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Abstract: Organ-on-a-chip technology is a 3D cell culture breakthrough of the last decade. This
rapidly developing field of bioengineering intertwined with microfluidics provides new insights into
disease development and preclinical drug screening. So far, optical and fluorescence microscopy are
the most widely used methods to monitor and extract information from these models. Meanwhile
transmission electron microscopy (TEM), despite its wide use for the characterization of nanomateri-
als and biological samples, remains unexplored in this area. In our work we propose a TEM sample
preparation method, that allows to process a microfluidic chip without its prior deconstruction, into
TEM-compatible specimens. We demonstrated preparation of tumor blood vessel-on-a-chip model
and consecutive steps to preserve the endothelial cells lining microfluidic channel, for the chip’s
further transformation into ultrathin sections. This approach allowed us to obtain cross-sections of
the microchannel with cells cultured inside, and to observe cell adaptation to the channel geometry,
as well as the characteristic for endothelial cells tight junctions. The proposed sample preparation
method facilitates the electron microscopy ultrastructural characterization of biological samples
cultured in organ-on-a-chip device.

Keywords: transmission electron microscopy (TEM); organ-on-a-chip; endothelial wall; microfluidics

1. Introduction

In the last 20 years we have witnessed an expansion of 3D cell culture models in the
form of organ-on-a-chip (OoC) platforms that have revolutionized in vitro studies [1,2].
OoCs are an alternative tool in preclinical research to address the challenges in the devel-
opment of new medicines, arising as a response to limited availability of human models,
especially in the area of disease target identification, drug efficacy and toxicity studies [3,4].

OoCs are devices with one or more biocompatible microfluidic chambers, allowing
the growth and maintenance of 3D cell culture under sterile and controlled conditions.
A microfluidic channel can be perfused with media to exert shear stress or to supply
nutrients, drugs, nanoparticles, immune cells, bacteria or viruses to the cell culture. The
chip design permits other manipulations, like mechanical or electrical stimulation as well
as modifications of cell microenvironment [4–8]. The flexibility in design and operations
makes microfluidic chips suitable to mimic broad range of physiological conditions in
healthy organs or to induce disease pathology at a tissue level [9–12]. The OoC technology
has a major impact in cancer research (cancer-on-a-chip), where different elements of the
tumor microenvironment can be recreated and used for drug screening or for revealing the
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development of the disease [3,4,13]. An important focus is placed on cancer vasculature,
where its abnormal growth and morphology leads to enhanced permeability, that currently
is the fundamental phenomenon used in design of drug nanocarriers to ensure their
extravasation [14–17].

The field of biology research rapidly adapted the OoC microfabrication technique
based on photolithography and soft lithography procedures, involving the use of poly-
dimethylsiloxane (PDMS). PDMS is the bioengineering gold standard for the fabrication
of microfluidic chips, offering tens of nanometers in microstructure resolution. It is bio-
compatible, permeable to gasses, optically transparent, flexible, and relatively easy and
cost-efficient in fabrication. PDMS allows for rapid prototyping, adjustable body thickness,
incorporation of special elements such as built-in electrodes, and microchannel surface can
be modified from hydrophobic to hydrophilic, what makes it a very appealing material for
the OoC technology [18,19].

The field of organ-on-a-chip is still quite young, therefore, new cell analysis and envi-
ronment monitoring methods are constantly developing. A majority of OoCs are reliant
upon fluorescence microscopy as a method for information retrieval [20–22]. Fluorescence
microscopy is an accessible method that offers dynamic and real-time monitoring of the
“live” environment with the use of labelling molecules, however it cannot reveal all the
interesting details. The imaging can be performed to a depth ranging from tens to a few
hundred micrometers, depending on the optical properties and the sample’s nature, how-
ever the achievable resolution decreases significantly with the image depth. Furthermore,
labelling molecules are specific for individual cell or matrix components, which limits the
amount of 3D geometry information that can be retrieved from an image [23–25].

