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ABSTRACT: Porous hydrogels provide an excellent environ-
ment for cell growth and tissue regeneration, with high
permeability for oxygen, nutrients, and other water-soluble
metabolites through their high water-content matrix. The
ability to image three-dimensional (3D) cell growth is
crucial for understanding and studying various cellular
activities in 3D context, particularly for designing new tissue
engineering scaffold, but it is still challenging to study cell-
biomaterial interfaces with high resolution imaging. We
demonstrate using focused ion beam (FIB) milling, electron
imaging, and associated microanalysis techniques that novel
3D characterizations can be performed effectively on cells
growing inside 3D hydrogel scaffold. With FIB-tomography,
the porous microstructures were revealed at nanometer
resolution, and the cells grown inside. The results provide
a unique 3D measurement of hydrogel porosity, as com-
pared with those from porosimetry, and offer crucial
insights into material factors affecting cell proliferation at
specific regions within the scaffold. We also proved that high
throughput correlative imaging of cell growth is viable
through a silicon membrane based environment. The pro-
posed approaches, together with the protocols developed,
provide a unique platform for analysis of the microstruc-
tures of novel biomaterials, and for exploration of their
interactions with the cells as well.
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Introduction

Hydrogels are synthetic or natural polymer networks that
have emerged as promising candidates for three-dimensional
(3D) tissue engineering scaffolds with tissue-like stiffness
and biocompatibility (da Silva et al., 2010). The use of
macroporous hydrogels as scaffolds in tissue engineering is
advantageous in supporting cell proliferation, migration,
and tissue regeneration compared to non-porous hydrogels
(Ford et al., 2006; Hollister, 2005; Keskar et al., 2009). It is
increasingly recognized that pore size and density of cell
binding ligands and other physical parameters such as
topographyare vital design variables for substrates used in
tissue engineering and biochemical applications (Nehrer
et al., 1997; Wang et al., 2010). The ability to image cell
growth within the scaffold and how cell interact with the
scaffold is crucial to the understanding and validation of
hydrogel scaffold designs, but there are still several hurdles
to overcome. Microtomy or ultramicrotomy, the standard
method to prepare thin sections for transmission electron
microscopy (TEM), is well known for issues when cutting
materials of high heterogeneity. Due to the different physical
natures of the cells and the surrounding biomaterials, there
is a high risk of detachment of cells during microtome
cutting, which prevents routine TEM imaging at cell-
hydrogel interfaces (Edwards et al., 2009). Investigation
using scanning electron microscopy (SEM) is restricted to
the sample surface, as the detection depth is limited by the
interaction volume of the electrons and is typically only a
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few micrometers. In terms of porosity characterization,
confocal microscopy offers a straightforward solution for
imaging cells in hydrogel supported by fluorescence
staining. General characteristics such as porosity and cell
viability can be obtained, but the resolution is still restricted
without the capability to resolve subtle morphology such as
focal adhesions (FAs) at the interfaces. Other indirect
approaches for porosity measurement, such as mercury
intrusion porosimetry and the gas expansion method,
provide only the average measurements for the whole
sample without considering spatial variations. High resolu-
tion 3D investigation of cells in a matrix is still challenging
due to the lack of appropriate tools and protocols.

