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3D-Engineered Scaffolds to Study Microtubes and
Localization of Epidermal Growth Factor Receptor in

Patient-Derived Glioma Cells

Nastaran Barin, Hayri E. Balcioglu, Iris de Heer, Maurice de Wit, Martine L. M. Lamfers,

Martin E. van Royen, Pim J. French,* and Angelo Accardo*

A major obstacle in glioma research is the lack of in vitro models that can
retain cellular features of glioma cells in vivo. To overcome this limitation, a
3D-engineered scaffold, fabricated by two-photon polymerization, is devel-
oped as a cell culture model system to study patient-derived glioma cells.
Scanning electron microscopy, (live cell) confocal microscopy, and immuno-
histochemistry are employed to assess the 3D model with respect to scaf-
fold colonization, cellular morphology, and epidermal growth factor receptor
localization. Both glioma patient-derived cells and established cell lines suc-
cessfully colonize the scaffolds. Compared to conventional 2D cell cultures,
the 3D-engineered scaffolds more closely resemble in vivo glioma cellular fea-
tures and allow better monitoring of individual cells, cellular protrusions, and
intracellular trafficking. Furthermore, less random cell motility and increased
stability of cellular networks is observed for cells cultured on the scaffolds.
The 3D-engineered glioma scaffolds therefore represent a promising tool for
studying brain cancer mechanobiology as well as for drug screening studies.

cell genotypes compared to standard cell
lines).*’] Current in vitro models for
example, rapidly lose high copy epidermal
growth factor receptor (EGFR) amplifica-
tion and have limited ability to monitor
cells and (microtube-based) networks.[®7]
High copy EGFR amplification and micro-
tube-based networks are two important
features that are known to promote glioma
progression.lBM To further study the role of
microtubes in glioma progression and also
the potential of EGFR-targeting treatments
in glioma, in-vitro cell culture models that
can retain these features are needed.!'”)
Currently, in vitro cell culture research pre-
dominantly involves the use of 2D planar
surfaces. Although these 2D surfaces are
cheap, easy-to-use, and reproducible, they

1. Introduction

Gliomas are the most common primary malignant tumors of
the central nervous system with poor patient survival rates.
One contributor to the absence of novel effective therapies is the
lack of cell culture models that can faithfully capture the native
glioma phenotypel>?l even despite increasing use of patient-
derived cell cultures (that more accurately capture the cancer

often do not mimic the 3D spatial configu-

ration of cells in real tissues. Indeed, cells
behave differently in 3D environments!'>3l and can have dif-
ferences in terms of cellular morphology, formation of cell—cell
junctions, cell proliferation, gene and protein expression levels,
and even in responses to treatments.'*"”) 3D tumor spheroids,
which are generally employed for glioma research, can overcome
these limitations by better mimicking tissue-like features. How-
ever, they are difficult to monitor especially when analyzing sub-
cellular structures like microtubes.[®116]
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With technological advances, 3D cell culturing (growing
cells in three dimensions) on structures created by micro- and
nanofabrication has become an appealing alternative.'®2% The
most accurate additive manufacturing processes for the crea-
tion of cell scaffolds are two-photon polymerization (2PP) and
stereolithography.'821221 2PP is a relatively recent light-assisted
direct-writing fabrication technique based on the nonlinear
two-photon absorption of near-infrared photons from a femto-
second pulsed laser source. Using this technique, infrared fem-
tosecond laser pulses are focused onto an organic prepolymer
material that is absorptive in the UV radiation range but non-
absorptive in the infrared one.?23 This mechanism is tuned
to photopolymerize the exposed material in extremely confined
volumes called voxels.?3] The advantages of the 2PP technique
include: high resolution (up to 100 nm), high reproducibility,
precise control of intricate structural features, and freedom in
architecture design.?*?4?%l Importantly, the recent development
of a biocompatible and low-autofluorescent methacrylate pho-
tosensitive polymer (IP-Visio) for 2PP has facilitated the use of
this approach for life science applications.[2%26:%/]