There are several alternative methods, complementary to microscopy, to support
the real-time monitoring of the OoC environment. Often, they require an integration of
new elements such as electrodes into the chip design [26–29]. One of the methods, well-
established in 2D cell culture, is transepithelial electrical resistance (TEER). TEER is used to
measure the integrity of the epithelial barrier, and has been applied to gut- and lung-on-
a-chip models, to reveal the viability of the systems, as well as barrier disruptions [5,30].
Methods integrating new elements into chips are heavily dependent on the chip design
and fabrication, as the distance or localization of the sensing parts impacts the readout and
makes the comparison among individual research groups difficult [31].

The transmission electron microscopy (TEM) technique is widely used in the character-
ization of nanomaterials and biological specimens thanks to its high resolution [32–34]. It
provides not only ultrastructural cell characterization, but also detailed spatial information
about the studied microenvironment [35,36]. Nevertheless, it remains largely unexplored
in the field of OoCs, for two main reasons: there are no readily-available methods and the
sample preparation is invasive and requires multiple steps.

In this work we present the preparation of a PDMS-based 3D cell culture chip, suitable
for post-processing and imaging with transmission electron microscopy. We prepared
a model of tumor blood vessel-on-a-chip inspired by the abnormal vasculature geome-
try [37] and performed necessary steps to obtain ultrathin samples, compatible with TEM
technique. We imaged cross sections of human umbilical vein endothelial cells (HUVECs)
adhering and adapting to the geometry of the chip channel. Electron microscopy provided
very high resolution and allowed us to observe particular elements of the cells, including
endothelium-specific tight junctions [37–39].

2. Materials and Methods
2.1. Fabrication of the Serpentine Chip
2.1.1. Photolithography

The chip layout, comprising a serpentine 200 µm wide microchannel (Figure S1) and
fabricated in an acetate photomask using CAD/Art Services (outputcity.com (accessed on
10 September 2021)) was designed in AutoCAD software (Autodesk, San Rafael, CA, USA).
The mask was used to prepare a master mold in the lithography process. Briefly a glass sub-
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strate (microscope glass slide 25 × 75 mm, Corning, (Glendale, AZ, USA) was washed with
purified water and soap, flushed with EtOH, dried on a hotplate, and treated with oxygen
plasma (Expanded Plasma Cleaner PDC-002, Harrick Scientific Corporation, Pleasantville,
NY, USA). A negative SU-8 2050 photoresist (MicroChem, Round Rock, TX, USA) was
deposited on the glass slide surface using 2-step spin coating (WS-650MZ-23NPP/LITE,
Laurell Technologies Corporation, North Wales, PA, USA) to obtain a 50 µm-thick layer
(following the instructions attached to the SU-8 photoresist): 10 s at 500 rpm acceleration
of 500 rpm/s and 30 s at 3000 rpm and acceleration 1500 rpm/s. The deposition was
followed by a 2-step soft bake (2 min at 65 ◦C, 7 min at 95 ◦C). To perform the photore-
sist polymerization the mask was placed on the top of the deposited layer, introduced
into the UV-photolithography mask aligner (MJB4, SUSS Microtec, Garching, Germany)
and exposed to 17.2 mW/cm2 UV-light for 9.3 s. After UV irradiation the sample was
post-baked for 2 min at 65 ◦C and 7 min at 95 ◦C. The unpolymerized photoresist was
washed away with SU-8 developer (MicroChem) and the master mold dried and silanized
with trichlorosilane (Sigma-Aldrich, Saint Louis, MO, USA). The appearance of microstruc-
tures was examined using interferometer (Wyko NT1100, Veeco Instruments, Plainview,
NY, USA).

2.1.2. Soft Lithography

PDMS replicas were prepared by soft lithography molding. Elastomer and curing
agent (Sylgard 184, Dow CorningMidland, MI, USA) were weighed intp a plastic cup (in
a ratio of 10:1, wt:wt) thoroughly mixed, degassed and poured over the master mold placed
in a Petri dish. The dish with PDMS was left on flat surface for 24 h at RT and then placed
into an oven at 60 ◦C for 3 h. Cured PDMS replica was peeled off, cut out and 1.0 mm holes
punched out in the inlets/outlet of the serpentine. The PDMS replica was bound to thin
layer of PDMS (100 µm) to enclose the microchannel with prior surface plasma activation
for 30 s. Finally, the sample was put in the oven to promote bonding between the layers.

