels, LSPR properties can be defined and
further engineered.

2. Experimental Section

2.1. Materials for Synthesizing Hydrogels

The materials used for synthesizing hydrogels, with and without GNPs, are as follows: acrylamide
(AAM) (99%, Sigma Aldrich, Schnelldorf, Germany), acrylic acid (AAC) (99%, Sigma Aldrich,
Schnelldorf, Germany), N,N-methylenebisacrylamide (BIS) (>99.5%, Sigma Aldrich, Schnelldorf,
Germany), 1-hydroxycyclohexyl phenyl ketone (99%, Sigma Aldrich, Schnelldorf, Germany), dimethyl
sulfoxide (DMSO) (>99.9%, Sigma Aldrich, Schnelldorf, Germany), citrate-stabilized 670 nm-resonant
GNRs (50 nm in length, 19 nm in diameter, 1.14 x 1013 particles/mL, 2 mM citrate buffer, nanoCompix,
San Diego, CA, USA), phosphate-buffered saline (PBS) (Tablet, Sigma Aldrich, Schnelldorf, Germany),
squalane (99%, Sigma Aldrich, Schnelldorf, Germany), milli-Q (mQ) water (resistivity 18.2 M()/cm,
Millipore Simplicity 185, Millipore Ltd., Toronto, ON, Canada), and pentane (Van Water & Rogers,
VWR, Radnor, PA, USA).

2.2. Synthesizing Bulk Volume of Hydrogel With and Without Gold Nanoparticles

Two stock solutions were prepared and used later for making pre-gel samples. The first stock
solution was prepared by dissolving AAM and BIS in PBS solution (30 wt % AAM-BIS and 2 mol %
BIS). The second stock solution was prepared by dissolving AAM, AAC, and BIS in PBS solution (30 wt
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% AAM-AAC-BIS, 2 mol % BIS, molar ratio AAM/AAC =1/2). The stock solutions were stored at 4 °C
until further use for up to two weeks. Pre-gel samples (10 wt % AAM-BIS and 10 wt % AAM-AAC-BIS)
were further prepared by diluting the stock solutions with PBS or GNP solution. Four types of pre-gel
samples were made: (1) 10 wt % AAM-BIS in PBS solution; (2) 10 wt % AAM-BIS in GNP solution;
(3) 10 wt % AAM-AAC-BIS in PBS solution; (4) 10 wt % AAM-AAC-BIS in GNP solution. The pre-gel
samples were stored at 4 °C until further use for up to 24 h. Next, 1-hydroxycyclohexyl phenyl ketone
photoinitiator (PI) was diluted in DMSO (0.01 M). Before photopolymerization, the PI-DMSO solution
was added to the pre-gel sample (with ratio PI/pre-gel = 31/2000). Pre-gel (0.2 mL) with PI solution
was further transferred by a pipette (Finpippette F2, Thermo Scientific, VWR, Waltham, MA, USA)
to a glass rod surrounded by 1.3 mL of squalane-PI oil (2.7 mg/mL PI) in a 1.5 mL Eppendorf tube
(211-2164, VWR, Eppendorf, Hamburg, Germany). The deposited pre-gel with PI solution on glass rod
forms a hemispherical shape since it is immiscible in the squalane-PI oil. The hemispherical pre-gel
with PI on the glass rod was illuminated with light at 365 nm by using an 400 pm multimode OF
(QP400-2-UV-VIS, Ocean Optics, Dunedin, FL, USA) connected to a LED (M365F1, Thorlabs, Newton,
NJ, USA). The pre-gel with PI was photopolymerized for 15 min, subsequently transferred to pentane
to remove impurities for 5 s and stored in PBS solution (pH of PBS adjusted to 4.5 for AAM-AAC-BIS
hydrogel) until further use.

