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ABSTRACT: The internal morphologies for a series of heterogeneous PHEMA and P[HEMA-co-MeO-PEGMA] [PHEMA =
poly(2-hydroxyethyl methacrylate), MeO-PEGMA = poly(ethylene glycol) methyl ether methacrylate] hydrogels were characterized by
scanning electron microscopy (SEM) in conjunction with a sample drying procedure, and by laser scanning confocal microscopy
(LSCM) without prior drying. Compared to SEM, LSCM was far simpler and more rapid technique for imaging hydrogels. LSCM
also allowed the native hydrated morphology of the hydrogels to be characterized, whereas SEM could only characterize the morphol-
ogy of samples in their dehydrated state. No dehydration method used in this study preserved the true native morphology, but plunge
freezing/freeze drying was the most suitable method that best preserved the native morphology for all hydrogel compositions. Refri-
gerated freezing/freeze-drying and critical point drying introduced significant morphological artifacts, the severity of the artifacts
being dependant on the sample’s composition and Tg. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000—-000, 2012
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INTRODUCTION

Hydrogels based on poly(2-hydroxyethyl methacrylate) (PHEMA)
(Scheme 1) are highly biocompatible and have a long history of
applications in the biomedical field.'! PHEMA-based hydrogel
sponges are potential candidates for uses as tissue engineering
scaffolds. They have already found clinical application in an arti-
ficial cornea,” and have potential for applications as scaffolds for
neural regeneration”’ and as a component of an orbital enuclea-
tion implant.® PHEMA-based hydrogel sponges can be easily syn-
thesized by a method known as polymerization-induced phase
separation.” Sponges formed in this way have a morphology
based on numerous “connected droplets,” and the spaces between
these droplets form a network of interconnected pores.” A

requirement for the use of these sponges as scaffolds in tissue
engineering is that the dimensions of the pores are suitable
to allow cellular infiltration.'®™"> Thus, it is important that the
morphology of hydrogel scaffolds can be characterized reliably.

Ideally, a hydrogel scaffold should be characterized in its
hydrated form. Techniques such as cryo-scanning electron
microscopy (cryo-SEM) allow imaging of frozen hydrated sam-
ples, but these techniques are not always readily available and
the procedures for sample preparation and imaging can be time
consuming. Laser scanning confocal microscopy (LSCM) offers
an alternative method for characterization and has been used to
characterize poly(vinyl alcohol) hydrogels,"® and more recently
poly(N-isopropyl  acrylamide)'” and  poly(2-hydroxyethyl
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Scheme 1. Molecular structures of PHEMA and P[HEMA-co-MeO-
PEGMA] hydrogels.

methacrylate-1-lactide-dextran) hydrogels.'® LSCM uses a dye
that is excited by light (generally from a laser source), and then
emits red-shifted light that is detected and used to construct an
image. For PHEMA-based hydrogels to be imaged using LSCM,
the hydrogels must first be labeled with a fluorescent dye. As
both labeling and imaging can be carried out in aqueous envi-
ronments that are close to physiological conditions, no dehydra-
tion of the hydrogels is required, thereby avoiding the possibility
of introduction of artifacts by drying procedures. For hydrogels
based on PHEMA, labeling does not require special equipment
or unusual experimental skills, and is a relatively trivial step in
the characterization procedure.

