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Misleading Pore Size Measurements in Gelatin and Alginate
Hydrogels Revealed by Confocal Microscopy

Alexis Franco,1,2 Bo Van Durme,2 Sandra Van Vlierberghe,2 and Christine Dupont-Gillain, PhD1

It is a well-documented phenomenon that the porous structure of hydrogels observed with vacuum-based imaging
techniques is generated during the freezing and drying process employed prior to observation. Nevertheless,
vacuum-based techniques, such as scanning electron microscopy (SEM), are still being commonly used to measure
pore sizes in hydrogels, which is often not representative of the actual pore size in hydrated conditions. The frequent
underestimation of the impact of freezing and drying on hydrogel structures could stem from a lack of cross-
fertilization between materials science and biomedical or food science communities, or from the simplicity and vis-
ually appealing nature of SEM imaging, which may lead to an overemphasis on its use. Our study provides a
straightforward and impactful way of pinpointing this phenomenon exploiting two hydrogels ubiquitously applied
in tissue engineering, including gelatin methacryloyl and alginate as proof-of-concept hydrogels. By comparing
images of the samples in the native hydrated state, followed by freezing, freeze-drying, and rehydration using SEM
and confocal microscopy, we highlight discrepancies between hydrogel pore sizes in the hydrated versus the dry
state. To conclude, our study offers recommendations for researchers seeking insight in hydrogel properties and
emphasizes key factors that require careful control when using SEM as a characterization tool.
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Impact Statement

We demonstrate that tissue engineers should cease to use electron microscopies to characterize their native hydrogel struc-
tures, as they are only measuring freezing artifacts. Furthermore, researchers can now get more accurate insights on their
hydrogel structure using confocal microscopy in the hydrated state.

Introduction

Hydrogels, that is, biphasic materials made of three-
dimensional networks of hydrophilic polymers in water,

have emerged as promising materials in various fields, particu-
larly in tissue engineering, owing to their biocompatibility and
ability to mimic the extracellular matrix. Vacuum-based imag-
ing techniques, notably scanning electron microscopy (SEM),

have been widely used to gain insight in the structures of
hydrogels. However, it is well-documented that the
porous structures observed in SEM images are often not
intrinsic to the hydrogel matrix but are instead generated
during the freeze-drying process.1–4 Despite this well-
established knowledge, vacuum-based techniques con-
tinue to be widely employed for pore size measurements
in hydrogels. Their misuse leads to potentially misleading
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conclusions in published research. A disconnection between
materials science and biomedical science communities could
be a contributing factor to the underestimation of the artifacts
generated by freezing and freeze-drying. The simplicity and
visually appealing nature of SEM images could overshadow
its inherent artifacts, potentially leading to an overemphasis
on its application in pore size characterization.

In the native hydrated state, the porosity of hydrogels mani-
fests itself at the scale of the mesh size of their polymer net-
work, typically within the range of tens of nanometers.5 As the
hydrogels are frozen, supercooled water undergoes nucleation,
and then the ice crystals grow into larger grains, as polymer
chains are excluded from the ice crystals.1 By the end of the
freezing process, these ice grains reach sizes orders of magni-
tude greater than the original hydrogel mesh sizes. The ice
grains are sublimated during the freeze-drying process, leaving
the dry porous structure behind that is often imaged with
SEM. The size of these pores largely depends on the ice for-
mation kinetics. As the cooling rate increases, the frequency of
ice undergoing primary nucleation also rises, resulting in a
greater number of smaller pores in the freeze-dried structure.2

By tinkering with the freezing conditions, various groups have
shown that pores generated in the hydrogels can range from
nanometers up to hundreds of micrometers.2,4 The morphol-
ogy of these pores can even be tuned by applying cooling rate
gradients.2 These phenomena are leveraged to generate custom
porous scaffolds serving various applications.6–8

However, some articles report on the characterization of the
porous structure of hydrogels exploiting SEM, while those
pores would actually not exist in the native hydrated state.9–13