2.3. Preparing Hydrogels for Scanning Electron Microscopy

The materials used for preparing hydrogels for SEM are as follows: 2.5% glutaraldehyde
(Chemi-Teknik AS, Oslo, Norway) in Sorensen’s phosphate buffer (SPBS, VWR, Hatfield, PA 19440,
USA) (pH 7.2), ethanol (absolute alcohol, Antibac AS, Oslo, Norway), and hexamethyldisilazane
(HMDS) (>99%, Sigma-Aldrich, Schnelldorf, Germany).

The AAM-BIS and AAM-AAC-BIS hydrogels, with and without GNP, were fixated in 2.5%
glutaraldehyde (Chemi-Teknik AS, Oslo, Norway) in SPBS (pH 7.2) for 2 h at room temperature and left
for 12 h at 4 °C. After fixation, the hydrogels were washed twice for 5 min in SPBS. The pre-gel samples
were further cut in half by a razor, where one half was prepared for the critical point drying technique
(CPD) (Polaron, Quorum Technologies Ltd., East Sussex, UK) and the other half was prepared for
drying using an HMDS solvent. Before drying, the hydrogels were dehydrated with increased ethanol
concentrations of 10, 25, 50, 70, 90, and 100%, 5 min for each concentration. Further, one gel serie
from the razor cutting was transferred to the CPD, while the other gel serie was transferred to the
HMDS solvent. With the CPD technique, the ethanol was replaced with liquid carbon dioxide and
sublimed entirely. With the HMDS solvent, the gel was transferred to 50% HMDS diluted in ethanol for
20 min and transferred to a new 50% HMDS in ethanol solution for another 20 min. Next, the gel was
transferred to 100% HMDS for 20 min and transferred to a new 100% HMDS solution. The hydrogels
in the HMDS solvent were then dried overnight in a desiccator. The dried samples were cracked in
two by a razor, mounted on pins using double-sided carbon tape, and sputter-coated (E5100, Polaron,
Quorum Technologies Ltd., East Sussex, UK) with 30 nm of gold—palladium (Au/Pd). The samples
were examined using a scanning electron microscope (Teneo Volumescope, Thermo Scientific Fisher,
Waltham, MA, USA), using an Everhart-Thornley detector (ETD) in secondary electron (SE) mode and
Trinity detector (T1) in backscattered electron (BSE) mode. Image] (NIH) was used for morphology
analysis. The mean and standard deviation of the Feret diameters of the pore sizes in the hydrogel
were calculated by applying threshold filters and particle analyzing functions on the SEM images.

2.4. Preparing GNPs on Carbon Tape for Scanning Electron Microscopy

An aliquot of GNP solution was transferred to double-sided carbon tape, dried overnight in a
desiccator, and sputter-coated with 30 nm gold—palladium (Au/Pd). This prepared sample does not
serve as a control for the experiments but are used as a comparison for how an image with GNRs can
appear in an SEM image.
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2.5. Sample Preparation and Imaging Technique Limitations

The comparison of sample preparation methods may only be limited to the hydrogel drying with
CPD and HMDS since the methods are often developed for reducing the surface tension in biological
materials. The results obtained may not be compared to other drying methods such as high or low
temperature drying. Furthermore, the rehydration of hydrogels in humid or liquid environments after
drying may complicate cross-sectional sample preparations. After fixation, hydrogels can be embedded
and dried in materials such as epoxy polymers for cross-sectional analysis using ultramicrotomy with
TEM or SEM. The ultramicrotomy is often performed in water and may therefore reduce the stability
of the hydrogel structure due to rehydration. Thus, the sample preparations may only be restrained
to cross-sectional sample preparations in dry environments, e.g., when utilizing ion-milling. Due to
challenges in obtaining even surfaces from cross-sectional sample preparations, the use of scanning
probe microscopy techniques have been omitted in this paper.