Here, we have studied patient-derived glioma cells cultured
on biomimetic 3D-engineered IP-Visio microscaffolds, fabri-
cated by the 2PP technique, and compared them to standard
2D control models. Our results show that a standard glioma
cell line (U-87) as well as four patient-derived glioma cultures
can efficiently adhere and colonize the structures. Compared to
2D models, our 3D-engineered glioma microenvironment more
closely resembled in vivo glioma cellular features including
nucleus size, and protrusion width. A major advantage of our
model system is that it enables more accurate detection of indi-
vidual cells, their protrusions, and intracellular trafficking. Fur-
thermore, real-time microscopy also enabled the assessment
of cell mobility and demonstrated reduced speed of cells and
increased stability of cellular networks in 3D versus 2D. The
developed 3D-engineered scaffold therefore provides a new
suitable model to study glioma cells with advantages over the
traditional 2D models.

2. Results and Discussion

2.1. Design and Fabrication of the 3D-Engineered Scaffolds
Inspired by Microvessel Geometries

The design of the 3D scaffolds (Figure 1a) was inspired by the
features of blood vessels present in the in vivo glioma environ-
ment as it is known how glioma cells migrate, proliferate, and
cluster especially at the vascular branch points.[%?] A porous
design was selected to allow cell migration within the struc-
tures and to facilitate the diffusion of nutrients. The pore size
was chosen to be larger than the cell nuclei to allow for cell
invasion but small enough to allow for cellular network forma-
tion.?’! To avoid shadowing which would hamper imaging of
the bottom and middle layers of the scaffolds during confocal
microscopy, highly dense structures were not considered.

The base element of the scaffolds consisted of rods con-
nected as cubic unit cells with one additional interconnecting
diagonal rod (Figure 1b). Cylindrical rods were chosen as
the building blocks of the unit cells to resemble the circular
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cross-section of the blood vessels. Diagonal rods were added
to provide angles in the structure that resemble those observed
in blood vessels.[®?8] Each scaffold consisted of multiple unit
cells arranged to form a pyramid. The scaffolds featured a rod
size of 10 um and a pore size of 50 um x 50 um. The overall
dimension of each scaffold was 370 pm x 370 pm x 190 um. For
some experiments, an alternative scaffold was used with the
same unit cells but with an inverted unit cell arrangement that
resulted in the presence of a cavity inside the scaffold to study
the span of cellular protrusions (Figure Sla,b, Supporting Infor-
mation). The scaffolds were fabricated by 2PP following the
routine procedure of the 2PP fabrication methodology, which
is described step by step in the Experimental Section. To obtain
accurate scaffold geometries and overcome technical issues,
we optimized several manufacturing process steps, which are
described hereafter.

DeScribe software (Nanoscribe proprietary software to
define printing parameters such as laser power, writing speed,
hatching/slicing and to simulate the 2PP fabrication steps)
considers surfaces with gaps or sharp edges as defective and
attempts to repair them,3% which led to undesirable filled pores
(Figure S2a, Supporting Information). We found that pore filling
could be prevented via rounding the corners in our design. In
addition, as the voxel size is larger along the Z direction than
the X and Y directions (where Z is the direction of the laser
beam), pores along the Z-axis were clogged in the fabricated
scaffolds (Figure S2b, Supporting Information). To prevent this,
we changed the cross-section of the top rods of the unit cells
from circular to oval, making the circular structures narrower
along the Z direction (Figure S2c, Supporting Information). An
additional complication was the occasional delamination of the
scaffolds after exposure to cell culture media (Figure S3a, Sup-
porting Information). To address this issue and to increase the
stability of the 3D structures (Figure S3b, Supporting Informa-
tion), the cross-sections of the rods connected to the substrate
were changed to a flattened bottom (semicircle on a pedestal,
Figure S3c, Supporting Information). For 2D structures, pedes-
tals of 500 wm x 500 um x 10 um were chosen. Four pedestals
were connected to each other by their corners (Figure Slc, Sup-
porting Information) to prevent delamination.

