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Abstract: The development of organs-on-a-chip platforms has revolutionized in-vitro cellular
culture by allowing cells to be grown in an environment that better mimics human physiology.
However, there is still a challenge in integrating those platforms with advanced imaging technology.
This is extremely important when we want to study molecular changes and subcellular processes
on the level of a single molecule using super-resolution microscopy (SRM), which has a resolution
beyond the diffraction limit of light. Currently, existing platforms that include SRM have certain
limitations, either as they only support 2D monocultures, without flow or as they demand a lot of
production and handling. In this study, we developed a Super-Res-Chip platform, consisting of a
3D-printed chip and a porous membrane, that could be used to co-culture cells in close proximity
either in 2D or in 3D while allowing SRM on both sides of the membrane. To demonstrate the
functionality of the device, we co-cultured in endothelial and epithelial cells and used direct
stochastic optical reconstruction microscopy (dSTORM) to investigate how glioblastoma cells
affect the expression of the gap-junction protein Connexin43 in endothelial cells grown in 2D
and in 3D. Cluster analysis of Connexin43 distribution revealed no difference in the number of
clusters, their size, or radii, but did identify differences in their density. Furthermore, the spatial
resolution was high also when the cells were imaged through the membrane (20-30 nm for x-y)
and 10-20 nm when imaged directly both for 2D and 3D conditions. Overall, this chip allows to
characterize of complex cellular processes on a molecular scale in an easy manner and improved
the capacity for imaging in a single molecule resolution complex cellular organization.
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1. Introduction

Recent years have seen an increased use and development of advanced in vitro models that better
simulate human physiology. This is primarily due to the fact that such models allow us to better
mimic cellular microenvironment (e.g., 3D structures, native extracellular matrix, co-culture,
flow, etc. [1,2]), integrate sensors in complex cellular structures, and study organ-organ and
systemic interactions. While these advanced in vitro models significantly developed over the past
decade [3], extracting information about tissue state, or functionality still remains challenging. In
recent studies, different sensors (like multielectrode arrays [4], transepithelial electrical resistance
[5], mass spectrometer, oxygen, pH, and more) [6] have been integrated; however, they lack the
ability to have spatial information of protein distribution, in a quantitative way and at the protein
level.

It is important to note that imaging at the molecular scale, thus resolving subcellular structures
and detecting molecular changes in protein distribution, requires resolution below the microscope’s
diffraction limit. This can be achieved by a series of techniques, collectively known as super-
resolution microscopy (SRM). State-of-the-art SRM tools such as Stimulated Emission Depletion
(STED) Microscopy, Photoactivated Localization Microscopy (PALM) and direct Stochastic
Optical Resolution Microscopy (dSTORM) provide high lateral and axial resolutions of 10-20
nanometers [7], and recently also reached the nanometer level [8]. While these tools enable
imaging of cellular morphology, protein organization, and sub-cellular structures, they require
precise platforms for sample imaging, and they are limited to a short working distance of
approximately 170 µm imposed by objectives with a high numerical aperture (NA). Because of
this limitation, samples that are imaged with SRM are relatively thin unless they are imaged
using a demanding microscopy technique such as Lattice Light Sheet Microscopy optimized with
Adaptive Optics [9]. Because this technique is so restrictive in the type of samples which can be
imaged, samples and methods such as 3D samples, Organs-on-a-Chip, microfluidics, and 3D
co-cultures are extremely challenging to image [10].

Different methods were developed to allow the use of SRM with advanced in-vitro models. A
couple of examples are the work of Chu et al. [11], and Tam et al. [12], who used SRM with
microfluidic platforms; however, their work is still limited to monocultures and a monolayer
of cells grown on coverslips in a 2D environment. More advanced systems were developed to
allow the co-culturing of cells with SRM, but in addition to its complex design and demanding
manufacture [13], the system has a very small imaging area (170 x170 µm), and is limited to 2D
samples (which are cultured on a custom membrane made via multiphoton lithography). Recently,
two platforms were developed to use SRM with 3D-cultures [14,15]. Despite providing a new
concept for using SRM for non-planar (2D) samples, these platforms are specifically designed for
3D systems and are not compatible with Organs-on-a-Chip, microfluidics, and co-culture grown
on a membrane.