Thin layer of PDMS was prepared by single step spin-coating of the elastomer and
curing agent mixture (10:1, wt:wt) on a 140 mm Petri dish. The process was set to 60 s at
2000 rpms with the acceleration of 500 rpm/s. The obtained thin PDMS layer was cured in
an oven during 3 h at 60 ◦C. In our protocol, we decided to apply thin PDMS layer as the
chip bottom (instead of typically used coverslip glass) to be able to process the entire chip
without its prior deconstruction as well as to avoid separation of the layers, that can occur
if a glass bottom is used.

2.2. Preparation of Tumor Blood Vessel-on-a-Chip

We prepared serpentine tumor blood vessel model using the PDMS chip described
above. The chip was oxygen plasma-activated for 30 s, and a 50 µg/mL fibronectin (FN)
(F1141-114G Fibronectin from bovine plasma, Sigma-Aldrich) injected into the microchan-
nel and incubated for 2 h at 37 ◦C (Figure 1a). This step was performed to promote cell
adhesion to the microfluidic channel. Next, the FN was washed away using 1× PBS (Gibco,
Waltham, MA, USA). In the meantime, human umbilical vein endothelial cells (Promocell,
Heidelberg, Germany) were prepared for culturing in the microchannel. They were cul-
tured in 75 cm2 flasks at 37 ◦C and 5% CO2, using EndoGRO Basal Medium (Millipore,
Burlington, MA, USA) supplemented with SCME001 kit (EndoGRO-LS Supplement 0.2%,
rh EGF 5 ng/mL, Ascorbic Acid 50 µg/mL, L-glutamine 10 mM, hydrocortisone hemisuc-
cinate 1 µg/mL, heparin sulfate 0.75 U/mL, FBS 2%) and penicillin/streptomycin 1%
(Biowest, Riverside, MO, USA). Cells were harvested using trypsin-EDTA (0.25%, Gibco) at
70–80% confluency, centrifugated and seeded into the microfluidic channel at the density
of 2.5 M cells/mL, as schematically shown in Figure 1b. The 3D culture chip was flipped
upside down to allow cell adhesion to the upper plane during 2 h at 37 ◦C and 5% CO2.
Second batch of HUVECs cultured in a separate flask was harvested and introduced to
the microchannel at the same concentration as previously. The cells were then incubated
for at least 2 h at 37 ◦C and 5% CO2 in the upright position to allow their attachment
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to the bottom plane. Next, the chip was perfused with EndoGRO HUVEC medium at a
physiological flow rate of 0.5 µL/min, using syringe pump (Nexus Fusion 200, Chemyx,
Stafford, TX, USA) during ~72 h in withdrawal mode as shown in Figure 1c, until HUVECs
reached confluency. We used the withdrawal mode as it helped to minimize the generation
of bubbles during the perfusion.
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Figure 1. Scheme of cell seeding into the tumor blood vessel-on-a-chip model. (a) Fibronectin coating
of the microchannel, (b) Introduction of cells into the microchannel repeated twice for top and bottom
plane adhesion, (c) Setup for cell culture perfusion, with the syringe pump driven withdrawal of the
medium (d) scheme of the microchannel cross section (left panel) and top view (right panel) before
seeding and after reaching confluent cell monolayer after the culture medium perfusion.

Figure 1d summarizes cross section/top view of one channel during all the described
process steps.