Despite the obvious applicability of LSCM to imaging of hydro-
gels, SEM is the most established method for characterization of
the morphologies of hydrogels because of its ability to resolve
structures in sufficient detail”'>' and its relatively long history
of use. A significant issue in the characterization of hydrogels
by SEM is sample preparation. Before a hydrogel can be imaged
by SEM, it must be dried and then it must be rendered conduc-
tive by the deposition of a thin layer of carbon and/or gold or
platinum. The removal of water from the hydrogel must be done
in such a way as to preserve as far as possible the morphology of
the hydrated sample. The matter is further complicated because
hydrogels are, by definition, very hydrophilic materials that are
able to absorb many times their own weight in water. Conse-
quently, dehydration processes can have profound effects on the
morphology of hydrogels.”>*' In addition, hydrogels, as materi-
als, fall between a biological and a traditional hard material sam-
ple, with the knowledge of how hydrogels behave during sample
preparation procedures being considerably less than that of-
biological and/or hard materials. Nonetheless, two common meth-
ods used to dehydrate hydrogels prior to SEM are freeze-drying”"**
and critical point drying.”*"**** Even though freeze-drying and
critical point drying are used extensively to prepare samples for
SEM,'>' few articles adequately explain the drying protocols, with
the impact of these techniques on the native morphology of hydro-
gels having only been partially researched.”® The problems associ-
ated with freeze-drying and critical point drying are detailed below.
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In freeze-drying, the sample is cooled (frozen) so that the water
within becomes ice, and then dehydration is achieved by subli-
mation of ice under reduced pressure. Freezing can be achieved
by various methods, and the liquid water can pass into the solid
phase to form either crystalline or non-crystalline (vitreous)
ice.” Ideally, freezing should be rapid and result in the forma-
tion of vitreous ice, because the growth of ice crystals, which
form if the rate of freezing is too slow, can cause damage to the
sample. Conversely, if a sample containing vitreous ice is
allowed to warm, the ice will once again crystallize or devitrify.
Freeze-drying aims to remove water (by sublimation of ice)
before these changes in phase occur.”®

In critical point drying, water in the sample is replaced by a tran-
sitional fluid, such as acetone, which is in turn replaced by liquid
CO2, and the sample is then heated to the temperature at which
CO2 becomes supercritical (ca., 31°C). If the temperature
required to reach supercritical conditions is above the glass tran-
sition point (7Tg) of the hydrogel, the hydrogel may “melt" and
the native pore morphology will be distorted or destroyed.**!

In a recent study of some P[HEMA-co-MeO-PEGMA] hydrogels
(Scheme 1), we found that the morphology of the hydrogel, as
revealed by SEM, depended on the method used to dry the
sample prior to SEM, with freeze-drying and critical point dry-
ing resulting in vastly different morphologies®'; other researches
have also discovered this problem for poly(vinyl alcohol) hydro-
gels.? This result raised the question of which dehydration
method minimizes distortion or the introduction of other more
pronounced experimental artifacts in a hydrogel sample, and
thus allows SEM to provide the most accurate representation of
the hydrogel’s native morphology. In this article, we address this
question by comparing the morphologies of hydrated PHEMA
and P[HEMA-co-MeO-PEGMA] gels and sponges, as revealed
by LSCM, with the morphologies of the corresponding dehy-
drated hydrogels, as revealed by SEM.

MATERIALS AND METHODS

Materials

2-Hydroxyethyl methacrylate (HEMA) (Bimax, Glen Rock, PA,
USA, > 99.0%) was distilled (b.p. 38-39°C/0.1 mmHg) and
stored at —20°C prior to use. Tetra(ethylene glycol) dimethacry-
late (TEGDMA) (Fluka, Sigma-Aldrich, St Louis, MO, USA), 2,2-
dimethoxy-2-phenylacetophenone (DPAP) (Irgacure 651, Aldrich,
97%), sodium chloride (Fluka, AR grade), fluorescein isothiocya-
nate (Aldrich), and rhodamine B isothiocyanate (Aldrich) were all
used as received. Poly(ethylene glycol) methyl ether methacrylate
(MeO-PEGMA) (Aldrich, M, ca., 1100) was recrystallized from
hot ether to remove the inhibitor.