It is often stated that a given pore size is needed for cells to be
able to invade a hydrogel, this size being at the microscale.13

Furthermore, even when freezing or freeze-drying is used
intentionally to generate porous scaffolds, the methods fre-
quently lack critical details regarding reproducibility, and
assumptions are made about what becomes of these pores
when the scaffold is rehydrated. Our study aims to bridge this
gap by visually demonstrating the discrepancies between
hydrogel structures in the hydrated state and those observed
under vacuum conditions induced by freeze-drying. By focus-
ing on two widely used hydrogels in tissue engineering, that
is, gelatin methacryloyl (GelMA) and alginate, we aim to facil-
itate the dissemination of knowledge toward researchers less
inclined to focus on fundamental materials science.

By comparing images of the hydrogel microstructures in dif-
ferent states (native hydrated, frozen at different cooling rates,
freeze-dried, and rehydrated), we aim to provide a straightfor-
ward visualization strategy (Fig. 1) regarding freeze-drying-
induced artifacts along with their impact on pore size measure-
ments. Specifically, the microstructures of hydrogels are
imaged in the hydrated state using confocal microscopy, before

and after a freezing step to illustrate the impact of freezing
(Result 1). Furthermore, the freeze-dried scaffolds imaged using
SEM are compared with confocal microscopy images of the
resulting scaffolds after rehydration to pinpoint the discrepan-
cies between the two states (Result 2). Finally, freeze-dried
scaffolds frozen using either a freezer or liquid nitrogen are
compared to highlight the importance of cooling rate (Result 3).

Materials and Methods

GelMA synthesis

Gelatin methacrylamide, with a degree of substitution of
96% with respect to the primary amines, was obtained using a
protocol described previously.14,15 Briefly, gelatin was dis-
solved in a phosphate buffer at 40�C, followed by the addition
of methacrylic anhydride (2.5 times the equivalent molar quan-
tity of free primary amines present in gelatin). The reaction
mixture was stirred for 1 h. Afterward, the solution was dia-
lyzed for 24 h at 40�C against demineralized water. After dial-
ysis, the pH of the solution was adjusted to 7.4 using NaOH,
transferred to Petri dishes, and freeze-dried for later use.

GelMA hydrogels

A 10% (w/v) gelatin methacrylamide solution was prepared
and 2 mol% (with respect to the methacryloyl groups present) of
lithium phenyl-2,4,6-trimethylbenzoylphosphinate photoinitiator
was added to the solution. The mixture was then poured into a
1-mm thick sheet mold and left to gelify at 4�C for 1 h. Then,
photocrosslinking was performed under an ultraviolet lamp
(365 nm, 4 W lamp) for 30 min. After unmolding, these gelatin
sheets were stored in phosphate buffered saline (pH = 7.4, 140
mM sodium chloride, 2.68 mM potassium chloride, and 10 mM
phosphate, prepared from tablets purchased from Gibco).

Alginate hydrogels

To obtain homogeneous alginate gels, the well-known
slow gelation strategy was adapted from Sardelli et al.16 Spe-
cifically, a 3 wt. % sodium alginate solution (A2033, medium
viscosity, Sigma-Aldrich) was mixed with a 2 wt. % suspen-
sion of calcium carbonate (398101, Sigma-Aldrich) and with
a 7 wt. % solution of Glucono delta-lactone (G4750, Sigma-
Aldrich) at a 5:1:1 volume ratio. The mixture was poured into
a 1-mm thick sheet mold and left for 24 h in the fridge for
gelation. After unmolding, these alginate sheets were stored
in a 0.1 wt. % calcium chloride solution.