2.3. Fluorescence Microscopy
2.3.1. Perfusion Setup

Images demonstrating HUVECs before and after 20 h of cell culture medium perfusion
were acquired using an Eclipse Ti2 epifluorescence microscope (Nikon, Tokyo, Japan)
equipped with a CoolLED system and an on-stage incubator (OKOlab, Pozzuoli, Italy) to
maintain the temperature of 37 ◦C and atmosphere of 5% CO2. The perfusion of cell culture
medium (at a physiological flow rate of 0.5 µL/min) was performed by connecting the chip
to a syringe pump (Chemyx Nexus Fusion 200) using 1.0/0.5 mm OD/ID PTFE tubing
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(Sigma Aldrich) and setting the withdrawal mode. The other end of the microchannel was
connected to a 1.5 mL tube (Eppendorf, Hamburg, Germany) with the same type of tubing.

2.3.2. Fluorescent Labelling

Cells in the microfluidic channel were perfused with 1× PBS (Gibco) and fixed with
4% paraformaldehyde (PFA, Sigma Aldrich) solution in 1× PBS. After 10 min the fixative
was washed away with perfusion of 1x PBS, cells were permeabilized during 10 min with
0.1% solution of Triton X-100 (Sigma Aldrich) in 1× PBS and exposed for 1 h to 3% bovine
serum albumin (BSA, Sigma Aldrich) blocking solution in 1× PBS. In the next step the
cells were perfused and incubated with 1× Phalloidin-iFluor594 (Abcam, Cambridge, UK)
1000× stock solution in 1% BSA for 30 min at RT to stain actin filaments. Cellular nuclei
were stained after additional washing of the cells with 1× PBS, using Hoechst 33258 (Sigma
Aldrich) stain at concentration of 5 µg/mL. After 10 min. of incubation the cells were
again washed with 1× PBS and imaged at RT using an LSM 800 confocal microscope
(Zeiss, Oberkochen, Germany) at 405 nm and 561 nm laser excitation wavelength for nuclei
and actin imaging, respectively. To plot the cell polarization under the flow conditions, a
transmission image of a channel fragment was selected, and the same area analyzed before
and after the 20 h of medium perfusion. The images were analyzed using OrientationJ
plugin of ImageJ (NIH, New York, NY, USA) to determine the cell orientation distribution.

2.4. Transmission Electron Microscopy and Sample Prepration

After reaching the cell confluency the chip was perfused with fixative solution con-
taining 4% paraformaldehyde (PFA, Sigma Aldrich) and 0.1% glutaraldehyde (GA, Sigma
Aldrich) in 1× PBS during 10 min and stored in solution of 2% PFA and 0.1 M PB until
further processing. Next, the following steps schematically represented in Figure 2a were
performed at 4 ◦C and with agitation: 4 washes with 0.15 M glycine (Sigma Aldrich) in
0.1 PB, 10 min. each to deactivate GA aldehyde groups. The second series of washes were
done with glycerol (Sigma Aldrich), starting with 10% glycerol solution in 0.1 M PB, for
30 min, increasing the concentration to 20% (30 min) and to 30% (30 min) and again at 30%
overnight. After the cryoprotection procedure, the sample was plunged rapidly into liquid
propane cooled by liquid nitrogen and further processed for freeze substitution, using Leica
AFS (Leica Microsystems, Vienna, Austria) as illustrated in Figure 2b. Frozen samples were
transferred to a container with 0.5% uranyl acetate (EMS, Hatfield, MA, USA) in ethanol
and were freeze substituted at −90 ◦C for 80 h. Samples were warmed up to −50 ◦C at
5 ◦C/h slope and kept at −50◦C. They were rinsed with ethanol and infiltrated in Lowicryl
HM20 resin (EMS) at −50 ◦C. Samples were polymerized under UV light: at −50 ◦C for
24 h, during the warming up at 5 ◦C/h slope till 22 ◦C and at 22 ◦C for 48 h. Figure 2c
and Figure S2 schematically represents the next steps, where the region of interest (ROI)
was manually trimmed by cutting away larger blocks with a hand saw and defining small
serpentine blocks with razor blade. The prepared ROIs were re-embedded in HM20 and
polymerized under UV light: at the same conditions as above. Finally, semithin sections of
500 nm in thickness were obtained using a Leica UC6 ultramicrotome and were observed
under a Leica DM2000 optical microscope to assess the preservation of chip architecture
and to localize the cells. The cells in prepared semithin sections were stained with 1%
methylene blue solution for 30 s on a hotplate at 70 ◦C and further rinsed with purified
water. Figure 2d presents an overview of the last stage, where ultrathin sections of 60 nm
in thickness were obtained using Leica UC6 ultramicrotome (Leica Microsystems). After-
wards, samples prepared on carbon-coated copper grids (CF200-CU, 200 mesh, Electron
Microscopy Sciences, Hatfield, PA, USA) were stained for 30 min in uranyl acetate and
5 min in lead citrate. The samples were imaged with a JEOL 1010 microscope (JEOL, Gatan,
Japan) equipped with a tungsten cathode (Electron Cryomicroscopy Unit from CCiTUB,
Barcelona, Spain). The images were acquired at various magnifications (×30 k–×120 k) at
80 kV with a Megaview (EMSIS GmbH, München, Germany) 1 k × 1 k CCD camera.
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Figure 2. Overview of chip sample preparation for transmission electron microscopy (TEM) imaging. (a) Glycine washes
and cryoprotection step with glycerol solutions at 4 ◦C, (b) Freeze substitution in propane cooled down with liquid nitrogen,
(c) Cutting of serpentine blocks to re-embed them in the resin for ultrathin sections preparation, (d) Schematic illustration of
cutting process and final sample preparation on TEM grids.