In this work, we developed a Super-Res-Chip (Fig. 1) that allows the use of SRM with advanced
in vitro systems, such as Organs-on-a-Chip, co-cultures, and 3D systems which can be compatible
with standard well-plates. Moreover, the sample is held by a special holder which can be flipped,
and by this, it increases the depth that can be imaged by the SRM. It is important to note that the
Super-Res-Chip is fabricated using a 3D printer, making fabrication cheap and easy and enabling
other labs to easily adapt it to their needs. This makes the Super-Res-Chip not only modular, but
also very simple to apply in any standard well-plate.

To demonstrate the capabilities of the system, we co-cultured vascular endothelial Human
Umbilical Vein Endothelial Cells (HUVEC) on a membrane and in a 3D gel with U87 glioblastoma
cells, and then used SRM to monitor the differences in expression of the gap junction protein
Connexin43 (Cx43) by endothelial cells when cultured under different microenvironments (2D
monoculture, co-culture on a membrane and co-culture in 3D). Gap junctions are intercellular
membrane channels produced between adjacent cells. Both glioma cells and HUVEC form gap
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Fig. 1. Schematic of the Super-Res-Chip System. (a) Building blocks of the Chip:
PDMS-ring with PC-membrane (left) and 3D-printed Chip (right); top- and side-view of
the assembled platform. (b) Scheme of the co-culture in the chip: U87 glioblastoma cells
cultured on the upper side, together with HUVEC cells on the bottom side of the membrane
either directly on the membrane (top) or in a layer of Matrigel (approx. 150µm). (c) Principle
of dSTORM imaging of the membrane: The PDMS ring is cut off, the membrane inserted
into the Attofluor cell chamber in between two round glass coverslips, together with imaging
buffer (top). Attofluor cell chamber for microscopy of the membranes (bottom). Schemes in
(b) and (c) were created with BioRender.com.

junctions, with Cx43 being one of the primary proteins expressed [16,17]. Communication
between glioma cells and HUVECs as well as between the HUVEC themselves occurs through
gap junctions [16], with Cx43 shown to be necessary for their functional formation. These
junctions can thus play a critical role in regulating cell growth, differentiation, and morphogenesis.
Moreover, tumor angiogenesis is a complex process based upon a sequence of interactions
between tumor cells and endothelial cells [18]. In view of this, it is crucial to develop platforms
with the potential to monitor cell-cell interactions at the molecular level and to offer a biological
model system that will give new insight into the biology of tumor progression.

Overall, with our system, we demonstrated that the microenvironment influences cellular
morphology [18–21] and the use of SRM improved the identification and characterization of
proteins in advanced in-vitro systems based on their spatial distribution. This novel platform,
able to image and measure cell-cell interactions at a molecular level, will give the opportunity
to advance knowledge of these phenomena and to enable high-throughput screening and drug
discovery with time and cost benefits.

2. Methodology

2.1. Super-Res-Chip fabrication and assembly

The Super-Res-Chips were designed using SolidWorks CAD software and printed with dental
long-term clear resin (RS-F2-DLCL-01, Formlabs, Somerville, Massachusetts) using a stere-
olithography printer (Form2 3D printer, Formlabs). After printing, the chips were washed with
isopropyl alcohol in an ultrasonic bath and subsequently cured and dried in a UV curing system
[22]. These chips had the following dimensions: an internal diameter of 29 mm, an external diam-
eter of 40 mm, a height of 9 mm, with 2 mm high legs (Fig. 1(a)), and a supporting ring of 2 mm
wide and 3 mm high. The master molds for the fabrication of the polydimethylsiloxane (PDMS)
support rings were designed with the SolidWorks CAD software. The molds were printed using a
Raise 3D Pro2 Dual Extruder 3D Printer (Raise Technologies, Inc.) with a commercial polylactic



Research Article Vol. 14, No. 10 / 1 Oct 2023 / Biomedical Optics Express 5226

acid filament. After that, the molds were filled with PDMS made from Sylgard 184 mixed with
the curing agent in a 1:10 ratio, then cured overnight at 60°C. The resulting PDMS rings were
cleaned in ethanol, dried at room temperature (RT), and subsequently activated by oxygen plasma
treatment (Atto-BR-200-PCCE, Diener Electronic, Germany) for 30 s. Polycarbonate membranes
(pore size: 0.4µm, it4ip S.A., Belgium), 25µm thick, were cut to an according size, washed
with isopropanol, dried at RT, and activated by plasma treatment for 60 seconds. Afterward,
membranes were immersed in a 5% aqueous solution of 3-aminopropyltriethoxysilane (APTES,
440140 Sigma-Aldrich) for 30 minutes, rinsed with H2O, and dried under a stream of compressed
air. Membranes and PDMS-rings were aligned and gently stuck together before they were heated
in the oven at 60°C overnight. Before use, membranes were washed with 70% ethanol three
times, washed with PBS four times, dried and sterilized with UV light for 30 minutes. Chips
were incubated in 70% ethanol for 30 minutes prior to sterilization with UV. After seeding cells,
membranes assembled with the PDMS rings were inserted into 3D-printed Super-Res-Chips.