Sample preparation

For imaging of hydrogels in the native hydrated state, the
1-mm thick pieces of hydrogel were directly observed with
confocal microscopy. The hydrogels to be observed after

FIG. 1. Experimental design flowchart.
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freezing were plunged into liquid nitrogen, and then put
back into their storage solution prior to imaging via confo-
cal microscopy. For freeze-drying, hydrogels were plunged
into liquid nitrogen inside the chamber of a Christ Alpha
1-2 freeze-dryer and subsequently freeze-dried for 24 h.
These samples were observed either in the dry state using
SEM or in rehydrated state in their storage solution at
room temperature using confocal microscopy. The rehy-
drated samples were kept in their storage solution for 4 h at
least prior to observation. Note that hydrogel samples dried
without freezing were not considered for imaging, as this
leads to the full collapse of their structure, leading to a
solid homogeneous mass.

Confocal microscopy

The samples were observed using their native autofluor-
escence, therefore, no dyes were used, ensuring no change
in hydrogel structure related to labeling. For gelatin, the
best results were achieved with shorter wavelengths, that is,
a 400 nm laser. For alginate, similar imaging quality was
obtained using lasers with wavelengths ranging from 400 to
600 nm. Therefore, all images were captured using 400 nm
excitation laser.

SEM

Dry samples were carefully sliced in half using a sharp scal-
pel in order to observe the cross-section and not the surface
“skin” of freeze-dried hydrogels. The section was sputtered
with gold until a thickness of 15 nm was achieved. The imag-
ing conditions of the JEOL 7600F scanning electron micro-
scope were set to an acceleration voltage of 2 kV and a
working distance of 15 mm.

Pore size measurements

For SEM and confocal microscopy, images for pore size
measurements were captured in the bulk of the material, in
areas where the structure was homogeneous across the field
of view. This was to avoid the effect of the cooling rate gra-
dients near the edge of the materials. A custom Python script
was made to streamline data analysis using the open-source
computer vision library (opencv-python). The images were
passed through a manually adjusted binary threshold value to
define pore areas (cv2.threshold). Edge detection was used to
discriminate each individual pore (cv2.findContours). For
each pore contour, the minimal area bound rectangle was fit-
ted (cv2.minAreaRect) and its shortest dimension was defined
to be the minimal pore diameter. More details regarding
image analysis is given in Supplementary Data S1. Measure-
ments were then compared using mean and standard devia-
tion by Student’s two-sample t test.

Experiments

Effect of freezing on the structure of gelatin and alginate

hydrogels

Figure 2 shows confocal microscopy images of both gela-
tin and alginate hydrogel structures before and after being
frozen in liquid nitrogen. Hydrogel samples were observed in
their storage media at room temperature.

In both systems, before freezing, the images show no evi-
dence of pores on the microscale in the native hydrated hydro-
gels. The images display a homogeneous fluorescence signal
from all the surveyed area, apart from some impurities that
have been kept in the frame to verify focus and resolution.

After freezing, new porous structures have appeared. In
gelatin, these features have the appearance of cracks, whereas

FIG. 2. Confocal microscopy images (fluorescence and transmitted light) of gelatin (top) and alginate (bottom) hydrogels
before (left) and after (right) a freezing cycle. All images are shown at equal scale. All gels are observed at room temperature
in their storage solutions. A representative pore is highlighted in white.
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in alginate, these features have the appearance of globular
pores. By fitting a bounding rectangle to the pore contours, the
pore dimensions were measured being on average 30 – 19 mm
maximal and 9.7 – 8.9 mm minimal diameter in gelatin and on
average 38 – 14 mm maximal and 31 – 10 mm minimal diame-
ter in alginate.

Effect of rehydration on freeze-dried gelatin and alginate

hydrogels

Figure 3 shows SEM images of cross-sections of both gel-
atin and alginate hydrogels, confocal microscopy images of
the freeze-dried hydrogels after being rehydrated, and a com-
parison of the measured pore sizes in the freeze-dried and
rehydrated states for both systems.