3. Results

Using photolithography we prepared a serpentine microfluidic chip that aims to rep-
resent abnormal blood vessel in its tortuous geometry [37,38]. Figure 3 and Figure S3 show
the chip channels lined with endothelial cells, reconstructing the tumor blood vessel model.
To induce cell alignment, present in physiological conditions, we applied continuous per-
fusion of microchannel with the culture medium. The flow rate used is chosen to mimic
velocity in similar size blood vessels [39,40]. (REF 39, REF 40) The shear stress created by
the liquid flow results in cell alignment according to the direction of the perfusion [41,42].
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Figure 3. Optical and fluorescence microscopy images of the tumor blood vessel-on-a-chip model. (a) Transmission images
of the serpentine U-turn (3rd turn in the row) and microchannel with seeded HUVECs before and after 20 h of cell culture
media perfusion (left and right side respectively), channel width: 200 µm, (b) Graph, demonstrating cell orientation before
and after cell culture medium perfusion, analyzed from the same region of the microchannel, imaged before and after the
indicated perfusion time, (c) Confocal microscopy images of U-part and parallel channel parts of the serpentine (top and
bottom panels, respectively) representing from left to right: transmission image, nuclei staining (blue), actin labelling (green)
and overlay of the these, scale bars 200 µm.

Figure 3a shows transmission images that illustrate the microchannel with seeded and
attached cells in two experimental conditions: before perfusion and after 20 h of medium
perfusion driven by a syringe pump. It can be observed that the cells demonstrated
movement (Video S1) and polarized along the flow direction in case of the perfused
microchannel, meanwhile non-specific cell organization can be observed for the non-
perfused setup as demonstrated in Figure 3b. The presence of HUVECs across folds of
the microfluidic channel and in 3D was further imaged using fluorescence microscopy.
Figure 3c presents confocal microscope images, acquired in two areas of the serpentine
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chip: at the U-turn and in parallel channels (top row and bottom row, respectively). From
left to right a transmission image, cell nuclei staining, actin filament labelling and overlay
images can be appreciated for both imaged areas.

We used optical and fluorescence microscopy to image endothelial cells occupying
the walls and planes of the microchannel in the serpentine chip. With this method we
assessed their general appearance, distribution, and density, as well as we could monitor
and analyze flow-induced alignment (Figure 3, Figures S1, S3 and S4). Microscopy helped
us to evaluate the condition of the prepared model, which was crucial for the next steps
designed for TEM imaging.