Preparation of Hydrogels

Polymer hydrogels were prepared as described previously*' by pho-
toinitiated polymerization of HEMA or HEMA/MeO-PEGMA mix-
tures in water or 0.8 M NaCl, using the formulations summarized in
Table I. All polymerizations were initiated using DPAP (0.1 mol %
with respect to HEMA) under a UV lamp (UVP, Upland, CA, Blak-
Ray®, 365 nm, 120 W) for 30 min. TEGDMA was used as a cross-
linking agent at 1 mol % with respect to HEMA. After polymeriza-
tion, the hydrogels were soaked in water for 1 week to remove any
unreacted monomers, with water being exchanged daily. After
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Table I. Formulations of PHEMA-Based Hydrogels

H>0 : HEMA : Macroscopic
Formulation MeO-PEGMA?® [NaCl|P appearance
1 80:20:0 = White
2 80:20:2 0.8M White
3 80:20:5 — Transparent
4 80:20:5 0.8M White
5 80:20:8 = Transparent
6 80:20:8 0.8M White

2The copolymers are identified based on the ratio A : B : C for the poly-
merization mixture, where A = part by weight water or 0.8M NaCl, B =
part by weight HEMA, C = part by weight MeO-PEGMA.

bFor formulations 2, 4, and 6, 0.8M NaCl was used in place of Hx0.

soaking, all polymer samples were cut into 300 um thick cross-sec-
tions (Vibratome, 3000, Wetzlar, Germany) and these sections were
further cut into disks using a 5 mm biopsy cutter. After sectioning,
the samples were carefully transferred by soft plastic tweezers into
vials of deionized water, where they were stored until required.

Methods for Dehydration of Samples Prior to Analysis

by SEM

Refrigerated Freezing and Freeze-Drying. Refrigerated freezing
(Hingham, MA) was carried out by placing hydrogel samples in a
conventional freezer at —20°C until frozen. Samples were then
freeze-dried (Dynavac FD2, Hingham, MA) until a constant mass
was reached.

Plunge-Freezing/Freeze-Drying. Plunge-freezing was performed
by plunging hydrogel samples, delicately placed at the tip of a clean
spatula, into liquid nitrogen (LN2). Once frozen, all samples were
stored in LN2. Low-temperature freeze-drying was carried out
using a LN2 cooled turbo freeze-dryer (Emitech, K775X, Quorum
Technologies, Ashford, UK). During the transfer from LN2 storage
to the freeze-dryer chamber, special care was taken to ensure that
samples were immersed in LN2 at all times. The freeze-drying pro-
cess occurred under vacuum (ca., 7 X 1075 torr) and during the
process the sample was gradually warmed according to the follow-
ing protocol: held at —120°C for 2 h, increased to —75°C over 1.5
h, held at —75°C for 1 h, increased to 20°C over 5 h.

Critical Point Drying. Hydrated polymer samples were soaked
in acetone (ca., 2 mL) for at least 3 h before being placed in the-
critical point drying apparatus (Emitech, K850). The samples
were flushed three or four times with liquid CO, to remove the
acetone and to ensure complete permeation of CO, liquid
throughout the sample. The sample chamber was then slowly
heated to a value between 35 and 37°C to achieve supercritical
conditions, after which the sample chamber was slowly vented.
While the sample chamber was vented, a temperature above 31.1°C
was maintained to prevent the re-condensation of liquid CO,.

Scanning Electron Microscopy

Dehydrated samples were mounted on double-sided carbon tabs
and coated with a layer of carbon (~ 30 nm thick) using a car-
bon evaporator (Speedivac 12E6/1178, Edwards High Vacuum
LTD, Crawley, UK). The samples were then imaged by SEM
(Zeiss, Berlin, Germany, 1555 VF-FESEM) at 3 kV, using a work-
ing distance of 6 mm and an aperture of 10 um. To acquire an
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image, frame integration was used to prevent charging on the sur-
face of the polymer.

Labeling Hydrogels for Laser Scanning Confocal Microscopy
Hydrogel samples were soaked in a 0.05% w/v aqueous solution
of either fluorescein isothiocyanate (FITC) or rhodamine B iso-
thiocyanate (RBITC) for 24 h at 37°C to functionalize the
hydroxyl groups of some HEMA repeat units. To remove excess
FITC or RBITC, the samples were rinsed at 4°C in Millipore, Bill-
erica, MA, water for 48 h, during which the water was replaced
with fresh water every 12 h. This operation was done in the dark
to prevent photobleaching of the dyes, and when rinsing was
complete, the samples were stored in the dark at 4°C.