2.2. Cell culture

Endothelial and glioblastoma cells were used for single and co-cultures in the chip system. Primary
Human Umbilical Vein Endothelial Cells (HUVEC, C-12200 PromoCell GmbH, Heidelberg,
Germany) were cultured in low-serum endothelial cell growth medium (C-22110, PromoCell) at
37°C, with 5% CO2 in a humidifying incubator. Passages p4-p7 were used for all experiments.
The cancer cell line U87 glioblastoma (ATCC) was grown in low-glucose Dulbecco’s Modified
Eagle’s Medium (DMEM, 01-055-1A Biological Industries) supplied with 10% FBS (04-001-
1A, Biological Industries), 1% PenStrep (03-031-1B, Biological Industries) and 1% Glutamax
(35050061, Gibco) at 37°C with 5% CO2 in a humidifying incubator. Seeding was performed
after both cell types had reached 90% confluence [22].

2.3. Cell seeding

Endothelial and glioblastoma cells were cultured separately on one side of a chip membrane,
as well as co-cultured on the two sides of the membrane. First, endothelial cells were seeded
on the bottom side of the membrane and incubated overnight, followed by glioblastoma cells
seeded on the upper side. Before seeding the HUVEC cells, membranes were coated with
Entactin-Collagen IV-Laminin (ECL) Cell Attachment Matrix (08-110, Merck) diluted 1:100
in DMEM for 1 h at 37°C. Then HUVEC cells were harvested using Trypsin EDTA solution
B (03-052-1A, Biological Industries) and seeded onto the membrane at a density of 40,000
cells/cm2. Following the cell adhesion for about 2 h, the membranes were flipped and inserted
into the Super-Res-Chips along with medium.

In the next day, the other side of the membrane was coated with Matrigel Basement Membrane
Matrix (354262, Corning, diluted 1:50 in DMEM) for 1 h at 37°C. U87 glioblastoma cells were
also harvested with Trypsin/ EDTA and seeded in a density of 40,000 cells/cm2.

Seeded cells were co-cultured for 48 h before being fixed.
For the culture of the cells in a layer of matrigel with a height of approximately 150 µm, 74 µL

of a 1:1 mixture of cell suspension and matrigel was applied to each side of the membrane. Then,
both cell lines were seeded using the same procedure described before.

2.4. Fixation and immunostaining

In order to fix the cells, we removed the membrane from the chip using tweezers holding the
PDMS ring, and then transferred it to a 6-well plate.

HUVEC and cancer cell lines were rinsed in PBS four times and fixed by incubation with 4%
paraformaldehyde (PFA, 158127 Sigma-Aldrich) for 20 minutes at RT. Subsequently, to remove
residual PFA, cells were washed with PBS for 5 minutes three times. For permeabilizing cell
membranes, 0.1% TritonX-100 (T8787 Sigma-Aldrich) was added to PBS and incubated for 10
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minutes at RT. Cells were then washed three times with PBS, followed by blocking with PBS
containing 5% goat serum and 0.1% BSA for 1 h at RT. Primary antibodies (mouse anti-β-tubulin
III, 1:300, Abcam 78078, anti-rabbit Cx43, 1:500, Abcam, #ab11370; anti-rabbit CD31, 1:250,
Abcam, #ab28364) diluted in blocking solution were applied overnight at 4°C. After washing
three times with PBS, the cells were incubated with the secondary antibodies (anti-mouse Alexa
Fluor 647, 1:500, Abcam ab150115, anti-rabbit Alexa Fluor 594, 1:500, rhenium A11012, and
goat anti-rabbit CF568. 1:500, Biotium #20801) for 45 min. After four washes with PBS, cells
were incubated with Hoechst 33342 (Invitrogen, 1:200 dilution) in PBS for 10 minutes at RT to
stain the nuclei. The cells were then washed with PBS three times and kept in PBS solution at
4°C until imaging.