We designed and executed the TEM sample preparation protocol (described in the
previous section) to provide robust sample preparation for electron microscopy imaging.
First, the cells in tumor blood vessel-on-a-chip were fixed, afterwards the microfluidic
channel was perfused with polymerizable resin to ensure cell preservation and protection of
microfluidic channel architecture. Furthermore, the entire chip body was immersed in the
same resin to allow its infiltration through the bulk. After the polymerization (at conditions
indicated in the Materials and Methods section), the resin excess was trimmed off and only
the serpentine part was kept intact. The resin embedding and cutting out of redundant
PDMS was performed to ensure that the chip’s soft material would not compromise the
quality of the semithin or ultrathin section cutting. The polymerized, refined, and saved
serpentine was further partitioned into smaller pieces, which were re-embedded in the
resin, resulting in hard blocks, suitable for semi- and ultrathin sectioning (Figure S2). This
second resin embedding step was to ensure proper preservation and hardening of the
trimmed and selected ROIs in a shape and form compatible with the cutting equipment.

Figure 4 shows the semithin sections of microfluidic chip with HUVECs lining the
channel walls, imaged prior the preparation of ultrathin sections required for the TEM
technique. In Figure 4a a schematic drawing is presented to illustrate the chip top view
and the corresponding cross section area (indicated by dashed line on the chip top view
drawing). Figure 4b shows an optical microscope image of the cross sectioned chip, with
the view on resin-filled microchannel (rectangular repeating blocks) surrounded by PDMS
body. We observed uniform shape of the microchannel cross section and good preservation
of the bonding between the micropatterned part and the thin PDMS bottom layer, that
appeared intact after the applied procedures. Figure 4c,d show optical microscope images
of semithin sections of the microfluidic channel lined with HUVECs (cells are visible in
blue). Here, one can appreciate the appearance of HUVECs, present on the channel planes
and vertical walls (as previously illustrated in Figure 1d) with varying thickness, depending
on the cross-sectioned part of the cell. Furthermore, in Figure 4d it can be seen how the
cells adapt to the rectangular shape of the microchannel, occupying the planar surfaces
with stretched and “flat” morphology and the channel corners in “L”-shaped form.

The observation of semi-thin sections allowed us to confirm that the performed process
that includes multiple channel perfusions and resin polymerizations did not cause any
distortion of the chip material (PDMS). The applied procedure provided preservation
of the cells and the microchannel architecture as previously visualized with optical and
fluorescence microscopy. Importantly, observations based on Figure 4c,d revealed the
presence of HUVECs adhered onto the channel contour and immobilized them in the
resin, what further guided the selection of the chip blocks to be prepared for TEM sample
processing and imaging.

Figure 5 shows TEM imaged ultrathin cross sections of the microchannel with HU-
VECs prepared within the multiple steps described in the methods section. In Figure 5a
one can appreciate a stitched TEM image (from three individual images), showing a cross
section of a microfluidic channel fragment. There is visible “bulkier” cell (left side of the
Figure 5a) conformed into the channel corner and more stretched cell (right side) at the
planar surface. The image shows HUVECs adaptation to the microchannel rectangular
geometry, similarly, as observed from the semithin sections imaged with optical microscope,
visible in the Figure 4d.
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In Figure 5b–d areas with captured cell-cell contact zones (indicated by white arrows)
are presented. Figure 5b presents a junction of the microchannel corner-located cell with
neighboring cell, stretching upwards the microchannel wall. Figure 5c is a zoomed area of
Figure 5a (indicated by dashed-line square), where the connection between the two cells
is very tight and uniform, and it is not possible to distinguish individual cell membrane
borders, corresponding to either of them. Figure 5d presents an overlap of two cells, with
a distinguishable contour of both cell membranes, as there is a nanometric gap between
them (indicated by white arrows). Through TEM cell cross section imaging we observed
that the overlapping HUVECs present very tight cell connection with barely visible or
unnoticeable cell membrane (Figure S5). These tight junctions are a characteristic feature of
endothelial cells monolayers, which serves as a barrier between the internal blood vessel
lumen and outer tissues [43,44]. For the first time, to our knowledge, the processing of
tumor blood vessel-on-a-chip into preserved ultrathin sections and imaging with TEM
was used to capture this feature in a cross-section fashion. Overall, the images represent
good cell preservation within the applied method and ultrastructural cell resolution can be
appreciated (Figure S6).