Imaging by LCSM was carried out at room temperature using a
multiphoton confocal microscope (Leica, Wetzlar, Germany, TCS
SP2 AOBS) with a resolution of 1024 x 1024 pixels, a 20x dry
objective using a 458 nm Ar/Kr laser for FITC excitation or a 561
nm red neon laser for RBITC excitation. The labeled polymers
were placed onto a 170-um thick cover slip and any excess water
surrounding the polymer was carefully blotted away before the
sample was placed into the instrument.

RESULTS AND DISCUSSION

PHEMA-Based Hydrogels

PHEMA hydrogels can have a pore morphology that can either
be classified as homogeneous or heterogeneous. Homogeneous
PHEMA hydrogels have a pore size in the range of 10-100 nm,
are transparent in appearance, and are classified as gels. Heteroge-
neous PHEMA hydrogels are generally obtained from solution
polymerization, are transparent to opaque in appearance, and
have pores ranging from 100 nm to 1 um.” When a diluent is
used in concentrations greater than 45% w/w, polymerization-
induced phase separation occurs and produces PHEMA hydrogels
that have pores larger than 1 um.” PHEMA hydrogels produced
by this method are more commonly referred to as sponges as
they have an interconnected pore morphology and are opaque
white in macroscopic appearance. If the hydrophilicity of the
PHEMA polymer chains is changed, such as by the inclusion of
the hydrophilic monomer MeO-PEGMA, then phase separation
is suppressed and the resulting polymer will be a homogenous
PHEMA gel, even at high diluent concentrations. In these situa-
tions, if the ionic strength of the polymerization solution is
increased through the addition of salts, such as NaCl, the solubil-
ity of the growing polymer will be reduced and the polymer will
precipitate out of solution forming a hydrogel sponge.*'

Based on the above, a series of hydrogels was prepared by vary-
ing the monomer composition and the ionic strength of the po-
lymerization mixture. The hydrogel samples included opaque
PHEMA and P[HEMA-co-MeO-PEGMA] sponges and transpar-
ent PITHEMA-co-MeO-PEGMA] gels (Table I).

Imaging PHEMA Sponges

Laser Scanning Confocal Microscopy. LSCM images for
hydrated 80 : 20 PHEMA sponges are shown in Figure 1(a,b).
The images reveal a morphology based on polymer droplets of
3—4 um in diameter, typical of a PHEMA sponge.” The dye used
(FITC or RBITC) does not noticeably affect the quality of the
LSCM image. The dyeing process involved the samples being
soaked in an aqueous solution of the appropriate dye for 24 h,
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Figure 1. LSCM and SEM images of 80 : 20 H20 : HEMA sponge specimens prepared for microscopy by either labeling (with FITC or RBITC) or by
dehydration (using RF-FD, PF-FD, or critical point drying). Colored LSCM images can be viewed in the Supporting Information Figure S1.

and then excess dye being washed away by soaking samples in
deionized water for 48 h, replacing the water every 6-12 h. The
samples remained hydrated throughout the staining, rinsing, and
imaging processes, and so we believe that the morphology seen
in the LSCM images accurately reflects the native morphology of
the sponges. The time required to image each sample (ca., 2-5
min) was less than the time at which the dyes begin to photo-
bleach, usually after 10 min of imaging. Once the dyes began to
bleach, the quality and clarity of the images decreased rapidly,
but generally FITC tended to bleach slightly faster than RBITC.