Recently, focused ion beam (FIB) technology and
associated microanalysis methods, which were developed
originally for applications in materials science, have
emerged in biomedical fields. Using these techniques, an
ultrafine beam of accelerated ions, typically gallium or
helium, can be directed to a region of interest on the target
surface, with the size of the focused beam reduced to only a
few nanometers (Giannuzzi and Stevie, 2005; Volkert and
Minor, 2007). The actual mechanism of interaction between
the accelerated particles and the target solid is complicated;
however, for steps used in this study, atomic collision
referred to as sputtering is the dominant phenomenon.
Nano/microscale volumes can be removed in a controlled
manner and numerous applications have been enabled, such
as nanopore fabrication for DNA analysis (Li et al., 2001).
For some biomaterials, such as bone, that present difficulties
for microtome sectioning, FIB has begun to serve as the
unique solution for preparing thin sections for TEM
investigations (Lucille et al., 2007). With advances in
automation and control, focused ion, and electron beams
can be applied alternately to remove a thin layer of sample
followed by electron image acquisition. This “sliceand
image” approach (FIB-tomography used in this manu-
script), also referred to as FIB/SEM tomography or ion
abrasion SEM (IA-SEM), allows 3D reconstruction of
intracellular and intercellular ultrastructures with the
captured serial SEM images. The thickness of each layer
can approach 10 nm, and the resolution of stained cells with
current SEMs is sufficient to reveal various organelles and
membranes. Recent applications of these techniques include
reconstructions of yeast cells (Heymann et al., 2006),
chromosomes (Schroeder-Reiter et al., 2009), diatoms
(Hildebrand et al., 2009), mammalian cells (Heymann
et al., 2009; Knott et al., 2008), and even HIV virological
synapses (Bennett et al., 2009; Felts et al., 2010).

The unique capabilities of FIB offer the promise of 3D
characterization of cells and their surrounding biomaterials.
Initial attempts have been presented (Bittermann et al.,
2009; Friedmann et al., 2011b; Martinez et al., 2008), in
which FIB milling was applied to expose the cell-material
interfaces, or intracellular nanoparticles (Friedmann et al.,
2011a; Greulich et al,, 2011). In this study, we perform the
first 3D investigation of cells grown in hydrogel scaffold
using FIB milling and associated microanalysis techniques.

The acquired information, particularly the 3D reconstruc-
tions that are difficult to obtain using other approaches,
provide a unique 3D measurement of the porous micro-
structures as well as details of the cell morphology.

Materials and Methods

Materials

Gelatin (Gtn) (M,, =80-140kDa, pI=5) and horseradish
peroxidase (HRP) (100 units/mg) were obtained from Wako
Pure Chemical Industries (Novachem Pty Ltd, Collingwood,
Australia).  3,4-Hydroxyphenylpropionic acid (HPA),
N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethyl-
aminopropyl)-carbodiimide hydrochloride (EDC.HCI),
carboxymethyl cellulose (CMC) (M, =90kDa), and
tyramine hydrochloride (Tyr)were purchased from
Sigma—Aldrich (Australia). Fetal bovine serum (FBS),
4’,6-diamidino-2-phenylindole (DAPI), and fluoresceina-
mine isomer I were provided by Invitrogen (Life techno-
logies Australia Pty Ltd, Mulgrave, Australia). N,N-
Dimethylformamide (DMF) and hydrogen peroxide
(H,0,) were acquired from Merck (Merck Pty Ltd,
Kilsyth, Australia).

Preparation of Scaffold Conjugates

Gtn—HPA conjugates were prepared as described in (Lee
etal., 2006) by a general carbodiimide/active ester-mediated
coupling reaction in distilled water. Briefly, HPA (3.32g)
was dissolved in 250 mL of a 3:2 (v/v) mixture of distilled
water and DMF. To this solution, NHS (3.20g) and
EDC.HCI (3.82 g) were added. The mixture was stirred at
room temperature for 5h at pH 4.7 and room temperature.
Then, 150 mL of a 6.25wt% aqueous solution of Gtn was
added and the mixture was stirred overnight at room
temperature and pH 4.7. The solution was transferred to
dialysis tubes with a molecular cut-off of 1,000 Da. The
products were dialyzed against 100 mM NacCl, 25% ethanol,
and MilliQ water in sequence for 2 days each. The purified
solution was lyophilized to obtain Gtn—HPA conjugates. To
synthesize fluorescently labeled Gtn—-HPA conjugates, the
carboxylic acid groups were activated before adding
fluoresceinamine isomer I (3.637 mg). CMC-Tyr conjugates
were prepared by adding CMC (5g) and Tyr (0.8648¢g) to
milliQ water (250 mL). To this solution, NHS (0.5732 g) and
EDC.HCI (0.9547 g) were added immediately. The products
were dialyzed and lyophilized in a similar manner as for
Gtn—-HPA.