For the reference, we have prepared control samples of HUVECs cultured in a tradi-
tional static 2D cell culture, which underwent the exact same sample preparation procedure
as the microfluidic chip. The control 2D cell culture samples were also processed in ultrathin
sections, however they were cut in a horizontal plane in the respect to the attached cell’s
surface. These samples imaged with TEM (Figure S7) also demonstrated ultrastructural cell
resolution. Greater level of details can be appreciated thanks to the planar cutting mode
that reveals large surface of the cell, and possibly also because of easier access of chemical
agents infiltrating cells, than in the case of our PDMS surrounded HUVECs, cultured in
the microfluidic channel. However, the overall cell condition and preservation is similar
between the presented microfluidic chip cross sections and the 2D reference sample.

4. Discussion

We have developed a method for microfluidic organ-on-a-chip cross section sample
preparation compatible with transmission electron microscopy imaging to reveal ultra-
structural cell characteristics. The proposed protocol consists of multiple microchannel
perfusions with media providing cell fixation, structure preservation, dehydration and
cryoprotection. In the OoC technology the careful handling of cell culture and treatment of
microchannels is a key factor for successful experimental outcome, as these microstructures
and cells can withstand limited pressure, and air bubbles should be avoided at any time.
For this reason, these liquids were subsequently and gently introduced using connection
tubing and small volume syringe or a syringe pump to minimize potential risk of damaging
the cells or microchannels. These steps allowed us to successfully preserve the cells in the
microchannel, where they were cultured. Importantly, the microchannel architecture was
maintained in its original shape (as designed with width and height of about 200 µm and
60 µm), without any visible distortion. Furthermore, the bonding between the micropat-
terned chip layer and bottom enclosing layer appeared intact (no tears or gaps, as visible in
Figure 4b). To achieve this final condition after the applied multiple serpentine perfusion
steps, we relied on double resin embedding and polymerization to obtain robust samples
for cutting procedure.

As known and presented here, the TEM technique is suitable for the characterization
of nano- and submicron structures, however it is not explored in combination with the OoC
technology. Currently the extraction of the structures of interest from the chip environment,
or the deconstruction of microfabricated architecture are used to facilitate further analysis
with this microscopy technique [35,36]. The reason is the lack of standard processing
method, as the preservation and staining of biological specimen in microfluidic channels are
not obvious, nor optimized. One of the concerns is that the microchannels are protected by
PDMS bulk, that limits cells’ accessibility for a contact and infiltration with the mentioned
agents. Second, these liquids have different properties, such as viscosity or volatility,
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that need to be considered when perfusing them gently but with optimal pace through
microchannels. Furthermore, it is important to rely on a robust sample preparation method
with compatible chemical substances, as the PDMS is not particularly resistant to many
organic agents.

Within the images obtained from semithin sections (Figure 4), we could evaluate the
impact of the applied procedure on the final conditions of the microfluidic channel. These
images confirmed the good preservation of the microchannel geometry, PDMS-PDMS
bonding and importantly, they revealed the presence of endothelial cell lining on the chan-
nel surface. Furthermore, by processing the full chip, without its deconstruction, we could
observe a remarkable adaptation of endothelial cells to the rectangular cross-section of the
microfluidic channel (Figures 4 and 5). HUVECs appeared “flatter” and more stretched
when localized on a planar area, comparing to more compact cells noticed in the channel
corners. Such rectangular microchannel geometry is not fully representative in terms of
physiological conditions, where more circular shapes exist, however the chip microfab-
rication technique allows only for such outcome. Nevertheless, the proposed procedure
could be applied for PDMS microfluidic chip with any channel cross section shape, as for
example circular blood vessel reported in the literature [45], thus, giving insights about the
structure and morphology of endothelial cells within the microfluidic channel.