2.5. Imaging

Fluorescence imaging was performed using an inverted confocal microscope (Olympus FV3000-
IX83) and a single-molecule localization microscope (Vutara 350, Bruker). Confocal imaging
was performed by placing the membrane on a glass slide, using tweezers holding the PDMS ring.
Imaging was carried out using a confocal microscope with suitable filter cubes and equipped
with 20x (0.8 NA) and 40x (0.95 NA) lens objectives. Confocal measurements were performed
using laser 405 nm, at 0.5% laser transmissivity, PMT voltage 640 V and laser 561 nm, at 2.5%
laser transmissivity, PMT voltage 686 V. Pinhole (confocal aperture) was of 180µm. The image
size was 512× 512 pixels, 318.198µm x 318.198µm. The pixel size was 0.6215µm/pixel.

dSTORM imaging was performed after removing the PDMS ring and the membrane was fixed
in the Attofluor cell chamber in between two coverslips. Before being used, the coverslips were
cleaned by autoclave, ethanol 70% and UV light. To enable single-molecule photoswitching
of the dyes Alexa Fluor 647 and CF 568, the chamber was filled with imaging buffer B (50
mM Tris-HCl pH 8, 10 mM NaCl, 10% (w/v) glucose) supplemented with 20 mM cysteamine
(MEA; dissolved in buffer A (50 mM Tris-HCl pH 8, 10 mM NaCl)), 2% (v/v) glucose oxidase
(168.8 AU) and catalase (1404 AU) mixture in buffer A and 1% (v/v) 2-mercaptoethanol. Image
processing was carried out using the open-source software ImageJ and home-written analysis
software.

2.6. Super-resolution acquisition

Direct Stochastic Optical Reconstruction Microscopy (dSTORM), super-resolution imaging was
done using a single-molecule localization microscope (Vutara 350, Bruker). A movie showing
raw localization and blinking is presented as supplementary data (Visualization 1). We used
561 nm and 647 nm lasers with power of 1000 mW. The range of capabilities of our system are
5-10 kW/cm2. In this study, 30% laser power was applied so that would mean approximately
1.5-3 kW/cm2. A pentaband dichroic mirror and emissions filters were used throughout the study
[23].

The manufacturer Vutara 350’s defined precision is: 20 nm XY and 50 nm Z resolution. The
actual microscope’s lateral resolution ranges between 15 nm – 40 nm and its axial resolution
ranges between 50 nm – 80 nm. It’s important to state that we were not using Z-stack imaging,
since we were imaging the sample at one Z plane.

The Vutara350’s custom case is designed for super-resolution, environmental isolation,
temperature regulation, and drift minimization. The z-step between planes in the software is set
to 100 nm. To estimate the drift in our system we imaged 100 nm TetraSpeck beads for 2000
frames (equivalent to the samples’ imaging), with 30% laser power, and examine the localization
precision. We found a slight drift in some scans of 10-30 nm. Therefore, our minimal XY spatial
precision is 30 nm (Supplementary Figure 1 in Supplement 1). Moreover, to measure spherical
aberration, we imaged 100 nm Tetraspeck beads over 12 µm and examined the localization
precision. In each plane a bead was fitted with a point spread function (PSF); the PSFs at depths

https://doi.org/10.6084/m9.figshare.23717835
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0-90 µm are similar, and the PSF at 125 µm depth is slightly wider (Supplementary Figure 2 in
Supplement 1). It’s important to note that while there is a slight difference, localizations with
wide PSFs are dropped by the Vutara SRX software automatically. As all the localizations in our
study were accepted by the software, according to Bruker, it means that they were well-fitted and
the precision represents a real value.

Localization-based super-resolution microscopy like dSTORM, provides spatial resolution of
10-30 nm. This was shown to be the case in many publications, yet imaging through a 3D gel
or through the membrane might reduce the localization accuracy. We used a built-in feature in
Bruker’s software (Vutara SRX), the practical localization accuracy measure (PLAM) [24–26]
that provides a lower bound on the accuracy with which an unknown parameter like a single
molecule is estimated when imaged using a pixelated detector. The PLAM was calculated using
the Cram´er-Rao lower bound, that is, the inverse of the Fisher information [27] which represents
the amount of information provided by the data about an unknown parameter.

The Bruker patented Biplane technology offers higher localization accuracy than astigmatism
over a larger axial range, and therefore it is the preferred commercial 3D super-resolution method.
Compared to astigmatism, Biplane offers superior localization due to its enhanced per-pixel
SNR. By detecting the PSF on two different focal planes, and summing the photon count over an
expanded axial range (without the perceived loss of photons), the Biplane and Quadfield modules
yield superior localization precision in the z plane [28].