The most important printing parameters that needed
tuning were the scan speed, laser power, hatching, and slicing.
Hatching is the spacing distance between voxels in the X-Y
plane, while slicing is the spacing distance between voxels
along the Z direction.’! Decreasing slicing and hatching
values increased the shape accuracy and steadiness of the struc-
tures but noticeably increased the printing time. For the final
3D scaffolds, 10000 pm s scan speed and 60% laser power
(100% laser power is 50 mW) were chosen to provide a suitable
combination of precision and stability. A 50000 um s scan
speed and 80% laser power provided a suitable 2D pedestal
quality. The slicing and hatching values for the scaffolds were
both 0.5 um. The corresponding values for the pedestals were
1and 0.5 um, respectively.

Both 3D scaffolds and 2D pedestals exceeded the addressable
printing range of the galvanometric mirrors of the 2PP-printer
setup (the galvanometric mirrors scan the laser beam laterally
while vertical movements are carried out with piezoactuators).
Therefore, the structures needed to be split into smaller unit

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Design of the 3D and 2D microenvironments. a) Design of the 3D-engineered scaffolds. b) Scaffold unit. ¢) SEM micrograph of the fabri-
cated 3D-engineered scaffold. d) SEM micrograph of the fabricated 2D pedestal. e) Three scaffolds and four pedestals constituting one “sample set”.

blocks (block splitting) and these blocks needed to be bonded
together during the printing process (stitching). Block splitting
was avoided at locations where it led to the creation of over-
hanging rods (Movies S1 and S2, Supporting Information).
In order to increase the adhesion between blocks, an angled
interface between blocks was selected instead of an orthogonal
interface (Figure S4, Supporting Information). The acceptable
angle value was found by printing scaffolds and pedestals with
varying angles. The suitable stitching angles for 2D pedestals
and 3D scaffolds were found to be 45° and 15°, respectively.
The stitched blocks featured some overlap in order to avoid
disjoined blocks caused by unpolymerized resin. The suitable
overlap between stitched blocks in the X, Y, and Z directions
were found to be 3, 3, and 2 um for the 2D pedestals, and 1,
1, and 2 pm for the 3D scaffolds, respectively. Representative
scanning electron microscopy (SEM) images of the final struc-
tures are shown in Figure 1c,d. Three replicas of the scaffold as
well as four replicas of 2D flat pedestals were printed on each
substrate creating one sample set (Figure le). The fabrication
time for each sample set was 95 min. The structures were then
coated with a Cultrex extracellular matrix coating (see Experi-
mental Section).

Our approach aims at resembling the geometrical features
of the brain microvessels, however one of its limitations is
the relatively high stiffness of the scaffolds’ material (=1 GPa)
compared to that of the brain (ranging from 0.1 to 1 kPa).l3%
Developing materials for 2PP with lower Young's modulus
can be further investigated to overcome current challenges.
The challenges of fabricating complex geometries with soft
materials (such as hydrogels) include higher tendency to col-
lapse, difficulties handling the load of cells, and lower fea-
ture resolution.33 An alternative option worth exploring is
using structures in which cells perceive a low effective shear

Small 2022, 18, 2204485 2204485 (3 of 14)

modulusP®¥ or encapsulating cells (bioprinting) whithin

2PP-manufactured scaffolds. Overcoming the cytotoxic effects
of photo initiators has been one of the major challenges of
2PP bioprinting. Although reports of such cultures have been
published, these materials are not yet commercially avail-
able.[3>3¢] In addition to mechanical cues, cells respond also to
topographical cues,>¥! therefore, the effects of different geo-
metrical features (e.g. pore size, surface nanotopography, rod
size, curvature) on the behavior and morphology of glioma
cell can be investigated.[*®!

2.2. Colonization of the 3D Scaffolds by Patient-Derived
Glioma Cells

To test the suitability of the fabricated structures for glioma
cell culture experiments, we first cultured a standard cell line
(U-87) on the 3D scaffolds and the 2D pedestals. As these cul-
tures readily colonized the scaffolds (Figure S5, Supporting
Information), we subsequently cultured four patient-derived
glioma cell cultures (GS-580, GS-827, GS-830, and GS-921)
on the structures. All four patient-derived cultures were able
to successfully colonize the scaffolds and the 2D pedestals as
shown by confocal imaging (Figure 2a—c; Movie S3, Supporting
Information). SEM micrographs showed that cells formed long
protrusions and clearly invaded the inner regions of the scaf-
folds (Figure 2d—f). These protrusions were frequently present
between the building blocks of the scaffolds (Figure 2e). Inter-
estingly, some of these interconnecting protrusions were sus-
pended within the 3D structure (Figure 2e,f). Such suspended
protrusions were not observed in the alternative 3D design
(Figure Sla, Supporting Information) with gaps exceeding
100 pm (Figure S6, Supporting Information).

