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1. Introduction

Engineered ECM microenvironments

An engineered platform to study the influence of
extracellular matrix nanotopography on cell
ultrastructurefy
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Nanoscale fabrication techniques have played an essential role in revealing the impact of extracellular
matrix (ECM) nanotopography on cellular behavior. However, the mechanisms by which nanotopographi-
cal cues from the ECM influence cellular function remain unclear. To approach these questions, we have
engineered a novel class of nanopatterned ECM constructs suitable for cryogenic electron tomography
(cryo-ET), the highest resolution modality for imaging frozen hydrated cells in 3D. We electrospun aligned
and randomly oriented ECM fibers directly onto transmission electron microscopy (TEM) supports to
generate fibrous scaffolds that mimic physiological ECM in healthy (organized ECM) and diseased (disor-
ganized ECM) states. We produced fibers from gelatin without toxic additives and cross-linked them to
maintain structural stability in aqueous environments. The electrospun fibers had an average fiber dia-
meter of hundreds of nanometers. We confirmed that the nanopatterned TEM supports can serve as
viable cell culture substrates that can influence cell organization and demonstrated their compatibility
with plunge freezing and cryo-ET. By enabling nanoscale structural analysis inside cells on substrates with
programmable topographies, this platform can be used to study the physical cues necessary for healthy
endothelial tissue formation and pathologies that are linked to endothelial dysfunction in diseases such as
peripheral arterial disease.

bril direction and results in an endothelial phenotype that is
resistant to inflammation and flow-induced shear stress.'?

have dramatically While micro- and nanostructured cell culture scaffolds

advanced our understanding of how micro- and nano-scale
features guide cell organization and modulate -cellular
function."™ Nanotopographical cues influence cell polarity,
adhesion,” migration,® proliferation,” and differentiation.®
Disruptions to ECM structure can negatively impact develop-
ment, tissue repair, and disease progression.” In endothelial
cells, which line all blood and lymphatic vessels, aligned nano-
fibrillar scaffolds have been shown to induce parallel align-
ment to mimic the elongated, atherosclerosis-resistant pheno-
type of cells within straight vessel segments.’®'" This nanofi-
bril alignment reorganizes the cytoskeleton along the nanofi-
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inform tissue engineering design choices, there remain gaps
in our fundamental understanding of the mechanisms by
which nanotopographical cues from the ECM modulate cell
behavior and organization.”*'* Cell-ECM adhesion sites inter-
face between the extracellular chemical and physical environ-
ment and intracellular cytoskeletal and signaling networks,
with mechanotransduction orchestrated primarily by mem-
brane receptors called integrins. Many cell adhesive and
mechanotransductive processes are determined at the nano-
scale, such as integrin clustering, integrin adhesion complex
maturation, and cytoskeletal remodeling. Recent findings have
highlighted how strongly nanotopography regulates mechano-
transductive processes and how important it is to improve our
understanding of these processes at the nanoscale,'>'® for
example in cancer progression.'” Combining high-resolution
electron microscopy, which surpasses the resolution of even
advanced light microscopy techniques, with engineered ECM
constructs could contribute to closing these knowledge gaps.
Cryo-ET is a rapidly developing cryogenic transmission elec-
tron microscopy (TEM) technique uniquely capable of visualiz-
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Fig. 1 Schematic depicts a platform for high resolution cryo-TEM imaging of cells grown on ECM with different topographical cues.

ing the interior of intact cells in 3D at the nano- and subnan-
ometer scale without the need for fixation, dehydration, or
staining.'®' This technique is revolutionizing our structural
understanding of the cell interior with major implications for
mechanobiology, for example in elucidating the architecture of
the cytoskeleton®” and cell-ECM contacts.>***