The cameras used are a sCMOS camera (4 MP, 6.5 µm x 6.5 µm pixel size for super-resolution
imaging) and a CCD camera (1392× 1040 for widefield imaging).

All imaging was done using water immersion 60x objective (1.20 NA), on a field of view of 10
µm x 10 µm.

2.7. Cluster analysis

For each condition, 10 dSTORM images of four independent replicates were randomly taken. A
density-based clustering algorithm, Hierarchical Density-Based Spatial Clustering of Applications
with Noise (HDBSCAN) [29], was used to analyze the localizations extracted from each image. We
used an existing implementation from the Python library “HDBSCAN-clustering”. HDBSCAN
determines the core-distances for each localization to estimate its probability density function
(PDF). The core-distance of a point is its distance from its kth nearest neighbor; the denser the
area, the smaller the core-distance of a point is. The parameters we used were: minPoints= 50,
and the extracting algorithm was ‘leaf’. HDBSCAN supports a parameter that determines how it
selects clusters from the hierarchical cluster tree. ‘Leaf’ clustering directs HDBSCAN to select
leaf nodes from the tree, producing many small homogenous clusters while still allowing clusters
that vary in size and density. Nevertheless, using ‘leaf’ extraction will result in a tendency to
produce a more fine-grained clustering than other available methods [30].

We applied 30% denoise using the “Mean Distance” algorithm in Vutara SRX, as well as
noise-reduction with Principal Component Analysis (PCA) with a standard deviation of 1.0. The
PDF of a point is defined as the probability of being within a small region around it, and can
also be interpreted as the expected density around that point. Based on the mutual reachability
distance, HDBSCAN assigns points to the clusters. The mutual reachability distance of a pair of
points is the maximum value between the core-distance of point ‘a’, the core-distance of point
‘b’ and the distance between points ‘a’ and ‘b’. Localizations of Connexin43 proteins in the
dSTORM images were extracted as xy-coordinates and analyzed for cluster size, density and
number of localization per cluster. It is important also to note, that for our cluster analysis, we
took into consideration fluorophore properties. Indeed, fluorophores may stay in the “on” state
for a time period of tens of milliseconds. Accordingly, fluorophores that were detected within 1
pixel (96 nm) of each other in up to 3 consecutive frames (frame duration is set to 20 ms each,

https://doi.org/10.6084/m9.figshare.23988030


Research Article Vol. 14, No. 10 / 1 Oct 2023 / Biomedical Optics Express 5229

with 20 ms between frames, a total of 120 ms for 3 frames, allowing fluorophores to turn on and
off within the timeframe of 3 frames) were accumulated into one localization.

2.8. Statistical analysis

The results are presented as mean± SEM. Statistically significant differences among two different
groups were evaluated either by multiple t-test for each bin in the histograms without assuming
the same Standard Deviation (SD; GraphPad Prism 8.0.1). A statistically significant difference
between two data sets was assessed and P< 0.05 was considered statistically significant.

3. Results and discussion

3.1. Super-Res-Chip system

The primary goal of this work was to develop a modular, easy-to-fabricate, and use “Chip” system
that will allow the use of SRM with complex tissues (e.g. 3D, Organs-on-a-Chip, etc.). To do
so, we designed a special Chip based on that developed by Rauti et al. [22]. Differently from
that, the chip has bigger dimensions in order to fit inside the dSTORM imaging chamber and it
doesn’t have inlet and outlet openings since no microfluidic experiments were needed for the
purpose of this study.

Using this special Chip, cells are grown on a flat permeable membrane, allowing them to be
seeded from both sides and examine the effects of one cell type on the other. When creating a
chip system that could be integrated with imaging platforms, such as confocal or SRM, the first
challenge is to ensure that the membranes remain flat during the culture, fixation, and imaging
processes, in order to avoid imaging artifacts or cell-damaging, but on the other hand, the system
must be modular, removable, and can be used with multiple setups.

Figure 1 shows the main components and features of the Super-Res-Chip. This device is
3D-printed from clear dental resin and contains a cell culture chamber with an internal diameter
of 29 mm and an external diameter of 40 mm, with a capacity of up to 4 mL of cellular medium.
The Chip stands on four short legs (2 mm high) and thus can stand alone in a well-plate, thereby
enabling medium change and the ability to also co-culture either on the porous membrane or on
the bottom of the well into which the Chip is inserted (Fig. 1(a), bottom panel and 1b).