Scanning Electron Microscopy. SEM images of PHEMA
sponges (Entry 1, Table I) that were dehydrated by refrigerated
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freeze/freeze-drying (RF-FD) showed some differences in mor-
phology compared to samples imaged by LSCM. The morphol-
ogy seen in SEM images showed droplets of 2-3 um in diame-
ter, but most of the droplets show significant distortion from
spherical shape and partial coalescence to neighboring droplets
[Figure 1(c)]. In addition, the image shows numerous narrow
pores of dimensions of the order of 10 um, which may have
resulted from the expansion of water ice formed during the rel-
atively slow refrigerated freezing process. During this process,
ice crystals presumably grew unchecked as the sample cooled to
—20°C over 20-30 min. While we appreciate that RF-FD may
be considered a “crude” preparation method compared to other
more specialized dehydration methods, the inclusion of RF-FD
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in this study was to demonstrate the high levels of morpho-
logical distortion that can result during sample preparation
procedures.

When samples were dehydrated using either plunge freeze/
freeze-drying (PF-FD) [Figure 1(d)] or critical point drying
[Figure 1(e)], the SEM images showed morphologies of polymer
droplets of 2-3 um, and again the droplets showed distortion
from spherical shape and partial coalescence, but the extent of
the distortion was less than seen for RF-FD samples, with samples
subjected to critical point drying showing the least distortion.
There were few significant pores seen in samples dried by PF-FD
or critical point drying. Plunge freezing in liquid nitrogen (used
in PF-FD) is expected to result in the formation of only small ice
crystals, where the dimensions of the ice crystals would be con-
siderably smaller (i.e., nm scales) than the dimensions of the pore
features (i.e., um scales), and so large pores resulting from
unchecked growth of water ice would be expected to be reduced
compared to the RF-FD case. Although freezing in liquid nitro-
gen may not provide sufficiently rapid cooling to guarantee
formation of vitreous ice throughout large samples, the rate of
cooling should be sufficient for formation of vitreous ice in the
outer few tens of microns, thus preserving the macro-scale sur-
face morphology of the sample. Thus, the surface of the speci-
men—as imaged by SEM-—should closely match the native
morphology. Critical point drying does not rely on freezing of
the sample, and so the formation of pores due to ice crystals is
not an issue. Deformation of the morphology of samples sub-
jected to critical point drying due to thermal effects is also not
expected, since the Tg of PHEMA sponges (119°C) is well above
the temperature needed to achieve supercritical conditions.?" It is
possible that, during the critical point drying procedure, immer-
sion of samples in acetone results in changes in the swollen state
of the hydrogels that could lead to artifacts in the SEM images.
Figure 1(e) suggests that such artifacts, if they arise, are small.

These results demonstrate that, while PF-FD or critical point dry-
ing of PHEMA hydrogel sponges for SEM more closely preserves
the native morphology compared to RF-FD, some distortion of
hydrogel morphology is apparent when compared to LSCM. The
reduction in droplet size seen in SEM images compared to LSCM
images is doubtless a consequence of shrinkage of samples during
the drying process (the thickness and diameter of the disks of 80 :
20 PHEMA sponges typically shrank by 20%, regardless of the
method used). The apparent coalescence of droplets seen in SEM
images may be an artifact of dehydration, or the result of lower
image resolution offered in LSCM compared to SEM. Impor-
tantly, it appears that LSCM of hydrated samples (which do not
need to be dried) facilitates qualitative and quantitative observa-
tions and measurements of material that can be considered as
being in its “native state” Additionally, LSCM provides a more
realistic cross-section of the “true” morphology of PHEMA
sponges as a result of a narrower depth of field when compared
to SEM. These results provide the clearest indication of sponge
morphology for wet scaffold applications.