Since specialized microscopy techniques such as cryo-SEM, environmental-SEM, or TOE-SIMS
may have limited accessibility that increases user costs, it is more feasible to focus on conventional
electron microscopy and sample preparation techniques that are often used for biological samples
such as eukaryotic and prokaryotic cells. Hence, the imaging technique used is restrained to electron
microscopy with vacuum chambers and by detecting SE and BSE. By focusing on detecting mainly SE
and BSE intensities, the studies are limited by assuming that the GNRs are embedded in the hydrogel
after fixation, dehydration, and drying. This assumption is based on previous results obtained in
different hydrogel-GNR sensor configurations in [51-53], where the LSPR signal was stable during
different swelling experiments, i.e., the GNRs were shown to be contained in the hydrogel. Due to these
results, the use of general distribution analytical techniques such as X-ray photoelectron spectroscopy
(XPS), energy-dispersive X-ray spectroscopy (EDAX), or prompt gamma neutron activation analysis
(PGAA) are omitted to direct the focus on morphological characterization and the study of GNRs
positioned in hydrogel polymer networks.

3. Results and Discussion

3.1. Morphology of AAM-BIS Hydrogel With and Without GNRs

SEM images from CPD and HMDS-dried hydrogels with and without GNRs in SE and BSE mode
are shown in Figure 1. Figure 1A,B show hydrogels prepared with CPD, while Figure 1C,D show
HMDS-dried hydrogels. The mean and standard deviation of the Feret diameter of the pore sizes
for the CPD hydrogels are 0.1405 & 0.1006 um and 0.2236 4 0.1942 pm for the hydrogel without and
with GNRs, respectively. The corresponding mean and standard deviation of the Feret diameter of
the pore sizes for the HMDS-dried hydrogels are 0.1750 + 0.1320 um and 0.1421 £ 0.1156 um for the
hydrogel without and with GNRs, respectively. Thus, the pore sizes of the HMDS-dried and the CPD
hydrogels are comparable, illustrating that using HMDS for drying hydrogels for SEM imaging may
serve as a suitable alternative to the CPD technique. Furthermore, the mean pore size changes of
—0.03/+0.08 um when embedding GNRs in the hydrogel indicates that GNRs have a minor influence
on the polymer network structure.

We expected to observe high-density materials, such as NMNPs, as high contrast segments
in BSE mode at high electron beam voltages, since high-density materials have more substantial
electron-backscattering intensities than low-density materials. However, the observed contrast features
are similar for hydrogel with and without GNRs, which makes the quantizing of the position of GNRs
in the polymer network uncertain. The small-sized contrast features shown with white arrows in
Figure 1D could be characterized as GNR positions but may also be difficult to distinguish from
artifacts associated with the sample preparation [80,81]. Without any immobilization, one might
suspect that the GNRs will leak out of the hydrogel. However, results from our earlier study of LSPR of
gold nanospheres embedded in AAM-BIS hydrogels were consistent with a uniform and stable particle
distribution in the hydrogel volume [52]. These results show that the LSPR signal was stable over time
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and for different swelling equilibriums. That the Feret diameters of the pore sizes of the AAM-BIS
hydrogel are on the order of 200 nm suggests that the GNRs are bound to the polymer network of the
hydrogel.

Figure 2 shows SEM images of CPD and HMDS-dried hydrogels with GNRs at higher
magnification than in Figure 1. The SEM image of GNR solution dried on carbon tape in Figure 2B
is included to enable direct comparison of how GNRs can appear in an SEM image. The small-sized
contrast features in Figure 2B have lengths and widths similar to the GNR specifications received from
the producer.

HY curt ture
uum 20.00kV_0.40nA 3.0mm 638 pm 32500x 7.94s 32um

Figure 1. (A) Scanning electron microscope (SEM) image of critical point dried (CPD) AAM-BIS
hydrogel without gold nanorods (GNRs) in SE mode; (B) SEM image of CPD AAM-BIS hydrogel with
GNRs in SE mode; (C) SEM image of hexamethyldisilazane-dried (HMDS-dried) AAM-BIS hydrogel
without GNP in backscattered electron (BSE) mode; (D) SEM image of HMDS-dried AAM-BIS hydrogel
with GNP in BSE mode. Note that the scalebar in (B) is different from the other images. The white
arrows show the small-sized contrast features observed that could indicate GNR positions.