A PDMS-ring (2 mm width and a 3 mm height) was coupled with a poly-carbonate membrane
(inner diameter of 24 mm, pore size of 0.4 µm), allowing the diffusion between the different cell
types co-cultured on either side (Fig. 1(a), left panel). It is important to note that the size of
the Super-Res-Chip System was chosen in order to fit inside the dSTORM imaging chamber
(Fig. 1(c)), but it can be adjusted per device.

In order to show the applicability and importance of the microenvironment to cellular growth
together with SRM, we cultured endothelial (HUVEC) and epithelial (U87 glioblastoma) cells
under three different conditions: monoculture, co-culture on a membrane, and co-culture in 3D
(Fig. 1(b)). We studied and characterized the morphological changes and protein expression
using different imaging methods (confocal and dSTORM).

3.2. Super-Resolution Imaging of the Super-Res-Chip Membrane

The modularity of the chip allows to disconnect the sample from the chip (Fig. 1(c)) and to
use a number of imaging techniques, such as confocal and SRM (Figs. 2, 3). It is well known
that the cellular properties are influenced significantly by the culture conditions and cellular
microenvironment [31]. Figure 2 and (Visualization 2 shows the confocal images of HUVEC
and U87 as monocultures and co-cultures (on both sides of a membrane). It can be seen, that
both cells express the expected proteins (Cx43 for the HUVEC and β-III-tubulin for the U87).

As a next step, we took the same samples that were imaged by the confocal microscope, to the
dSTORM for SRM. Through dSTORM, we were able to investigate the distribution of proteins

https://doi.org/10.6084/m9.figshare.23717820
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Fig. 2. Confocal images of U87 and HUVEC grown in the chip. (a) Confocal recon-
struction of U87 glioblastoma monoculture stained for β-III-tubulin (blue; goat anti-rabbit
CF568); (b) confocal reconstruction of HUVEC monoculture stained for Connexin43 (red;
goat anti-mouse Alexa Fluor 647); (c,d) confocal reconstruction of HUVEC/U87 co-culture
with (c) U87 stained for β-III-tubulin and (d) HUVEC stained for Cx43, (e) 3D-reconstruction
of images (c) and (d) with U87 on top and HUVEC on the bottom, (f) merge of images (c)
and (d) in 2D.

on a single molecular level and so, the possible effects of growing HUVEC and U87 in close
proximity on Cx43 distribution.

Figure 3, shows representative widefield and super-resolution images of the cells that were
growing on our Super-Res-Chip. Super-resolution images of U87 cells revealed the typical
tubular structure of microtubules (Fig. 3(a) and (d)), and it also allowed us to image the tubular
spindles of cells undergoing mitosis (Fig. 3(d)). Cx43 is a gap junction protein that allows gap
junctions to regulate the passage of small molecules and ions between cells [32]. Imaging of
Cx43 in HUVEC cells with SRM revealed Cx43 distribution at the plasma membrane between
adjacent cells (Figs. 3(b), 5) [33,34]. According to dSTORM images, Cx43 is distributed in
clusters of various shapes and sizes (Fig. 3(c) and (f)) and we can calculate the number of Cx43
molecules in each cluster as the size and density of each cluster (Fig. 5, bottom panel). Taking
advantage of the permeable membrane by co-culturing HUVEC cells on one side and U87 cells
on the other side of the membrane, allows us to investigate the possible influence of U87 cells on
the distribution of Cx43 in HUVEC cells. As can be seen in Fig. 3(e) and 3(f), Cx43 clusters are
still detected at the plasma membrane of adjacent cells with different shapes, ranging from small
dots to long dash-like structures, similar to HUVEC cells grown alone (compare Fig. 3(b), (e)
and the relative higher magnification 3(c) and 3(f)).

In order to assess the precision of the system and if it is reduced in 3D or when we imaged
through the membrane, we used PLAM [24–27] (Fig. 4) which enables to quantify the resolution
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d

Fig. 3. shows representative widefield and super-resolution images of the cells that were
growing on our Super-Res-Chip. Super-resolution images of U87 cells revealed the typical
insert) Higher magnification of Cx43 clusters in HUVEC grown alone show Cx43 clusters;
(d, e) Conventional widefield images of microtubules (d) and Cx43 (e) in HUVEC cells
grown with U87 cells. (f) Super-resolution image of Cx43 (green) in HUVEC cells grown
with U87 cells shows puncta staining. (f, insert) Higher magnification of Cx43 clusters in
HUVEC cells grown with U87 cells x43 clusters.