Imaging P[HEMA-co-MeO-PEGMA|] Heterogeneous Sponges

As the proportion of MeO-PEGMA in the P[HEMA-co-MeO-
PEGMA] hydrogels increases, the hydrophilicity of the polymer
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is increased and consequently phase separation during polymer-
ization is increasingly suppressed. To force phase separation
polymerization (and in doing so attain polymers having the
desirable droplet morphology), the polymerizations were con-
ducted in 0.8M NaCl solutions. An increase in the proportion
of MeO-PEGMA in P[HEMA-co-MeO-PEGMA] hydrogels
results in a decrease in Tg.*'

Laser Scanning Confocal Microscopy. When confocal micros-
copy was used to image the P[HEMA-co-MeO-PEGMA] hydro-
gels with a composition of 80 : 20 : 2 [Figure 2(a,d)], 80 : 20 :
5 [Figure 2(b,e)], and 80 : 20 : 8 [Figure 2(c,f)], the morpholo-
gies seen were comparable to the morphologies seen by LSCM
for PHEMA sponges [Figure 1(a,b)]. The morphologies were
based on droplets of about 4-5 um in diameter, with droplets
being larger for sponges with higher MeO-PEGMA content.
When RBITC was used as a dye for LSCM [Figure 2(d—f)], the
images were slightly clearer when compared to when the dye
used was FITC [Figure 2(a—c)] for the same hydrogel formula-
tion. The differences in clarities of images obtained using the
two dyes are best appreciated from color images (see Supporting
Information Figure S2).

Scanning Electron Microscopy. As was seen for PHEMA
sponges (containing no MeO-PEGMA), when P[HEMA-co-
MeO-PEGMA] samples were dehydrated by RF-FD and then
examined by SEM, prominent pores of dimensions 15-30 um
were seen [Figure 2(g—i)], and were assigned as artifacts due to
formation of ice crystals during freezing. The droplet morphol-
ogy apparent in the images obtained by confocal microscopy
was evident in the SEM image of the 80 : 20 : 2 P[HEMA-co-
MeO-PEGMA] sample. As the MeO-PEGMA content increased,
the droplet morphology became increasingly distorted, and in
the image of the 80 : 20 : 8 P[HEMA-co-MeO-PEGMA] sample,
the droplets are almost totally coalesced, to give a morphology
resembling a fibrous network [Figure 2(i)]. These distortions
may be a consequence of the RF-FD process, but sample heating
during deposition of a conductive graphite layer prior to SEM
may also be a contributing factor, and we note that the distor-
tion is greatest for the samples with the lowest Tg (see Figure
S5 in Supporting Information for DSC curves of 80 : 20 : 5 and
80 : 20 : 8 polymers).

When PF-FD methods were used for each of the P[HEMA-co-
MeO-PEGMA] sponge formulations, (80 : 20 : 2, 80 : 2 : 5, and
80 : 20 : 8) the morphologies of each sample looked similar to
one another, but at the higher MeO-PEGMA concentrations the
droplets were less well-defined [Figure 2(j-1)]. There was little
evidence of large pores, a result that we attribute to the growth
of only small (nm-scale) ice crystals during the plunge freezing
process.”® Critical point drying had little effect on the morphol-
ogy as revealed by SEM for the P[HEMA-co-MeO-PEGMA] 80 :
20 : 2 and 80 : 20 : 5 samples [Figure 2(m,n)], but for the
P[HEMA-co-MeO-PEGMA] 80 : 20 : 8 sample [Figure 2(0)],
the morphology seen by SEM is significantly distorted, with
droplets severely coalesced. This distortion is likely a conse-
quence of the sample being heated above its Tg (sample Tg <
35°C—see Figure S5 in Supporting Information for the DSC
curve for a 80 : 20 : 8 polymer formulation) during the critical
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Figure 2. LSCM (a—f) and SEM (g—o) images of various P[HEMA-co-MeO-PEGMA| sponges. Samples imaged by LSCM were first labeled with either
FITC or RBITC. Samples imaged by SEM were dried by RF-FD, PF-FD, or critical point drying. Colored LSCM images can be viewed in the Supporting
Information Figure S2.

point drying process (which occurs at ca., 35°C). For all sam-  most accurate representation of the native morphology for SEM
ples, the droplet features were slightly smaller in SEM images imaging, there were still discrepancies when compared to the
compared to their size in confocal microscopy images. This  images obtained from LSCM, suggesting LSCM is the only
result is expected, since all samples shrunk by about 20% during  imaging method that reliably preserves the native morphology
the drying process. Although low-temperature methods gave the  of P[HEMA-co-MeO-PEGMA] sponges.
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Imaging P[HEMA-co-MeO-PEGMA] Homogeneous Gels