The BSE mode SEM image shows few small-sized contrast features with dimensions comparable
to the contrast features in Figure 2B, indicating the presence of GNRs. However, we did not succeed
in pinpointing the contrast segments indicating particles using threshold filters on the images.
The contrast differences in the SEM images indicating GNPs cannot be proved without additional
measurements. This is in accordance with the observation in [82], where cryoSEM was used for
characterizing GNPs in polyacrylamide hydrogels. The contrast of NMNPs in gel-like samples may be
improved by omitting the metal sample coating and by including highly conductive sample holders
instead [83]. The detection of SE and BSE can also be combined to obtain density-dependent contrasts
that highlights the high densities areas in the image [84].
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Figure 2. (A) SEM image of CPD AAM-BIS hydrogel with GNRs in SE mode; (B) air-dried GNR solution
on carbon tape in SE mode for comparison with SEM images of GNP-hydrogels; (C) SEM image of
HMDS-dried AAM-BIS hydrogel with GNP in BSE mode. The white arrows show the small-sized
contrast features observed that could indicate GNR positions.

3.2. Morphology of AAM-AAC-BIS Hydrogel With and Without GNRs

SEM images of CPD and HMDS-dried hydrogels, with and without GNRs, in SE and BSE mode
are shown in Figure 3.

Figure 3. (A) SEM image of CPD AAM-AAC-BIS hydrogel without GNRs in SE mode; (B) SEM
image of CPD AAM-AAC-BIS hydrogel with GNRs in SE mode; (C) SEM image of HMDS-dried
AAM-AAC-BIS hydrogel without GNP in BSE mode; (D) SEM image of HMDS-dried AAM-AAC-BIS
hydrogel with GNP in BSE mode. Note that the scalebar in the images is 5 um. The white arrows show

the small-sized contrast features observed that could indicate GNR positions.

Figure 3A,B show CPD hydrogels in SE mode, while Figure 3C,D show HMDS-dried hydrogels
in BSE mode. The mean and standard deviation of the Feret diameter of the pore sizes for the
CPD hydrogels are 0.6240 + 0.4775 pm and 0.1219 £ 0.1050 um for the hydrogel without and with
GNRs, respectively. The corresponding mean and standard deviation of the Feret diameter of the
pore sizes for the HMDS-dried hydrogels are 0.4190 & 0.3570 um and 0.0932 £ 0.0908 um for the
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hydrogel without and with GNRs, respectively. The significant increase in Feret diameter for hydrogel
without GNRs may indicate a hydrogel collapse where many smaller pores have merged into larger
pores. The collapse could be a result of insufficient dehydration considering that the AAM-AAC-BIS
hydrogels have 2/1 (AAC/AAM) molar ratio of hydrophilic anionic AAC co-monomers. For CPD,
the hydrogels may have been rehydrated due to the humidity at room temperature while transferring
it to the CPD. Ethanol will only exchange efficiently with liquid carbon dioxide, so a partly rehydrated
hydrogel will be more susceptible to a collapse. For HMDS drying, the hydrogel may have been
rehydrated, while substituting ethanol with HMDS. HMDS may also only exchange efficiently with
ethanol. This suggests that the HMDS-dried hydrogel is also susceptible to collapse due to rehydration.
For hydrogels with GNRs, the Feret diameter is significantly smaller. This may indicate that the
GNR-hydrogel has been less susceptible to a collapse.

The Feret diameters for the AAM-AAC-BIS GNR-hydrogels are also smaller than the AAM-BIS
hydrogels in Section 3.1. This could be due to the hydrophilicity of the AAM-AAC-BIS hydrogels.
The anionic AAC co-monomer may contribute to the absorption of a more substantial fraction of
water into small pores of the polymer network in its original state. The preparation methods may also
influence the pore structures as discussed in Section 3.3 [57,58].