To culture adherent cells for cryo-ET, cells are typically
grown on electron microscopy (EM) grids, small metal mesh
disks, 3.05 mm in diameter, that are overlaid with a porous foil
of carbon, silicon dioxide, or gold. The foil typically features a
periodic array of 1-2 pm wide holes (e.g., Quantifoil), through
which the electron beam passes during imaging.>®> Adherent
mammalian cells cultured on EM grids can span several holes,
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enabling imaging of multiple intact regions of the cell in situ.
EM grids were originally developed for cryo-TEM of purified
proteins; thus, their synthetic porous thin film coating offers
none of the rich physical cues that are present in vivo. EM grids
can be coated with ECM proteins prior to cell seeding to
promote cell attachment. It can be challenging to achieve even
distributions of cells on EM grids as the cells often attach to the
grid bars, making them inaccessible to the electron beam for
imaging. In addition, clumping of cells can create thick regions
that do not vitrify properly during plunge freezing. We and
others have developed methods to micropattern EM grids with
two-dimensional islands of ECM proteins to direct cell shape
and distribution on EM grids for structural analysis with cryo-
ET.”°° In a previous study we applied EM grid micropatterning
to streamline preparation of endothelial cell-cell contacts for
cryo-ET.”” ECM micropatterning can recapitulate certain
mechanical aspects of the cell microenvironment (e.g., spatial
constraints from neighboring cells), but it cannot modulate
substrate nanotopography. In addition, because micropattern-
ing relies on photo-patterning, it is limited to a resolution of
approximately 1-1.5 pm.

Electrospinning is a versatile method for producing
polymer fibers by subjecting droplets of viscoelastic polymer
solution to high voltage electrostatic fields.>® It has been
applied to generate scaffolds for tissue
engineering.>**"** Electrospun fiber morphology depends on
the viscoelasticity of the solution, the charge density carried by
the jet, and the surface tension of the solution.*

Here we present a new class of nanofibrillar supports custo-
mized for imaging frozen hydrated cells with cryo-ET (see
Fig. 1). We generate nanofibers using electrospinning and
align them directly onto EM grids with a rotating collection
disk.>* Our ability to tune the degree of organization of the
gelatin nanofibers by varying the rotation speed of the disk
faciliates 3D high-resolution imaging of the interior of endo-
thelial cells cultured on thin films with different nanotopogra-
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phies. This platform can be utilized to study the nanoscale
underpinnings of cellular sensitivity to substrate nanotopogra-
phy as well as the downstream effects of disruptions to ECM
organization on cell ultrastructure.

2. Materials and methods

2.1. Electrospinning gelating on EM grids

We electrospun gelatin fibers on gold grids coated with a porous
gold thin film (UltrAuFoil R2/2, Quantifoil). EM grids are avail-
able in a range of conductive materials such as copper, but gold
is preferred for cell culture due to its low toxicity. Grids with
gold foil were used as they mitigate the movement of frozen
specimens during imaging relative to non-conductive foils such
as carbon.”® We cleaned the grids using atmospheric plasma
treatment using a benchtop plasma system (PE-50, Plasma Etch,
Inc.) for 30 seconds, assisted by a custom holder (see Fig. 2). To
secure the grids during plasma exposure and electrospinning,
we applied polydimethylsiloxane (PDMS) in a 1:10 ratio on top
of a scanning electron microscopy (SEM) stub and cured it at
room temperature for 24 hours to create an adhesive surface
onto which the grids were mounted.

A Syringe + gelatin solution —%

View Article Online
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We produced smooth fibers by electrospinning a 28%
gelatin solution made of 0.84 g of porcine skin-derived gelatin
(Sigma-Aldrich, Type A, Bloom Strength 170-190 g) dissolved
in 0.6 mL of acetic acid and 2.4 mL of DI water (8:2 v/v).***’
The solution was stirred for 30-60 minutes on a hot plate
maintained at approximately 39 °C. It is essential to keep the
solution warm to prevent gelation prior to electrospinning.
Because higher concentrations of gelatin reduce the formation
of beads in the fibers, we initially used a 30% gelatin solution
following literature precedent.’® However, in our electro-
spinning setup, the 30% solution was excessively viscous and
difficult to spin. Reducing the gelatin concentration to 28%
yielded a stable electrospinning process with a smooth fiber
morphology, free from “beads-on-string” type defects.*®

Electrospinning was performed using a rotating collector
made of an aluminum disc with a diameter of 20 cm. The
sharp edge of the disc serves to focus the electrical field and
direct the polymer jet onto the EM grid that is affixed to it (see
setup in Fig. 2).>* The tangential velocity of the disc was varied
to alter the degree of fiber alignment on the grids. Typically,
two stubs holding eight grids were used per experiment. A
1 mL syringe with a 21 g needle (0.337 mm inner diameter)
was employed for gelatin extrusion. The needle-to-grid dis-