Fig. 4. Resolution precision of the Super-Res-Chip System. (a) scatter plot of the
correlation between the photon count and the localization precision on the x-axis, in 2D
(blue squares), 3D (purple triangles), and on membrane (green circles; plots are on a log-log
scale; (b) Bar plot of the mean localization precision of each axis (x,y,z) in 3D, 2D and on
membrane samples (3D: Mean X= 13.653, Mean Y= 14.512, Mean Z= 74.544; 2D: Mean
X= 14.387, Mean Y= 15.586, Mean Z= 76.124; Membrane: Mean X= 24.538, Mean
Y= 24.650„ Mean Z= 96.851. Bars represent standard error of the mean.

precision in each one of the axis. As shown in Fig. 4, for all 3 conditions (2D monoculture, 3D, and
membrane), the correlation between the photon count for each localization and the localization
precision demonstrates that the resolution precision for each localization was improved at higher
photon count (Fig. 4(a)), reflecting better PSF fitting. In addition, all 3 conditions (2D, 3D, and
membrane), have a single molecule, high resolution precision in the x and y axis (10-20 nm
in 2D and 3D and 20-30 nm with membrane) and as expected, lower resolution in the z axis
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Fig. 5. HDBSCAN analysis of Cx43 clusters in HUVEC cells grown alone or co-
cultured with U87 cells. (a) Representative wide-field low resolution image of Cx43
staining in HUVEC cells. (b) dSTORM image of the selected area reconstructed from
single-molecule localizations. (c) Examples of clusters recognized by a density-based
algorithm of the same region. Inserts show inner structure and parameters of several
Cx43 clusters showing the number of localizations/molecules, clusters’ radius and density.
Comparison of the number of Cx43 clusters was significant different when HUVEC cells
were co-cultured with U87 cells. Each color represents a different cluster. (d). Similarly, the
distribution of number of localizations per cluster (e), cluster radii (f) and cluster densities
(g) were affected by U87 cells. Data is shown as±SEM from N= 4 (with 10 technical
replicates each) (d) or as frequency distribution of N= 4 (f-g). Statistical significance was
analyzed by multiple t-test (*=P ≤ 0.05; **=P ≤ 0.01; ***=P ≤ 0.001).
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Fig. 6. Morphological differences of cells grown in 2D and 3D. (a) Comparison of
HUVEC cells grown on a coated membrane with growing them in a layer of Matrigel, stained
for CD31 (red, anti-rabbit Alexa Fluor 594).

(70-80 nm in 2D and 3D and 80-100 nm with membrane). We found it encouraging for future
studies that imaging in 3D gel do not reduces the resolution precision while imaging through a
porous membrane reduces resolution precision most probably due to light scattering thought
the membrane, yet the single molecule resolution with a 20-30 nm resolution precision allow
quantification of protein organization with high precision.

In order to measure the effect of co-culturing HUVEC cells with U87 cells, we quantified the
organization of Cx43 using a clustering algorithm called Hierarchical Density-Based Spatial
Clustering of Applications with Noise (HDBSCAN) [29] (Fig. 5).

It determines the core-distances for each localization to estimate its probability density function
(PDF). Based on the mutual reachability distance, it connects points to different clusters. As one
can see, the analysis provides not only the number of clusters in each image, but also provides
cluster characteristics such as their number of Cx43 molecules (localizations), radius (in nm),
and density (Fig. 5). The density is defined as the number of localizations per area of the cluster,
which is calculated using its convex hull.

We compared all different Cx43 cluster characteristics detected by HDBSCAN for HUVEC
cells cultured alone with HUVEC cells co-cultured with the U87. Figure 5 (bottom panel) shows
the results for the number of clusters per imaged region of interest (ROI) and the distribution of
the number of localizations, radii, and densities for each cluster that was identified. The results of
the technical replicates of every membrane were averaged and combined. The number of clusters
for both culture conditions accounts for an average of 12.2 (± SEM for each condition) clusters
per ROI. We then analyzed the number of localizations per cluster and displayed it in a histogram
that shows that most clusters include about 50 to 70 molecules/localizations, and, as expected the
distribution was mainly similar for both HUVEC cells cultured alone or and co-cultured with
U87 cells, with few points showing some significant changes.

The distribution of the cluster radii ranging mostly from about 30 to 110 nm, showed a
significant change when comparing HUVEC alone and co-cultured with U87. It is important
to note, that during our statistical tests we took in consideration the overlap of some error bars,
probably due to the variability of the measurements probably related to the complexity of the
cellular mechanisms underlying these cellular interactions.