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Characterization of patient-derived glioma cells cultured on 2D pedestals and 3D scaffolds. Confocal images of GS-830 patient-derived glioma
cells on a,b) 3D scaffolds and c) 2D pedestals (Blue: nuclei; Green: tubulin). d) SEM image of GS-830 cells cultured on the 3D scaffolds. e,f) Zoomed in
SEM image of the GS-830 cells on the 3D scaffolds showing that the cells have reached the inner units. Red arrows denote examples of glioma cell protru-
sions. g,h) Boxplots comparing morphological differences between cells cultured in 2D and 3D. g) Cell area and h) cell circularity. Boxplots display the median,

and U87 are 683, 937, 890, and 294 respectively. Two independent experimental replicates (one replicate for U-87 experiments) were included.

2.3. Cytoskeletal and Nuclear Morphological Differences between
Glioma Cells Cultured on 3D Scaffolds and 2D Pedestals

To determine whether the scaffolds provided a suitable model
system for glioma research, we then compared morphological

Small 2022, 18, 2204485 2204485 (4 of 14)

features of GS-830, GS-827, GS-580, and U-87 cells cultured on
3D versus 2D structures. Cellular morphology was studied in
two independent experimental replicates (one replicate for U-87
experiments) using confocal fluorescent images of the cells
stained for nuclei and tubulin.

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. Characterization of patient-derived glioma cell nuclei cultured on 2D pedestals and 3D scaffolds. Confocal images of GS-830 patient-derived
glioma cells cultured on a) 3D scaffolds and b) 2D pedestals (Blue: nuclei; Green: tubulin). ¢,d) Boxplots comparing morphology differences between
cells cultured in 2D and 3D structures. c) Nuclear area and d) nuclear circularity. Boxplots display the median, IQR with the whiskers drawn at 1.5IQR.
Statistical significance is indicated by p < 0.01 (**) and p < 0.001(***). Sample size (n) for GS580, GS287, GS830, and U87 are 970, 2059, 1395, and
286, respectively. Two independent experimental replicates (one replicate for U-87 experiments) were included.

Interestingly, we found that cells grown on 2D pedestals had
larger areas compared to those on the 3D scaffolds (Figure 2g).
We did not observe consistent differences between 2D pedestals
and 3D substrates in terms of cellular circularity (Figure 2h). In
addition to cellular morphology, we also studied nuclear mor-
phology. For all cell cultures, nucleus area of cells cultured on
2D pedestals were larger compared to those on the 3D scaffolds
and were on average more circular (Figure 3a-d). Although
the larger cell and nuclear areas on 2D pedestals most likely
pointed to the flatter morphology of cells on 2D surfaces,
such morphological differences, especially those related to the
nuclei, can be important for replicating the behavior of glioma
cells in vivo.394%

The nucleus, through cytoskeleton and cell-matrix adhesions,
is physically coupled to the extracellular matrix. In this way,
forces can be transmitted from the cytoskeleton to the nucleus,
and the external mechanical cues on the cell can affect the shape
of the nuclear envelope.l This can affect the nuclear function
by altering: chromatin condensation and organization (thereby
directing cells toward differential gene expression), translo-
cation of transcriptional regulators, accessibility of histone
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modifying enzymes to the chromatin and their distribution in
the nucleoplasm, and nuclous membrane permeability and rup-
ture.#! Furthermore, nuclei morphology is frequently altered
in cancer cells and many cancers can even be graded based on
the nucleus size. Particularly, for high-grade glioma tumor
cells, previous studies reported how nuclear size and shape are
significantly related to the survival time of patients.?**]