Custom holder

Crosslinking — Rinsing — Storage
0-05'\f 3 X DIW rinse Desiccator
EDC 4°C & DIW 37°C

24H 24H

Fig. 2 Experimental setup for depositing gelatin fibers on EM grids. (A) The electrospinning setup. Gelatin is extruded through a syringe needle
under an electric field between the tip and the metal collector disk. The metal collector disk holds two SEM stubs coated with PDMS holding four
EM grids in place (closeup in inset) (B). For plasma coating prior to electrospinning, the grids on the stubs are held upright using a custom aluminum
holder. (C) EM grids coated with fibers are crosslinked, rinsed in water, and stored in a desiccator.
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tance was maintained at 7 cm. The potential difference
between the syringe tip and the wheel was maintained at 13 kV
with a flow rate set to 0.3 mL h™". For the collection of aligned
fibers, the tangential velocity of the disk was 11 m s™* for a
duration of 3.5 minutes; for randomly oriented fibers, it was
set to 2.2 m s~ for 2.5 minutes (see Fig. S1{). Experiments
were conducted at room temperature (23 + 1 °C) and relative
humidity of 67 + 4%. Following electrospinning, a heated
metal biopsy punch (approximately 4 mm in diameter) was
used to carefully excise the gelatin fibers around each grid,
facilitating grid removal without damaging the fibers.

2.2. Cross-linking

To prevent the gelatin fibers from dissolving in an aqueous
environment they must be crosslinked (see Fig. S2t). Prior to
electrospinning, a 0.05 M solution of N-(3-dimethyl-
aminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) was
prepared by dissolving 0.2 g of EDC in 16.7 mL of ethanol and
4.17 mL of deionized (DI) water (8:2 v/v). The solution was
then stored at 4 °C. After electrospinning, the grids were
immersed in the cold EDC 0.05 M solution and left overnight
at 4 °C in glass dishes sealed with Parafilm.** EDC cross-links
gelatin by reacting with the carboxyl groups of aspartic and
glutamic residues in the gelatin molecule, forming an
O-acylisourea intermediate. This intermediate undergoes
nucleophilic attack by lysine’s amine groups, forming an
amide bond between gelatin polymer chains. Ultimately, this
cross-linking reaction establishes a gelatin hydrogel network.
The EDC cross-linking method offers notable advantages,
including high conversion efficiency, mild reaction conditions,
and excellent preservation of gelatin’s biocompatibility.*® It is
critical that the EDC solution remain cold during the cross-
linking process.*®

To remove cross-linking residues, we created an array of
three DI water droplets (100-200 pL each) on a Parafilm sheet.
Grids were gently passed through the droplets before being
transferred to a glass Petri dish filled with DI water and incu-
bated at 37 °C for 24 hours for the final rinse step.*®

2.3. Characterization of gelatin fibers

We utilized high-resolution scanning electron microscopy
(HRSEM) to analyze gelatin fiber morphology and topographic
structure (Zeiss Ultra Plus HRSEM). First we deposited an
ultra-thin layer of conductive metal onto the specimens by
sputter-coating to prevent charging during imaging. We chose
iridium for sputter coating, due to its high secondary electron
yield and resistance to oxidation. The sputtered film thickness
ranges from 5 to 7 nm, sufficient for excellent conductivity
without significantly altering fiber topography.

We used Fiji software,”’ along with the Directionality
plugin, to analyze fiber orientation.*> This plugin finds the
preferred fiber orientation by analyzing the input image and
computing a directional histogram highlighting structures’
predominant orientation. The peaks indicate the preferred
direction. Fiber diameters were measured manually using Fiji
software.

14690 | Nanoscale, 2025, 17, 14687-14695
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Swelling of cross-linked, electrospun nanofibrous mats was
measured by immersing them in deionized water at room
temperature for 30 minutes and weighing them before and
after. The swelling ratio was calculated using the equation:
Swelling ratio (%) = (Ws — Wq)/Wq) x 100, where W4 and W; are
the weights of the mats in the dry and swollen states, respect-
ively.>® We also imaged cross-linked gelatin fibers electrospun
onto glass slides in a dry state, and after swelling in water at
room temperature for 30 minutes (Fig. S27).