Furthermore, we obtained high resolution images of endothelial cells cross section,
presenting well preserved tight junctions, which otherwise can be labelled and visualized
in fluorescence microscopy, as we have reported in our other work on a tumor blood vessel
model [17]. However there the level of detail is limited, due to the optical microscopy
resolution constraints. In addition, the image detail accuracy worsens with the increasing
sample thickness and density, which is the case for 3D cell culture microfluidic channels.
The tight junctions are nanometric scale features, which also appear at very thin areas
where cells overlap (Figure 5 and Figure S5), thus TEM imaging provided very good level
of detail irrespective of the channel height. The acquired images revealed similar quality
and morphology to others reported in the literature for HUVECs cross-sections, grown on
Transwell membranes [34]. It is impressive to be able to appreciate these details, considering
the extended procedure of sample preparation that was applied to facilitate processing of
entire microfluidic chip, without prior extraction or destruction of the microfluidic channel.

We optimized this protocol for PDMS microfluidic chip on the example of tumor blood
vessel model. One of the bioengineering applications for such device can be preclinical
screening of drugs or drug nanocarriers, such as submicron and nano- sized particles. In
the case of the latter, the optically transparent bottom chip layer permits one to monitor
the particle trajectory and internalization under physiologically relevant flow conditions
using transmission and fluorescence microscopy [46–48]. We presented the tumor blood
vessel-on-a-chip model as suitable for perfusion-based experiments, as demonstrated above
with the flow induced HUVECs alignment in the microchannels (Figure 3). Furthermore,
we introduced to the same model (not presented in the results) fluorescent nanoparticles
under the flow conditions (Video S2 and S3), where their trajectory could be followed.

An interesting example for endothelial cells studies that could employ the proposed
tumor blood vessel model and TEM sample preparation method is the use of gold nanopar-
ticles, which are reported to alter tight junctions and increase paracellular permeability [49].
More than that, gold nanoparticles present high electron density suitable for TEM imaging,
and they can be synthesized to yield different shapes. Moreover, studies focused on NPs
internalization pathway, biocompatibility or toxicity evaluation could be carried out under
flow and in static conditions using the presented microfluidic chip, and the experimental
outcomes supported by TEM image-based analysis [38,50–52].

Moreover, the presented chip could be used to study tumor vasculature leakiness, a
controversial phenomenon known as enhanced permeability and retention (EPR) effect,
crucial for the design and development of successful nanocarriers [53,54].

We believe that the TEM preparation workflow presented here is universal and not
limited to our chip design, it could be used for other types of chips as long as the fabrication
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material is PDMS. For other types of fabrication materials, the protocol should be adapted
to withstand the solvents used during pre-embedding.

5. Conclusions

In summary we demonstrated in this work a TEM sample preparation method that
allows one to process and image 3D cultured cells in a PDMS microfluidic chip. The
presented method successfully preserved endothelial cells in the microchannel, and the
TEM imaging provided resolution, which allowed cell ultrastructural characterization.
The cross-section cuts facilitated remarkable observation of the HUVEC adaptation to the
microchannel rectangular shape. In this work we provided a supportive analysis method
based on TEM imaging, that can contribute to the characterization of OoC models without
their prior deconstruction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/applnano2040021/s1, Figure S1: Serpentine microfluidic chip used to prepare the tumor
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ultrathin sections cutting. Figure S3: Optical and fluorescence microscopy images of the tumor blood
vessel-on-a-chip model. Figure S4: 3D reconstruction of confocal microscopy images, representing
the U-shaped bottom part of the serpentine chip lined with endothelial cells. Figure S5: TEM images
of cross sections of the endothelial cells cultured in microfluidic chip. Figure S6: Ultrastructural
resolution TEM images of cross sections of the endothelial cells cultured in microfluidic chip and
preserved in the resin. Figure S7: Reference sample of endothelial cells grown in traditional 2D cell
culture. Video S1: Perfusion of microfluidic channel inducing cell polarization. Video S2: Perfusion
of microfluidic channel with fluorescent nanoparticles in cell culture medium. Video S3: Perfusion of
microfluidic channel with fluorescent nanoparticles in blood
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