Polymerization of the Gtn—~HPA/CMC-Tyr Hydrogel
Scaffold

Gtn—-HPA/CMC-Tyr hydrogel scaffold was prepared by
mixing 5% (w/v) Gtn-HPA and CMC-Tyr conjugate
solutions using a weight ratio of 80:20, respectively. The
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mixture was vortexed vigorously for a few minutes.
The resulting polymer was polymerized using enzymatic
oxidative coupling by adding HRP and diluted H,0, at
concentrations of7.7 unit/L and 49.8 uM, respectively. This
peroxidase mediated oxidative coupling process has been
employed to crosslink Gtn—HPA and other phenol-contain-
ing polymers (Jin et al., 2010; Lee et al., 2008), and is known
to yield biocompatible 3D hydrogels. This mixture was
injected into plastic well plates, which represented the host
in this study, and allowed to gel. Hydrogel with porous
structure can be obtained via polymerization induced phase
separation due to the difference in Gtn—-HPA and CMC-Tyr
hydrophobicity.

Cell Culture

African green monkey kidney cells (COS-7 cell line) were
cultivated in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) FBS, 100 pg/mL streptomy-
cin, and 100 pg/mL penicillin at 37°C in a gassed incubator
with 5% CO, before mixing with the scaffolds. All
incubations were performed under these culture conditions.
COS-7 cells at a density of 2 x 10° per T-flask were seeded
3 days before harvesting. When the cells were 80% confluent,
the medium was removed, the cells were washed with PBS
buffer, and trypsin was added to detach the cells for
collection. The harvested cells were rinsed with medium.

Preparation of Scaffold Samples for Laser Scanning
Confocal Microscopy

Porous hydrogel scaffolds polymerized from fluorescent
Gtn—HPA/CMC-Tyr were investigated by laser scanning
confocal microscopy (LSCM) imaging. A 0.1 mL aliquot of
scaffold sample solution was pipetted on to a microscope
slide after mixing with COS-7 cells and the solution was
polymerized by adding HRP and H,O,. The slides were left
at room temperature for 2 h for phase separation. A Nikon
A1Rsi LSCM with a 60x water immersion lens (numerical
aperture 1.00) was used to collect three images from random
locations within each sample. A median filter was applied to
each image to eliminate isolated erroneous pixels without
modifying edges, and the contrast was then optimized by
ignoring 3% of the brightest and darkest pixels and
spreading the intensity range of the remaining pixels
linearly to cover the maximum available value range. Cell
pellets inside hydrogel scaffolds that were subjected to
LSCM imaging were also observed using light microscopy by
preparing some non-fluorescencelabeled scaffold samples.

Focal Adhesion Staining

FA kit Merck Millipore (Merck Ltd, Kilsyth, Australia) was
used to stain the cell FA; cells were fixed with 4%
paraformaldehyde, then rehydrated in PBS, permeabilized
with 0.1% Triton X-100, and blocked with 1% BSA in PBS.
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After washing with PBS containing 0.05% Tween-20
(washing buffer), cells were incubated with primary
antibody (anti-Vinculin) diluted in blocking solution (1%
BSA in 1x PBS) for 1h at room temperature then washed
with washing buffer. Secondary antibodies (antimouse IgG
conjugated with alexa-fluor-488 or -568) were applied for
1h and TRITC conjugated phalloidin was incubated with
the secondary antibody for double labeling. Finally, DAPI
stain was performed following the last washing step to stain
the nuclei.