2.4. Cell culture

Human umbilical vein endothelial cells (HUVECs, Sciencell
8000-SCL) were cultured in EGM-2 MV Microvascular
Endothelial Cell Growth Medium, supplemented with penicil-
lin, streptomycin, and various growth factors. Cells were grown
on dishes precoated with 0.2% gelatin and were maintained at
37 °C and 5% CO,. Experiments were carried out using cells
from passages 7 to 12.%>”

Before cell seeding, we prepared glass-bottom dishes with a
custom silicone sticker, creating wells that are 4 mm in dia-
meter to comfortably accommodate a 3 mm EM grid. We
placed the grids fiber-coated side up in 20-30 pL droplets of
cell culture medium in the wells. We then added 5 pL from a
cell suspension of approximately 1 million cells per mL, with
the aim of depositing approximately two cells per grid-square.
After the cells began to adhere to the fibers (up to several hours
from the time of cell seeding), 2 mL of warm media was added
to each dish and they were left in the incubator overnight at
37 °C and 5% CO,. In our hands, seeding the cells into a small
droplet of media contained in a well above the EM grid pro-
moted a more even distribution of cells on the grid compared
to filling the entire dish containing an EM grid with cells sus-
pended in medium. The silicone wells also served to prevent
the four EM grids per dish from sliding over each other during
transportation to the microscope and plunge-freezer.

2.5. Immunofluorescence

To fix the cells, we prepared a 4% paraformaldehyde (PFA)
solution in PBS from a 16% PFA stock. After aspirating the
culture media, the sample was rinsed with PBS to remove
residual media. Following washing, we incubated the sample
in 4% PFA at room temperature for 15 minutes, then rinsed it
three times with PBS. The samples were then stored at 4 °C, in
PBS, until immunostaining.

For immunostaining, cells were permeabilized using an
Antibody Dilution Buffer (ADB) containing 1% bovine serum
albumin (BSA) and 0.1% Triton X. Following a 1-hour blocking
step with ADB, anti-paxillin staining (Abcam, ab32084, used at
1:200) was applied for three hours. After rinsing, a secondary
staining solution containing anti-rabbit Alexa Fluor 488 conju-
gate antibody (Cell signaling 4412, used at 1:500), ActinRed
555 (Thermo-Fisher Scientific R37112, 2 drops were used in
500 pL of ADB), and Hoechst 33342 (1:1000) was applied for
overnight incubation at 4 °C, followed by further rinses with
PBS. For Fig. 4, cells were imaged on an Olympus IX83 inverted
microsope, using a 40x objective. Fig. S2-S101 were imaged on

This journal is © The Royal Society of Chemistry 2025
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a Nikon ECLIPSE Ti2-E spinning disk microscope using 20x
air and 60x oil immersion objectives.

2.6. Vitrification, cryo-ET, and tomogram reconstruction

We vitrified the grids in a Leica EM GP2 plunge freezer, using
a blotting time of 13 seconds. We dipped each grid in a
droplet of PBS prior to loading it into the tool. Following freez-
ing, we clipped the grids into autogrids and loaded them into
a Thermo-Fisher Scientific Glacios cryogenic transmission
electron microscope (cryo-TEM) with an X-FEG electron source
operated at 200 kV. Tilt series were acquired in counting mode
at a calibrated pixel size of 3.063 A (39 000x nominal magnifi-
cation) by a Falcon 4i direct detector coupled to a Selectris X
energy filter set to +5 eV around zero-loss peak. Fiducials-free,
dose-symmetric tilt series of 61 exposures from —60° to +60° at
3° intervals and a total dose of ~120 & A=* were collected with
Tomo (Thermo-Fisher Scientific) at a defocus range between
—2 pm and -9 pm. We reconstructed the tomograms using
patch tracking in IMOD software package, version 4.9.1.** We
segmented the tomogram volume and prepared the images in
Fig. 5C using Amira (FEI/Thermo Fisher Scientific) software.