Indeed, this is in line with what was previously reported in the literature, where changes in
HUVEC Cx43’s expression could be seen when cells are cultured at different densities [16].
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3.3. 3D culture of cells in matrigel

After demonstrating that the Super-Res-Chip could image cells grown on two sides of a membrane,
we used the system to demonstrate its capabilities to image 3D systems with SRM, such as
co-culture in 3D gels. To do so, we cultured the HUVEC in a 3D gel with a total height of about
300 µm. As expected, cells that were cultured in 3D display a different morphology compared to
cells grown in 2D (Fig. 6 and Supplementary Figure 3 in Supplement 1).

The confocal imaging reveals that when cultured directly on the membrane, endothelial
cells form a confluent monolayer (Fig. 2), whereas when cultured in a 3D gel, they form
tubular structures (Fig. 6(a)). The tubular organization was most easily detected through the
combination of Cx43 and Hoechst staining of cell nuclei (Supplementary Figure 3 in Supplement
1). Furthermore, we used the Super-Res-Chip for super-resolution imaging of the 3D system as

Fig. 7. Cx43’s cluster analysis show differences between cells grown in 2D and 3D. (a)
SRM images of HUVEC cells grown on a coated membrane with growing them in a layer of
matrigel (upper panel). Cluster characteristics that were analyzed were the number of Cx43
clusters (b), the distribution of number of localizations per cluster (c), cluster radii (d) and
cluster densities (e). Statistical significance was analyzed by multiple t-test). No significant
differences between the groups were found in the above parameters.

https://doi.org/10.6084/m9.figshare.23988030
https://doi.org/10.6084/m9.figshare.23988030
https://doi.org/10.6084/m9.figshare.23988030
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described in Fig. 1(c), which allowed us to image up to 300µm (150 µm on each side, by flipping
the sample). Interestingly, the dSTORM data (Fig. 6) showed that despite the morphology of
endothelial cells changed significantly when they were cultured in 3D, the CX43 clusters look
quite similar between the 2D and 3D samples (Fig. 5).

We next quantified the Cx43 cluster’s parameters. As shown in Fig. 7, the number of
clusters per ROI, number of localizations per cluster, cluster radii, and densities did not change
significantly between the 2D and the 3D samples, except for the low number of cluster densities.
Interestingly, we can see that the HUVEC organization is clearly morphologically different in the
3D environment, compared to the 2D, implying that there are significant changes in other proteins
other than Cx43. Aside from this, at the time we measured the effects of co-culturing U87 with
HUVEC cells, we found that there was no effect on the organization of Cx43, as we expected-
or that the gap junction is not affected by the time that they were co-cultured. In fact, changes
in the cellular properties were observed after 14 or 21 days of co-culturing [35] or when U87
cells were plated at much higher densities [18]. It is important to note that there are not many
studies that looked at the communication of such cell lines with HUVEC. To our knowledge, the
only evidence of such interactions has been found by Thuringer et al., who found that heat shock
protein HSP27 secreted by the colorectal cancer cell line SW480 increased the communication
of neighboring endothelial cells measured by fluorescence recovery [36]. However, increased
communication does not necessarily require a higher number of gap junctions, as we investigated
in this study. We must keep in mind, however, that although the exact mechanism by which
proteins change as a result of co-culture and change in the microenvironment has still to be
identified, our work provides a new platform that enables advanced in vitro tools to be used with
SRM, in order to extract spatial information with a 20 nm resolution.

4. Conclusion

Overall, we were able to design and implement a new platform, which allows advanced in vitro
models to be used with SRM technology. Designed to fit any standard well-plate, the system
is easy to fabricate using a 3D printer, and it can also be used for a variety of applications
and microscopes (including confocal and dSTORM). In this work, we used our platform to
demonstrate the importance of using an “in-vivo like” microenvironment, which includes multiple
cell types and a 3D environment, as well as to characterize the changes in the protein expression.
By using our new system, we were able to multiply the imaging depth (from 200 µm to 300 µm)
and image different platforms (Organs-on-a-Chip, 3D gels, etc). Overall, we were able to observe
significant morphological changes when cells were cultured in 2D compared to 3D systems, and
some minor differences in the expression of Cx43, as a result of the duration the co-culturing
process, obtaining similar results to some already published works.

Considering the simplicity of the system, we are hopeful that it will be able to make it easier
for other labs to use and to integrate SRM with their advanced in-vitro models, which has until
now been a major limiting factor with the techniques that can be used with such platforms.
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