Preparation of SEM Samples

For environmental SEM (ESEM) imaging, hydrogel scaffold
samples maintained in a hydrated state with or without cells
were transferred directly to the instrument for imaging. For
other SEM investigations, hydrogel precursors were steril-
ized and mixed with COS-7 cell pellets before polymeriza-
tion using HRP and H,O,. Both the cell-seeded and cell-free
scaffolds, once gelled on microscope slides, were frozen
rapidly by plunging into liquid nitrogen (approximately
—196°C) and then freeze-dried for 2 days for vacuum-based
analysis. Additional aliquots for high resolution imaging
were stained with osmium tetroxide (OsQy,). Cells inside the
scaffolds were fixed with 2.5% glutaraldehyde in 100 mM
sodium cacodylate buffer, pH 7.4, for 4 h, and stored at 4°C
overnight. Cells were washed three times for 5min each in
100 mM sodium cacodylate buffer. The samples were then
treated for 1 h with 2% OsO, reduced with 1.5% potassium
ferrocyanide. After rinsing three times with deionized H,O
for 5min each time, the samples were stained for 2 h with
2% uranyl acetate in maleate buffer, pH 5.4. At the end of the
staining steps, the samples were rinsed three times with
deionized H,O for 5min each time.

ESEM, FIB-Tomography, and Microanalysis

Hydrated hydrogel scaffold samples were placed on
aluminum SEM stubs and transferred to a vacuum chamber.
ESEM, FIB/SEM, and microanalysis were performed using
Quanta DualBeam 3D (FEI company, Hillboro, OR) and
Helios 600 instrument (FEI company). Low vacuum mode
was first selected for the investigations, and sample images
were acquired at room temperature with pressure equilibri-
um achieved at approximately 50 Pa. For the other analyses
with high vacuum requirements, samples after freeze-drying
were first fractured using a razor blade to expose the interior
regions and then positioned on SEM stubs with double-
sided carbon tape. Sputter coating with gold to a thickness of
approximately 10 nm was performed to reduce charging
effects during beam irradiation. The samples were trans-
ferred and kept in high vacuum mode for all the imaging and
analysis. For elemental analysis based on EDS, aliquots were
prepared using the same freezing and drying procedures
without the staining procedures, and coating with Au or Pt
was not performed to avoid signal bias. EDS acquisition was



based on the Pegasus X-ray analysis system (EDAX) with a Si
drift detector.

Measurement of Pore Size and Scaffold Porosity

The pore size and porosity of hydrogel scaffold samples were
obtained from FIB-tomography and LSCM analysis, with
details presented in the Results. For comparison, measure-
ments were also carried out using mercury porosimetry with
an AutoPore II 9220 instrument (Micromeritics, Norcross,
VA) to determine pore size distributions, median pore
diameter, and porosity. A solid penetrometer volume
ranging from 6.7 to 7.3mL and samples weighing about
0.1 g were used. Mercury was filled from a filling pressure of
3.4kPa (0.5psi) and intruded to a maximum pressure of
414MPa (60,000 psi). The three-phase contact angle
between the liquid (mercury), vapor and the surface
(polymer) was 137 £1 (n=4) degree, and this was used
to calculate the pore diameter from the intrusion pressure.

Correlative Imaging with Light and Electron
Microscopy

To construct an artificial environment to mimic the porous
hydrogel membrane, thin layer of Gtn—-HPA/CMC-Tyr
hydrogel was coated on silicon nitride membrane windows
(Silson Ltd, Northampton, England) by spin coating
(Laurell Technologies Corporation, North Wales, PA,
model number WS-400). The thickness of the hydrogel
layer was controlled at approximately 1 um uniformly, to
allow large area cell growth for high throughput analysis.
The window was then placed in petri dish with culture
medium, and COS-7 cells were seeded until expected
confluence achieved. The thickness of the silicon nitride
membrane was 500nm, which allows routine light
microscopy and confocal imaging performed on the cells
attached to the membrane portion. Staining procedures for
confocal and SEM imaging, as presented in previous
sections, were also applied, and no detectable damage or
change was found on the membrane or the hydrogel layer.
For final SEM imaging, postfixation was carried out for
20 min in 1:1 osmium tetroxide 2% stock in 0.2 M sodium
cacodylate with 4 mM CaCl,. The device was then washed in
0.1 M sodium cacodylate in 2mM CaCl, in distilled water
for 10 min to remove excess osmium tetroxide, and air dried
followed by transferring to SEM.