Laser Scanning Confocal Microscopy. When HEMA and
MeO-PEGMA are copolymerized in water under conditions in
which phase separation does not occur (H,O : HEMA : MeO-
PEGMA = 80 : 20 : 5 and 80 : 20 : 8), homogeneous gels are
obtained. Intuitively, one might argue that the potential for
artifacts to be induced during sample drying is greater for
homogeneous gels, where all polymer chains are in intimate
contact with a large concentration of water, compared to
sponges having regions of hydrated polymer droplets and water-
filled pores. When 80 : 20 : 5 and 80 : 20 : 8 P[HEMA-co-MeO-
PEGMA] samples labeled with FITC were examined by LSCM
[Figure 3(a,b)], very little morphological detail could be seen, as
expected for homogenous gels. However, when RBITC was used
as the labeling agent, LSCM images revealed surfaces covered
with parallel lines [Figure 3(c,d)]. These lines are artifacts of the
sectioning of the samples by the Vibratome, with the distance
between the ridges being determined by the amplitude and the
traverse speed of the cutting blade.

Scanning Electron Microscopy. When samples of 80 : 20 : 5
and 80 : 20 : 8 homogenous gels were subjected to RF-FD and
then examined by SEM, the morphology revealed was grossly
different to the “native” morphology seen by confocal micros-
copy. The SEM images displayed a “honeycomb” morphology
with “pores” of approximately 75 um [Figure 3(e,f)]. We tenta-
tively suggest that the honeycomb morphology arises as a conse-
quence of ice formation during the refrigerated-freezing pro-
cess—as ice crystals form, polymer chains would be excluded
from the growing ice domains, ending up as walls between ice
crystals of random shapes and sizes, and removal of the ice dur-
ing freeze-drying would leave the polymer walls as a honeycomb
structure with voids left in place of the ice crystals. The RF-FD
procedure caused the samples to change from flexible transpar-
ent materials to brittle opaque white materials, and was accom-
panied by some shrinkage of the samples, about 20% for the 80
: 20 : 5 formulation and 30% for the 80 : 20 : 8 formulation.

PF-FD is expected to be superior to RF-FD for drying P[HEMA-
co-MeO-PEGMA] hydrogels due to its lesser propensity for for-
mation of ice crystals, and therefore a reduced likelihood of
inducing changes to the native morphology. When P[HEMA-co-
MeO-PEGMA] hydrogels were examined by SEM after PF-FD
[Figure 3(g,h)], the dominant features seen were the lines arising
from the Vibratome sectioning procedure. Closer inspection of
the images revealed the presence of small pores less that 1 ym in
diameter for the 80 : 20 : 5 sample [Figure 3(g), inset] and 1-2
um in diameter for the 80 : 20 : 8 sample [Figure 3(h)]. These
small pores presumably arise as a consequence of formation of
small crystals of ice during the rapid cooling of the samples, and
because only small ice crystals are formed, the pores are much
smaller than those in the samples dried by RF-FD.

Critical point drying requires temperatures to reach approxi-
mately 35°C. Since this temperature exceeds the Tg of the 80 :
20 : 5 and 80 : 20 : 8 P[HEMA-co-MeO-PEGMA] homogeneous
gels, there is the possibility of increased molecular mobility dur-
ing the supercritical drying process that may result in substan-
tial changes to the native morphology. Once critically point

MAL:TE”& WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

ARTICLE -

Sample

FITC

g 20 um 20 um
4]
-
(@]
E
m
o
20 um
0
L
LL
o
00 um End
_____|
=
| &
o I
o

20 um 20 um

Critical point drying

20 um
I

Figure 3. LSCM (a-d) and SEM (e—j) images of various P[HEMA-
co-MeO-PEGMA] homogeneous gels. Samples imaged by LSCM were first
labeled with either FITC or RBITC. Samples imaged by SEM were dried
by RF-FD, PE-FD, or critical point drying. Colored LSCM images can be
viewed in the Supporting Information Figure S3.