As for the results obtained in Section 3.1, there are high contrast features along the edges of the
polymer networks in Figure 3D in BSE mode (indicated by white arrows), which could represent dense
materials. However, the contrast features are similar for hydrogel, with and without GNRs, and make
the quantizing of the positions of GNRs in the polymer network uncertain. The sizes and shapes of
the contrast features could be a result of the artifacts introduced from the sample preparations [80,81].
The studies of LSPR of GNPs in AAM-AAC-BIS hydrogels have been discussed in [51,53]. The LSPR
signal did not decay for different hydrogel swelling equilibriums and indicated that the GNPs were
contained in the hydrogel. Since the Feret diameters of AAM-AAC-BIS hydrogels with and without
GNRs are in the order of 90 to 600 nm, it may be that the gold rods are bound to the polymer network
of the hydrogel.

Figure 4 shows SEM images of CPD and HMDS-dried hydrogels with GNRs at a higher
magnification than the SEM images in Figure 3.

Figure 4. (A) SEM image of CPD AAM-AAC-BIS hydrogel with GNRs in BSE mode; (B) air-dried GNR
solution on carbon tape in SE mode for comparison with SEM images of GNP-hydrogels; (C) SEM
image of HMDS-dried AAM-AAC-BIS hydrogel with GNP in BSE mode. Note that the scalebar in (C)
is different from the other images. The white arrows shows the small-sized contrast features observed
that could indicate GNR positions.

The SEM image of GNR solution dried on carbon tape in Figure 4B is presented for comparison
with the small-sized contrast features observable in Figure 4A,C shown with white arrows.
In Figure 4A,C, the polymer network has a branched structure as compared to the AAM-BIS hydrogels.
The branched polymer structure could be due to the hydrophilic nature of the anionic polymer
network as discussed for Figure 3, where the Feret diameter was smaller than AAM-BIS GNR
hydrogels. The small contrast features in Figure 4A,C (shown with white arrows) are similar to
those in Figure 2A,C, which could indicate the presence of GNRs since they are denser than the
polymer network. As discussed for the results in Figure 2, these contrast features are difficult
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to quantize as GNR positions but could be improved by using results from [83,84]. Additionally,
for the SEM images of AAM-AAC-BIS-GNR hydrogels, it was not feasible to identify GNRs by
using threshold filters. Results obtained from work in [85] used conventional SEM to characterize
poly(N-isopropylacrylamide)-co-(acrylic acid) microgels with GNPs and can be used for comparison.
In this paper, EDAX was used for confirming the general distribution of GNPs. However, TEM had to
be utilized to study the particle positions in the hydrogel.

3.3. Influence of Fixation, Dehydration, and Drying on the Morphological Structures of the GNR-Hydrogel

The AAM-BIS hydrogel is sensitive towards ethanol concentrations, but insensitive to pH for
the solutions used in this paper [86]. The fixation with glutaraldehyde at pH 7.2 will, therefore,
introduce small changes in the hydrogel swelling equilibrium with respect to changes in pore size and
shapes. For the dehydration with ethanol, the hydrogel will decrease in size, which can be assumed to
result in considerable changes in the size and shape of pores of the polymer network. The pore sizes
observed in Figures 1 and 2 are, therefore, likely to be smaller than the pore size of the hydrogel in a
hydrated state. The dried hydrogels may also in most cases exhibit an uncertain degree of collapsing
characteristics [57,58,62,63,87]. Any degree of collapsing characteristics of the hydrogel may result in a
close packing of the GNRs. The amount of close-packed GNRs in the BSE mode SEM images were
difficult to characterize in our results due to the low contrast of GNRs. Other microscopy techniques
may be used to study its native hydrated state such as by using cryogenic or environmental SEM that
omits the fixation, dehydration, and drying [54,55].