Results

Imaging Results

Gtn—-HPA/CMC-Tyr hydrogel was selected as a model
porous scaffold for this nanocharacterization study, and the
characteristic of this hydrogel will be presented elsewhere.
Cell growth inside the Gtn-HPA/CMC-Tyr scaffolds was

Figure 1. Images of Gtn—-HPA/CMC-Tyr hydrogel scaffold using routine
approaches. a: ESEM image of the hydrogel surface in a hydrated state; (b) SEM
image of the sample in (a) after freeze-drying; (¢) LSCM image of hydrogel scaffold
with FITC labeling; (d) photomicrograph of cells in hydrogel scaffold; (e) SEM image of
cells in hydrogel scaffold; and (f) LSCM image of FITC-labeled hydrogel scaffold with
cells stained with DAPI.

first investigated by routine approaches including light
microscopy, conventional SEM, and confocal microscopy.
The results are presented in Figure 1a—c for hydrogel scaffold
samples without cells and in Figure 1d-f for hydrogel
scaffold samples with cells. Light microscopy and confocal
microscopy are two efficient approaches for initial
investigation of cell growth, including viability, but the
resolution is limited and only the rough shape of the cells
could be interpreted. After freeze-drying of the samples,
cell growth on the top surfaces could be located by SEM
(Fig. 1e) with fine details. However, the interaction volume
of the incident electrons gives a penetration depth in
the micrometer scale so that the structures underneath,
including interconnected microstructures and their contact
with the cells, could not be characterized.

Coupled with the capability of high precision material
removal by FIB, characterization can now be performed on
cells inside hydrogel scaffold structures. After imaging the
cell-seeded hydrated sample with ESEM, the chamber was
pumped down to high vacuum mode (~107>Pa). With
15min drying time, the vacuum-dried samples became
suitable for routine SEM. Some areas with exposed cells were
further investigated by EDS imaging to acquire the chemical
signals. The results are shown in Figure 2a containing the
major identified elements (Cl, Na, O, and P). The last image
of Figure 2a shows an overly of Cl, O, and P, and the high
concentration of cell rich O and P in contrast to the
scaffold’s Cl confirms the presence of cells inside the
hydrogels. In addition, stained and freeze-dried aliquots
were also imaged. A partially covered cell shown in
Figure 2b and surrounding microstructures were sectioned
by FIB milling to expose the interfaces (see Fig. 2¢), and a
high magnification SEM image (Fig. 2d) with pixel size of
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Figure 2. Imaging cells in hydrogel with ion and electron beams. a: SEM-EDS
image of exposed cells with EDS image of Na, and overlay of Cl (red), O (blue) and P
(green). SEM imaging of a cell grown partially in hydrogel scaffold (b) before, and (c)
after FIB milling. d: High magnification SEM image of the cell-hydrogel interface.

2 nm was acquired to reveal the details of the cell-hydrogel
interface.

3D Reconstruction of Cells in Hydrogel Scaffold

In addition to exposing the interfaces of cells grown in
hydrogel scaffold as shown in Figure 2d, we further
demonstrate the capability of FIB-tomography in capturing
cell growth inside hydrogel scaffolds in true three
dimensions. The regions of interest were first identified
by low magnification SEM, and a platinum-based conduc-
tive layer of thickness 500 nm was deposited by a chemical
vapor deposition (CVD) process on the top surface to
minimize charging and channeling effects during ion beam
milling. FIB and SEM were applied alternately to acquire the
serial sectioned images: the automatic control was based on
the “Slice-and-View” software package from the manufac-
turer (FEI company). Two 3D stacks were obtained at
different magnifications, and the detailed process param-
eters are presented in Table I. In the first 3D stack showing
cells in hydrogel scaffold, cell growth was captured with the
surrounding hydrogel scaffold microstructures, and char-
acteristics such as porosity were determined subsequently.
The second stack which focused on cell-hydrogel interfaces
was performed at high magnification with a pixel size of

2.5 nm to visualize the 3D interfaces; the slice thickness was
also controlled precisely at 20 nm.