dried, the P[HEMA-co-MeO-PEGMA] homogeneous gels had
changed from transparent flexible materials to transparent but
very stiff, glassy materials, and had undergone substantial
shrinkage, to about 12-15% of their original volume (initial
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Figure 4. Before and after images of a 80 : 20 : 5 homogeneous gel that
has been RF-FD, then rehydrated in water, and imaged via LSCM. Colored
LSCM images can be viewed in the Supporting Information Figure S4.

dimensions 5 mm diameter, 300 um thick; dimensions after
critical point drying 3.2-3.5 mm diameter, 75-100 um thick).
Although this material must be different from the original
hydrated homogeneous gel materials (it is dry, and therefore
has a higher density of polymer chains making up for the loss
of water), the SEM images for both samples do not reveal any
significant morphological features [Figure 3(i,j)], as expected for
homogeneous, non-porous glasses. The samples are scored by a
series of parallel lines, artifacts formed during sectioning of the
samples on the Vibratome. The similarity of spacing of the lines
for these substantially shrunken samples compared to the
“native” samples [Figure 3(a—d)] is a result of the sample disks
shrinking primarily in the direction perpendicular to their cir-
cular faces rather than their edges.

We conducted a dehydration/rehydration experiment to determine
whether the changes to the morphology of P[HEMA-co-MeO-
PEGMA] hydrogels induced by RF-FD are irreversible. An 80 : 20 :
5 P[HEMA-co-MeO-PEGMA] sample that was dehydrated by RF-
FD was rehydrated by soaking in water for 2 days, then cut into
two pieces. Each piece was labeled with either FITC or RBITC and
then imaged by LSCM. Both images clearly show large pores up to
30—40 um in diameter [Figure 4(b,d)] not present in the original
“native” morphology [Figure 4(a,c)]. The pores are smaller in the
LSCM images than those seen in SEM images of a similar sample
after RF-FD [Figure 3(d)]. Presumably, the large pores seen in the
SEM image shrink during the rehydration process, as regions of
polymer in the honeycomb walls [Figure 3(d)] absorb water and
swell, but even after 2 days of rehydration (and additional time in
aqueous dye solutions) is not able to remove all the pores formed
during RF-FD. This result shows that the distortion of the native
morphology during RE-FD is partly reversible, but the morphol-
ogy of the hydrogel did not fully return to its native state.

CONCLUSIONS

Methods for preparation of PHEMA and P[HEMA-co-MeO-
PEGMA] hydrogels for examination by LSCM do not involve
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sample drying or other procedures likely to significantly alter
morphologies, and thus LSCM reveals the morphology of these
materials in as close to their “native” state as is possible.

Artifacts arising during sample preparation (drying) of hydro-
gels resulted in SEM images showing morphologies that were
often quite different from the native morphologies. Generally,
RFE-FD altered the native morphology of PHEMA and
P[HEMA-co-MeO-PEGMA] hydrogels, due to the growth of
crystals of water ice during freezing of the samples. Sample
preparation by critical point drying was suitable only when the
Tg of the sample was sufficiently higher than the temperature
required for critical point drying; for samples having Tg below
this temperature, critical point drying also caused significant
changes to sample morphology. In most cases, PF-FD prior to
SEM better preserved the native morphology for P(HEMA-co-
MeO-PEGMA) sponges and gels, due to the lesser tendency for
growth of ice crystals during the rapid freezing process, but
nevertheless some artifacts were clearly evident in SEM images.

The work presented here has been limited to a study of PHEMA-
based hydrogels, but the issues with sample preparation methods
highlighted in our study are likely to arise with other hydrogels
and similar systems. It is critical that researchers be aware of
such issues when morphology is critical to the performance of a
material in its intended application, for example when hydrogels
are intended for use as scaffolds for tissue engineering.
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