When transitioning to the rehydrated state, a notable trans-
formation is observed in gelatin hydrogels, where the pores
shift from being round or elliptical toward flattened “cracks.”
In contrast, the pore morphology in alginate hydrogels
remains consistent between the freeze-dried and rehydrated
states.

Bar graphs representing the average minimal pore diame-
ter, along with their associated standard deviations, provide
a quantitative perspective. In the case of gelatin, there exists
a significant reduction in pore size upon rehydration com-
pared with the freeze-dried state (p < 0.001). However, for
alginate, no notable difference is discerned between these
two states.

Effect of cooling rate on pore size

Figure 4 compares SEM images of cross-sections of both
gelatin and alginate hydrogels, when frozen by plunging into
liquid nitrogen or left in a -25�C freezer, before freeze-
drying.

The two systems show a tremendous difference in pore
size depending on the applied freezing method. The liquid
nitrogen frozen samples, which have been submitted to a
much faster decrease in temperature, exhibit pore dimensions
mostly below 100 mm. The maximal pore dimensions of the
freezer samples approach the thickness of the samples them-
selves (1 mm).

Bar graphs represent the average minimal pore diameter,
along with their associated standard deviations. A significant
increase in minimal pore diameter (p < 0.001) is observed
for both systems and is associated with the much lower cool-
ing rate in the freezer.

Discussion

Pore size measurements in native hydrated hydrogels

The results obtained from confocal microscopy images of
gelatin and alginate hydrogels before and after applying a
freezing cycle (see Fig. 2) are instrumental in understanding
the impact of freezing on the structural characteristics of
these hydrogels. In the native hydrated state, both gelatin
and alginate hydrogels exhibited a homogenous fluorescent
signal without any discernible pores at the microscale. How-
ever, a freezing cycle led to the emergence of new structural
porous features in both systems. Moreover, it becomes evi-
dent from these results that pore size measurements in SEM
should not be used to infer properties of the native hydrated
gel, as the pores observed in SEM do not exist before
freezing.

This observation aligns with the expected behavior, as in
the native hydrated state, the porosity of hydrogels typically
manifests at the scale of their polymer networks’ mesh size,
which is in the range of nanometers, being far below the
resolution of confocal microscopy owing to the diffraction

FIG. 3. (A) SEM micrographs of freeze-dried hydrogels and (B) confocal microscopy images of rehydrated hydrogels
for gelatin (top) and alginate (bottom). All images are shown at equal scale. (C) Bar graphs show average minimal pore
diameters – standard deviation. SEM, scanning electron microscopy.
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barrier. SEM is characterized by such resolution in theory, but
it is not the case for hydrogels in practice. Indeed, the vacuum
cannot get as good as plenty of water remains in samples even
after drying, the sample is not conductive and needs to be
coated with a metal layer whose thickness (15 nm in our case)
is of the same order of magnitude as the mesh size (estimated
to be from 10 to 70 nm for GelMA in literature)17,18 Moreover,
any method that would remove the water from the hydrogel
will alter the structure anyway.

To obtain a comprehensive understanding of the structure
of native hydrated gels, one must study mesh size through
other indirect characterization methods that explore the gel’s
behavior in its native hydrated state. Mesh size can be esti-
mated using the rubber elasticity theory5,19 from compres-
sion, tensile tests, rheometry, and atomic force microscopy
indentation.15,20 Mesh size can also be estimated using the
equilibrium swelling theory.5,19 Additionally, mesh size can
be estimated by diffusion studies, such as fluorescence recov-
ery after photobleaching or diffusion cell setups, exploiting
the mesh transport theory.18,21,22 However, these mathemati-
cal models have their own shortcomings, while their inherent
assumptions exclude certain types of hydrogels.

Pore size measurements in freeze-dried porous scaffolds

SEM measurements can be relevant when freeze-drying is
used willingly to generate pores in the hydrogel. However,
measurements acquired through SEM might fail to provide
an accurate representation of the pores’ true characteristics

in the subsequent rehydrated state. Confocal microscopy
enables the direct visualization of the actual pore morphol-
ogy in the hydrated state. Many materials possess inherent
autofluorescence, allowing for their observation without any
use of dye or fluorescent labeling of the hydrogels, provided
that the hydrogel is not too opaque.