The beam current of a 30kV Ga ion beam was set to
1-2 nA and, for SEM imaging, electron signals were acquired
using a secondary electron (SE) detector or a mixed mode of
SE and backscattering electron (BSE) signals. Imaging
distortion due to the stage tilting to 52° was corrected by
the “tilt correction” function provided in manufacturer’s
software. Upon completion of the data acquisition,
misalignment due to stage drift or charging was corrected
by cross correlation techniques and extra regions not
exposed to FIB milling were cropped before reconstruction.
The surface reconstruction was achieved with Amira
software package (Visage Imaging, Richmond, Australia)
installed in a high performance computing facility with
interested regions segmented.

The results of the first 3D stack for tomography of cells in
hydrogel scaffold are presented in Figure 3a, and a movie of
the serial images is presented in Supplementary Material 1.
The field of view was set to approximately 100 pm to
visualize a wide range of hydrogel microstructures. No
significant “curtaining” effects could be observed through-
out the image stack, as a result of stage stability and the
protective platinum coating on top of the sample. Two cells
growing inside the hydrogel scaffold were captured as
indicated by the arrows in Figure 3a. After identifying the
hydrogel structures with the segmentation tools in Amira,
the final surface of the imaged scaffold was computed by the
built-in surface generation function in Amira. Due to the
complexity of porous structures, the result contained a
large number of triangles (approximately 10,000,000)
to provide a detailed model which was presented in
Figure 3b. One advantage of FIB-tomography is the ability to
obtain information such as porosity for microstructures.
Pore size measurements were performed on the hydrogel
scaffolds based on the results from FIB-tomography and
LSCM with Image] software (National Institutes of Health).
Random areas were selected from the original images to
minimize the bias from local regions. The average diameters
of the identified pores were measured for multiple times
across the image or the image stack. The porosity was
estimated after thresholding to include the pores only,
and the percentage of blank pixel was considered as the
porosity. The calculated results, together with measure-
ments obtained using mercury porosimetry, are presented in
Figure 4a and b.

The results for mean pore size revealed by FIB-
tomography, LSCM, and mercury porosimetry confirmed

Table I. Parameters of the data acquisition processes for 3D visualization of cells in hydrogel.
Volume Slice
Number of dimensions thickness Pixel size Electron beam Beam dwell
3D stack images acquired (pm) (nm) (nm) voltage (kV) time (ms)
Tomography of cells 137 84 x 70 x 17 125 50 10 30

in hydrogel scaffold
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Figure 3. Representative image shows FIB/SEM 3D tomography of cells in
hydrogel scaffold. a: A single slice from the 3D image stack showing two cells
(indicated by arrows) and the surrounding hydrogel structures sectioned by FIB.
b: Surface reconstruction of the volume (84 x 70 x 17 um® from 137 images) containing
10 million triangles based on FIB/SEM tomography showing the hydrogel scaffold
microstructures. c: A single image in the FIB/SEM tomography image stack showing a
cell with the surrounding hydrogel sectioned by FIB milling, and (d) the corresponding
3D reconstruction (total 137 images) showing the cell (red) grown in the single
hydrogel pore (yellow).

the presence of macroporous structures in the Gtn—HPA/
CMC-Tyr samples. Based on all three methods, the pore size
measured was in the range of 10-50 wm. The mean pore
sizes based on FIB-tomography and LSCM were found to be
21 and 19 pm, respectively, reflecting the consistency of
pore size measurement using these two direct imaging
approaches. In FIB-tomography, the hydrogel sample may
have reduced membrane thickness for each pore with
architecture remained, and thus slightly larger pore size was
reported compared to LSCM measurement performed in
fully hydrated state. However, the mean pore size obtained
by mercury porosimetry was significantly larger compared
to those by FIB-tomography and LSCM, with P <0.01
obtained from two sample z-test. High porosity values larger
than 50% were obtained based on all the three approaches,
and significant difference of measures was found (P < 0.01)
in each pair of the three approaches, with maximum from
mercury porosimetry and minimum from LSCM.