3. Results and discussion

We successfully engineered nanopatterned ECM constructs
that are compatible with cryo-ET by electrospinning 28%
gelatin on gold EM grids (Fig. 3 and S1 and ESI Movies 1-57).
Plasma treating the EM grids prior to electrospinning was criti-
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cal for maintaining adhesion between the gelatin fibers and
the gold EM grid surface. Cross-linking of the gelatin fibers
was critical to preventing their dissolution in (aqueous) cell
culture medium (Fig. S2 and S3}). We measured an average
swelling ratio of 227% for spin-coated cross-linked gelatin
fiber mats in deionized water.

We observed a higher degree of fiber orientation when the
collection wheel was rotating at a faster rate (aligned con-
dition) versus the slower rate of rotation (random condition)
(Fig. 3A and B, respectively and Fig. S11). We measured an
average fiber diameter of 417.7 + 9.0 nm (SEM) for the aligned
condition and 479.6 + 10.3 nm (SEM) for the random con-
dition (Fig. 3C and ESI Table 1t). Furthermore, there was no
difference in mean, max, or min pore area between aligned
and random fibers, but porosity was higher in random fibers
(0.43) than in aligned fibers (0.34). In vivo, ECM is composed
of various proteins that can bundle into larger structures
ranging from 200 nm to several microns in diameter;***’ thus,
the gelatin fibers we produced are within the physiological
range. The slight disparity in diameter between the conditions
may be due to the fibers in the aligned condition undergoing
more elongation due to tensile stress as the rotating disk col-
lected the fibers at a higher tangential velocity for that con-
dition. EM grids with electrospun fibers had a shelf-life of at
least four months when stored in a desiccator (Fig. 3F).

The electrospun EM grids serve as viable cell culture plat-
forms. We observed multiple instances of cells dividing on EM
grids coated with electrospun gelatin fibers after 24 hours in
culture (Fig. S4-S10t). Our immunofluorescence results show
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Fig. 3 Fiber characterization. (A and B) Histograms of preferred fiber orientation for three separate experiments for aligned (A) and random (B) fiber
orientations. The black line represents a weighted average for the three experiments for each condition. (C) Violin plot depicts fiber diameter for
random (red) and aligned (blue) oriented fibers. The black line indicates the median. (D—F) HRSEM images of gelatin fibers electrospun from 28%
solution directly onto gold TEM grids. (D) Aligned fibers. (E) Randomly oriented fibers. (F) Aligned oriented fibers after 4 months of storage in a

desiccator.
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Immunofluorescence of endothelial cells grown on EM grids coated with aligned (A-C) and randomly (D—F) oriented gelatin fibers for

24 hours. RFP-expressing cells were stained for DNA and F-actin. The aligned (A) and randomly oriented (D) gelatin fibers are autofluorescent and
thus apparent in the 405 nm channel together with the nuclei. (B, E) F-actin, along with some background signal from the cytoplasm of the cells. (C,
F) composite images of F-actin (magenta), nuclei, and gelatin (cyan) show that the orientation of the nanofibers influences the cell morphology and

the orientation of F-actin-rich cell protrusions.

that the shape and orientation of endothelial cells grown on
the electrospun TEM grids are influenced by the fiber direction
(Fig. 4), consistent with previous reports of cells cultured on
engineered aligned nanofibrillar ECM constructs' "
grooves.*® Specifically, cells on the aligned fibers display an
elongated morphology and align with the fiber direction. In
contrast, on the randomly oriented fibers, the cells adopt a
rounder, star-shaped morphology and F-actin-rich protrusions
appear to follow the random orientation of the gelatin nano-
fibers. We did not perform proliferation or cell migration
studies in this work, but Bettinger et al. previously showed that
endothelial cells responded to 600 nm sized features in ridge-
groove gratings by aligning and elongating along the grating
axis, reducing proliferation, and increasing migration.*®

We demonstrate that our engineered ECM constructs are
compatible with vitrification by plunge freezing and cryo-ET
(see Fig. 5 and ESI Movies 1-67). Despite the added thickness
of the gelatin fibers, the grids were readily clipped into stan-
dard Autogrids for automatic handling within the cryo-TEM
where they were imaged. Our reconstructed tomograms show
nanoscale cellular features such as mitochondria, actin fila-
ments, microtubules, granules, ribosomes, and vesicles in 3D,
some of which are segmented in Fig. 5 (see ESI Movies 1-6F
for full tomograms). The parallel orientation of the micro-
tubules in Fig. 5G-I may have been guided by the aligned
gelatin fibers on which the cells were cultured.*”