To compare our results to in vivo values, we studied the
morphology of nuclei in six glioma tumor samples. Three
grade 3 and three grade 4 formalin-fixed paraffin-embedded
(FFPE) glioma tumor tissue sections were analyzed for nuclei
area and circularity. The measured average nuclear area on
tissue sections (55.72 £ 2779 um?) was nearly identical to pre-
viously reported (i.e., 55.22 + 13.48 um?)*l and was close
to the value observed for tumor cells cultured on 3D scaf-
folds (6751 £ 38.19 um?, p-value < 0.0001). Nucleus areas on
3D scaffolds and on tissue sections were both smaller than
the nucleus area on 2D pedestals (130.21  75.72 um?, both
p-values < 0.0001). However, nuclei on our 3D scaffolds on
average were less circular (0.84 £ 0.11) compared to those on
2D pedestals (0.88 £ 0.09, p-value < 0.0001) and tissue sections

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. SEM images of patient derived glioma cells cultured on 2D pedestals and 3D scaffolds showing microtube-like protrusions. a) Cells cul-
tured on the 3D scaffold showing several tube-like protrusions with widths in the b) microscale and c) in the nanoscale. d) Cell protrusions on the

2D pedestals are harder to detect.

(0.89 + 0.07, p-value < 0.0001). Yet, it should be noted that
tissue sectioning likely leads to an underestimation of nucleus
area and overestimation of nucleus roundness compared to
Z projection of stacks of images as used for our scaffold and
pedestal analysis. Moreover, the increased cell circularity for
tumor cells on tissue may be related to their more compact
microenvironment.

2.4. Microtube Morphological Discrepancies between
3D Scaffolds and 2D Pedestals

To further examine the relevance of our culture model, we
characterized the presence of microtube like protrusions.
Microtubes are long and thin cellular protrusions that allow
formation of functional cellular networks.!®l These protrusions
enable aggressive tumor invasion and make gliomas more
therapy resistant.[%8! SEM micrographs showed intercellular
tube-like protrusions on both 3D scaffolds and 2D pedestals
(Figure 4a—d). Protrusions longer than 50 um were observed
on the 3D scaffolds (Figure 4a), with multiple protrusions
departing from a single cell (Figure 4b). These protrusions were
easier to observe on 3D scaffolds due to their suspended nature.
In particular, nanotubes, tube-like protrusions at the nanoscale
(<1 um wide), were observed only on 3D scaffolds (Figure 4c)
and not on 2D pedestals (Figure 4d).

Small 2022, 18, 2204485 2204485 (6 of 14)

We then further studied these protrusions with immu-
nostaining (Figure 5a-d). Confocal fluorescent images
with tubulin and nucleus staining confirmed the presence
of tube-like protrusions (Figure 5ab). These protrusions
were observed on both 2D pedestals and 3D scaffolds for all
patient-derived cultures and U-87 standard cell line (addi-
tional images in Figure S7, Supporting Information). In order
to characterize the nature of microtubes, we stained GS-830
cells for GAP-43, which is a protein reported as a molecular
driver for microtubes and previously employed to identify
these protrusions.’%1 Cells cultured on 3D scaffolds and
2D pedestals expressed GAP-43 in membranes and protru-
sions (Figure 5c,d). GAP-43 did not seem to exclusively stain
the tube-like protrusions in our experiments.l>*% Instead, it
was detected throughout the cell membranes and was more
prominent at the end-cone of protrusions, consistent with its
function in neurons.?5%>2

We then employed the confocal images to quantify the size
of these protrusions (Figure 5e,f). Overall the geometrical char-
acteristics of the observed protrusions matched that of micro-
tubes or nanotubes.’!l In two of the cell cultures, the recorded
average length of the microtube-like protrusions was higher in
2D pedestals versus the 3D scaffolds (Figure 5e). All cultures
had average protrusion lengths in the range of 38 to 60 pum.
GS-827 showed longer protrusion lengths up to 241 um in
2D pedestals and 179 um in 3D scaffolds. However, it should