The results show that pore measurements by FIB-
tomography and LSCM are comparable, and can be used
jointly to determine the hydrogel scaffold properties. The
porosity measured by LSCM can be lower compared to FIB-
tomography, implying the water contents in the samples
prepared for LSCM may prevent some of the pores to be
observed. Measurements of pore size and porosity by
mercury porosimetry can result in significantly larger values
compared to those based on FIB-tomography and LSCM.

The discrepancy may be due to the fact that FIB-tomography
and LSCM methods provide local measurements, whereas
mercury porosimetry measures a large portion or the whole
sample. Therefore, it should be suggested that if localized
information is preferred in future studies, microscope-based
methods are obviously advantageous. And mercury por-
osimetry will provide the overall characteristics of the target
sample. Difference in porosity can be expected which is
dependent on the measurement method and other factors
such as sample homogeneity.

The membrane-type hydrogel structures were evident in
the acquired images, and in addition, the reconstructed 3D
model can provide a unique way to locally explore the
interconnectivity or the surface area of the hydrogel
structures. With FIB-tomography, two cells grown in the
hydrogel scaffold were captured in 3D as indicated by the
arrows in Figure 3a, and the pores with the residing cells can
be compared directly with the other surrounding pores.
Reconstruction of one target cell with surrounding hydrogel
membrane is presented in Figure 3c and d. For the specific
two pores, measurements of the pore size were performed by
Image] on both the short and long axes of the ellipsoidal
shape pores, and multiple readings were taken through the
3D stack. The average size for the pores with cells inside is
18 um, consistent with the average pore size 21 + 8.9 pm
obtained from all the images acquired.

We further built a prototype platform for correlative
imaging with both light and electron microscopy based
on silicon nitride membrane of submicron thickness as
illustrated in Figure 5a. The hydrogel material to investigate
can be spin coated onto the silicon nitride membrane with
controlled thickness to be light transparent. Light micros-
copy and confocal imaging can then be performed to
study the cells growth on this artificial environment in a
potentially high throughput setup. With FA and DAPI
staining, the results of confocal imaging were presented in
Figure 5b, showing the monolayer of cells growing on the
hydrogel layer with distinct distribution of the FAs. After
postfixation and dehydration, SEM imaging was also
performed on the same sample as shown in Figure 5c,
revealing that the growing cells were in close contact or even
partially inside the hydrogel.

Discussion

Characterization of cells inside a 3D matrix, particularly at
high magnification, is an essential but challenging task. FIB
is by far the most promising method with the capability to
investigate target volumes with dimensions of tens of
micrometers. With spot size approaching single digit
nanometer values and sufficient rates of material removal,
FIB allows physical separation of any target material with
nanometer precision. Coupled with numerous analytical
tools, FIB-tomography is becoming the ideal tool for
probing cells and surrounding microstructures to obtain
structural and compositional information. In this study, we
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Figure 4, Comparison of the results from FIB/SEM, LSCM and Mercury porosimetry in terms of measuring (a) pore size and (b) porosity of the Gtn—-HPA/CMC-Tyr samples. ¢:
Summary of the sample preparation processes for investigating cells in hydrogel scaffold.