The AAM-AAC-BIS hydrogel is sensitive to both ethanol and pH [86,88]. The fixation with
glutaraldehyde at pH 7.2 causes the hydrogel to swell significantly due to the deprotonation of the
AAC, making the polymer network highly anionic. This may pose a strain on the polymer network
beyond the elastic limit. Thus, the branched polymer network in Figure 3B,D could be a result of the
swelling of the hydrogel. The dehydration of the hydrogel with ethanol causes the hydrogel to contract
significantly. The pore size observed in Figures 3 and 4 is assumed to be smaller than the pore size of
the hydrogel in its native hydrated state.

3.4. Summary of Results—Pore Structures
Results in Sections 3.1 and 3.2 are shown in Table 1 to present an overview of the computed mean

and standard deviation of the Feret diameters in pm of the hydrogel pore structures.

Table 1. Mean and standard deviation of Feret diameters of hydrogel pore structures in pm.
CPD: Critical Point Drying. HMDS: Hexamethyldisilazane.

_ Hydrogels — \ \\i.BIS AAM-BIS-GNR AAM-AAC-BIS AAM-AAC-BIS-GNR
Drying Method
CPD 0.1405+0.1006 0.2236-0.1942  0.6240 + 0.4775 0.1219 = 0.1050
HMDS 01750 4+0.1320  0.1421 +0.1156  0.4190 + 0.3570 0.0932 =+ 0.0908

4. Conclusions

The morphology of low-weight-percentage polyacrylamide and poly(acrylamide-co-acrylic acid)
hydrogels, with and without GNRs, has been characterized using conventional SEM. A comparison
was made between the CPD and HMDS drying methods of hydrogels with and without GNRs.
Results of CPD and HMDS techniques show comparable pore structures, estimated by computing
the mean Feret diameter in Image]. For acrylamide gels, the pore sizes were also comparable with
and without GNRs. The use of an HMDS solvent for drying may serve as a suitable alternative
to the CPD technique. The HMDS technique is a cost-effective substitution of the CPD technique
that omits equipment use as well as being less time consuming. The poly(acrylamide-co-acrylic
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acid) hydrogels have slightly smaller pores sizes than polyacrylamide hydrogels with branched
polymer structure. This difference can be assumed to be due to the more substantial hydrophilicity of
poly(acrylamide-co-acrylic acid) anionic hydrogel. The pore structures of the dehydrated and dried
hydrogels are likely smaller than the pore structures of hydrated hydrogels due to the water exchange
with ethanol in the dehydration. The dehydration and drying of hydrogels may result in an uncertain
degree of collapsing characteristics [57,58,62,63,87]. By comparing the morphology of dried hydrogels
with cryoSEM or environmental SEM images of hydrated hydrogels [54,55], it is possible to estimate
the presence of these collapsing features.

Small-sized contrast elements can be observed from the BSE-mode SEM images of
GNR-nanocomposite hydrogels and may indicate the presence of GNRs since they are denser than
the polymer network. The contrast of these segments was not significant enough to distinguish them
from artifacts associated with the sample preparations [80,81]. These results are consistent with similar
studies in [82,85]. Additionally, the identification of GNRs with threshold filters was not feasible
due to the small contrast differences. The contrast of NMNPs in gel-like samples may be improved
by omitting the sample coating and by including highly conductive sample holders instead [83],
or by using both SE and BSE detectors to obtain density-dependent contrasts that highlights the high
densities areas in the image [84].

Further work is needed to increase the contrast of the metal particles in the polymer matrix so
that a mapping of the GNP positions in hydrogels can be determined. However, an evaluation of
preparation methods may elucidate new aspects concerning hydrogel drying techniques and GNR
identification in the hydrogel polymer network. Since the pore sizes were comparable for acrylamide
hydrogels with and without GNRs, it may also be that the hydrogel structure was nearly unaffected
by adding GNPs to its matrix. Future work will consist of developing methods for enhancing the
contrast of high-density materials in a low-density matrix for conventional SEM imaging. Furthermore,
volume-imaging methods such as the FIB-SEM or the SBFSEM techniques will be used to map the
positions of metal particles in nanocomposite hydrogels.
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