The discrepancy between freeze-dried and rehydrated
states (see Fig. 3) arises owing to a possible transformation
of the pores into different shapes upon rehydration. We dem-
onstrate that the magnitude of this phenomenon can vary
greatly depending on the nature of the hydrogel. In the case
of gelatin, the difference is such that it is not even clear from
our observations that the rehydrated hydrogel still has pores,
or if the structures that are observed are just cracks resulting
from the pore walls swelling, thereby completely collapsing
the pores. In these measurements, it is assumed that the
darker fluorescent pixels corresponded to void space. There
was no evidence of such a drastic transformation in the case
of alginate hydrogels, for which there is a good agreement
between the SEM image of the freeze-dried samples and the
confocal microscope image of the rehydrated sample (see
Fig. 3). It can, however, not be excluded that this phenom-
enon could potentially happen on a longer timescale or in a
different medium. Grenier et al. evidenced this phenomenon
as well with polysaccharide hydrogels.1 In any case, based
on these results, we would recommend to always evaluate
pore morphology upon rehydration for each hydrogel system
and to never rely solely on SEM for pore size measurements.

FIG. 4. (A) SEM micrographs showing cross-sections of gelatin (top) and alginate (bottom) hydrogels, frozen either in liquid
nitrogen (left) or in the freezer (right). All images are shown at equal scale. (B) Bar graphs show average minimal pore diame-
ters – standard deviation for gelatin (top) and alginate (bottom).
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Pore size dependence on the cooling rate

The experiment comparing the structure of freeze-dried
scaffolds, frozen using either liquid nitrogen or a regular
freezer set at -25�C, provides two extreme case scenarios to
illustrate the impact of the cooling rate on the pore size. The
cooling rate [K/s] determines pore size because the more
supercooled the water is, the more primary nucleation is
favored over the growth of the ice grains.1 Overall, the porous
fraction stays the same so this results in a greater number of
smaller pores.1,2 Thus, it is essential to report the applied
cooling rate. However, it is not always easy nor scientifically
warranted to measure the cooling rate directly or to control it
precisely. Nevertheless, at least the cooling method and the
thickness of the samples should be noted when generating
porous scaffolds by freeze-drying.4

Conclusions

Our study emphasizes the limitations of using SEM pore
size measurements as the sole basis for inferring properties of
native hydrated hydrogels. The observed pores in SEM images
are not intrinsic to the native gel matrix but are generated dur-
ing the freeze-drying process required for sample preparation
prior to SEM imaging under vacuum. Consequently, these
measurements lead to potentially misleading conclusions. To
characterize hydrogel structures in the native hydrated state,
efforts should be redirected toward mesh size theory. Despite
these limitations, SEM measurements can still be relevant,
especially when intentional pore generation through freeze-
drying is desired. However, the reported results emphasize the
significance of freezing conditions, specifically the cooling
rate, in dictating pore size. This observation underscores the
importance of reporting cooling rates and controlling freezing
conditions in research involving cryogenerated porous scaf-
folds. Additionally, caution should be taken when using SEM
dry pore measurements to predict diffusion and cell growth in
rehydrated hydrogel materials, as rehydration can significantly
alter their structural properties. In this context, confocal
microscopy emerges as a valuable tool, providing the direct
visualization of the actual pore morphology in the hydrated
state, which is impossible when exploiting SEM images. This
is easily applied to hydrogels featuring autofluorescence prop-
erties, and transmission images can be exploited as well when
this is not the case. As we bridge the gap between materials
science and biomedical science communities, our study con-
tributes toward a comprehensive understanding of hydrogel
behavior, providing recommendations for researchers seeking
accurate insights into hydrogel properties.
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