first demonstrated that FIB and associated tools can
effectively enable analyses of 3D cell-materials interfaces,
which are crucial for novel biomaterial design but cannot be
acquired easily by other methods. With the protocols
developed, the water content of the injectable hydrogels was
slowly released in freeze-drying cycles so that the micro-
structures could be properly preserved without significant
morphological change. Embedding or chemical fixation is
not necessary in this approach, and high resolution
compositional mapping becomes feasible. With the ever-
increasing application of hydrogel scaffolds and other
porous biomaterials, the acquired structural and chemical
information for both cells and materials has additional
implications for material design relevant to cell growth.
More importantly, cells grown inside hydrogel scaffolds
can be simultaneously imaged and analyzed. This unique
correlated information is invaluable not only for materials
design but also for understanding processes of cell
proliferation, migration, and differentiation inside matrices.
The staining protocols used here were derived from those
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used extensively in TEM, with revisions to accommodate
the imaging mechanisms which are dominated by BSEs
(Heymann et al, 2009; Leser et al., 2009). Protein
localization is also viable with routine antibody conjugated
nanoprobes or correlative imaging (Murphy et al., 2011).
Although Pt coating is only performed on top of the target
hydrogel sample, curtaining effect was not observed on the
hydrogel structures, although some are noticeable on the
sectioned surfaces of the cells inside. It is likely for FIB
milling of thin membranes, the removal process is highly
efficient, and thus the structural inhomogeneity is negligible.

With the results from both confocal and SEM imaging
presented in Figure 5, it can be concluded that at this time
point, the FAs are anchored on or inside the hydrogel layer.
Herein we demonstrate the same sample, with proper device
and fixations, can be correlated with both light and electron
microscopy. The proteins involved in cell mobility can be
then directly mapped to the surrounding materials. As the
thickness of the hydrogel layer is tunable in the coating
process, the proposed approach will be flexible to host a
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Figure 5. Proposed silicon membrane based platform for correlative imaging of cell growth with novel biomaterials (a) the schematic diagram of the device with spin coated
hydrogel layer, and the cells can be seeded on top. b: With focal adhesion and DAPI staining, confocal imaging reveals the FAs and nuclei of the monolayer COS-7 cells grown on
the hydrogel layer, and (¢) SEM imaging of the same sample showing the cells partially immersed in the hydrogel layer with morphology preserved.

wide range of novel materials for correlative cell growth
investigation.

It should be noted that investigations enabled by FIB
typically target a volume which is less than 100 wm below the
sample surface, and interaction volume of SEM is in the scale
of a few micrometers. Additional fracturing such as cutting
by razor blade is necessary to expose large interior regions,
followed by cleaning by FIB cross-sectioning. Although
preliminary results have been shown in this study, imaging
complete cellular ultrastructures during growth in hydrogel
scaffold is dependent on multiple factors: (i) specification of
the optics, (ii) additional staining necessary to induce
sufficient contrast between various organelles and mem-
brane structures, and (iii) effectiveness of immobilization.
For the first two factors, current low voltage SEM images,
supported by both secondary and BSEs, are soon to match
TEM images in terms of beam spot size and contrast. Some
discussions on staining protocols have already been
conducted for increasing contrast, particularly for BSEs
(Heymann et al., 2009; Leser et al., 2009). The third factor,
effective immobilization of hydrated samples without
structural damage, is expected to be a major hurdle, as
both the cells and hydrogel are water-rich but varied in
concentration levels. Freezing is well known for inducing ice
crystal damage to cellular structures or morphology if the
freezing rate is not sufficiently high, and some damages can
be recognized in Figure 2d. One possible solution is high
pressure freezing (HPF) which provides close to native state
of cryo sample fixation. Cryogenic FIB (Cryo-FIB) and SEM
(Cryo-SEM) (Fu et al., 2008a; Marko et al., 2007; Mcgeoch,

2007) may be the ultimate approach to study cells in
matrices, considering the advantages of close-to-native
status and the ultrahigh speed of material removal (Fu et al,,
2008b; Marko et al., 2007). Continuous development is still
on-going (Hayles et al., 2007, 2010; Rigort et al., 2010) and
characterization of cells in hydrogel scaffold conducted in a
cryogenic environment, together with correlative imaging,
will be a subject of future study.
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