Oor nano-

14692 | Nanoscale, 2025,17,14687-14695

In this study, we were limited to imaging thin (several 100s
of nanometers thick) regions of the cells suspended between
the gelatin fibers, especially given that we were using a 200 kV
(vs. 300 kV) cryo-TEM for imaging.*®*° Cryo-focused ion beam
milling (cryo-FIB) can be used in future studies to generate
thin lamellae from thicker regions of the frozen cells to facili-
tate their imaging with cryo-ET.>*>' Because the gelatin fibers
themselves are hundreds of nanometers thick, cryo-FIB will be
particularly targeting and studying the
nanoscale organization of focal adhesions, located at the
cell-ECM fiber interface with cryo-ET. Given their role in regu-
lating migration, morphogenesis, and sensitivity to mechani-

important for

cal forces, visualizing focal adhesions on engineered nanoto-
pographies could reveal key mechanisms of topography-driven
cell behavior, such as spatial biasing.® As it preserves the
cell membrane and associated structures, our platform can be
particularly suitable for studying recently discovered curved
adhesions, cell-ECM adhesions that selectively form on
curved membranes (e.g., at cell-ECM fiber interfaces) that are
molecularly and functionally distinct from focal adhesions
and clathrin-containing adhesions and are mediated by
integrin v5."

Previous methods for producing aligned collagen fibrillar
films, such as extrusion, are not readily adapted to cryo-TEM
because resulting ECM mats are on the order of hundreds of
micrometers thick. Electrospinning allows us to deposit a layer

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Cryo-ET of endothelial cells cultured on electrospun gelatin fibers. (A and B) Cryo-TEM images of gelatin fibers, with a close up in (B)
showing an F-actin-rich cellular region proximal to the gelatin (dark gray). (C) Tomographic slice showing vesicles and a microtubule (see ESI Movie
1} for full tomogram). (D—F) Tomographic slices overlaid with segmentation of select features in (F) showing a double-membranes organelle (mem-
branes in blue and violet), microtubules (green), and vesicles (yellow) (see ESI Movie 27 for full tomogram). (G-I) Tomographic slices overlaid with
segmentation of select features in (F) showing a double-membranes organelle (membranes in blue and violet) and microtubules (green) (see ESI
Movie 37 for full tomogram). (J—-L) Tomographic slices overlaid with segmentation of select features in (L) showing depicting mitochondria (blue),
granules or ribosomes (violet), and vesicles (yellow) (see ESI Movie 41 for full tomogram). Scale bars, 100 nm.
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of nanofibers on the EM grids that is sufficient to orient the
cells, but thin enough for vitrification by plunge freezing
(<10 pm).

This new class of cryo-ET cell culture supports can be used
to investigate the structural organization of the cell-ECM adhe-
sions that underlie the mechanosensitivity of endothelial cells
to ECM topography.

Studying nanoscale structures at the cell-ECM interface
may help resolve long-standing questions in tissue engineer-
ing, such as why specific fibril dimensions better promote cell
survival in engineered tissues. We anticipate that the fibers
will provide a valuable means for locating and identifying the
cell-ECM adhesions. This can ultimately improving our under-
standing of the mechanical cues required for the formation of
healthy tissue and of the pathologies that result from defects
in endothelial tissue organization associated with peripheral
arterial disease.

Finally, by mimicking the physical cues present in physio-
logical ECM, these EM grids create a more in vivo-like environ-
ment that can improve the translational relevance of cryo-ET
studies of mammalial cell ultrastructure and support the
growth of cell types that are challenging to culture (e.g., tissue-
derived primary cells or stem cells) on EM grids.

4. Conclusions

We have developed a new class of supports for cryo-ET that are
coated with thin films of aligned ECM fibers to provide cells
with programmed nanotopographical cues that mimic the
in vivo ECM topography. We controlled the degree of align-
ment between the fibers in the ECM thin films by varying the
electrospinning parameters, specifically the speed of the rotat-
ing collector wheel. This platform can be used in future cryo-
ET studies to probe how physical cues in the cell microenvi-
ronment influence junctional and cytoskeletal architecture.
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