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. Characterization of microtube-like protrusions in patient derived glioma cells cultured on 2D pedestals and 3D scaffolds. a—d) Confocal
images of patient-derived glioma cells on 2D pedestals and 3D scaffolds (Blue: nuclei; Green: tubulin; Yellow: Gap-43). Microtube-like protrusions were
observed on GS-827 cells cultured on (a) the 3D scaffolds and (b) the 2D pedestals. Gap-43 staining was observed on cell membrane for GS-830 cells
cultured on (c) the 3D scaffolds and (d) the 2D pedestals. e,f) Boxplots comparing microtube morphology. €) Protrusion length, and (f) protrusion
width. Boxplots display the median, IQR with the whiskers drawn at 1.5IQR. Statistical significance is indicated by p < 0.01 (**) and p < 0.001(***).
Sample size (n) for protrusion length in GS580, GS287, GS830, and U87 are 191, 257, 247, and 106, respectively. Sample size for protrusion width in
GS580, GS287, GS830, and U&7 are 184, 214, 336, and 68 respectively. Two independent experimental replicates (one replicate for U-87 experiments)
were included.

be noted that the lengths of protrusions in 3D scaffolds were The width of protrusions showed differences between cells
likely underestimated because the measurements were based  cultured on 2D pedestals versus 3D scaffolds for all cultures
on Z projections. with significantly thinner protrusions observed for 3D scaffolds
Small 2022, 18, 2204485 2204485 (7 of 14) © 2022 The Authors. Small published by Wiley-VCH GmbH
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(Figure 5f). The larger width of these protrusions in 2D pedes-
tals may point to the flatter morphology of cells in 2D settings
(similar to the observations on the cells and nuclei). Interest-
ingly, the average measured protrusion width of 2.4 £ 1.1 um
in the 3D scaffolds was closer to the reported in-vivo value of
1.7 umP and smaller than the 2D average value of 3.4 + 1.7 um.
The morphology of the tube-like protrusions observed in
3D scaffolds therefore seems to better mimic what is described
as microtubes in vivol®*" compared to those formed in 2D ped-
estals or even in other 3D culture models such as tumor orga-
noids.”®l Moreover, these protrusions seem to be more abun-
dant in our 3D scaffolds compared to the glioma spheroids(®
and glioma organoids.’3 It is also possible that these protru-
sions are simply easier to visualize in our model.

To evaluate the persistence of the cellular network and the
possibility of tracking cells on the scaffolds, we employed live
confocal imaging over a period of 16.5 h (Figure 6a,b). Migration
of GS-830 cells in the X-Y plane was tracked (Figure 6¢) and
compared between cells growing on 2D surfaces and 3D scaf-

www.small-journal.com

folds (Figure 6d). On average, the speed of cells on 2D surfaces
(4.2 £ 2.7 um h™') was double the speed of cells on 3D scaffolds
(2.1+ 1.8 um h7) (p-value < 0.0001). The speed of cells in the Z
direction is not considered in these measurements, but manual
tracking of 31 cells in 3D shows a Z speed of 1.1+ 0.6 um h7,
which does not compensate for the difference between 2D and
3D. Even theoretically, with Z speeds similar to those observed
in Xand Y (L5 um h™), cells grown in 3D (2.6 um h™) would
still migrate slower than cells in 2D.

Cancer progression is affected by the cellular microenviron-
ment.>>5 For instance, glioma cells interact with the vas-
cular niche and tend to move along the blood tracks and the
white matter tracks.[?®55-7] Multiple studies have reported on
the differences of cell migration between 2D and 3D environ-
ments.’8% GS-830 cells in our 3D model moved along the
scaffold rods (Movie S4, Supporting Information) and occasion-
ally established protrusions between the rods (Figure S8, Movie
S5, Supporting Information). This cell migration on the scaf-
folds was reminiscent of cells on the brain tissue,”” whereas

d
* k%
20 :
€15 :
£
2 v
®
€10
Q.
(7]
5
0 |

2D 3D

Figure 6. Tracking the movement of patient-derived glioma cells on 3D scaffolds and 2D surfaces. a,b) Representative frame of the live experiment
showing GS-830 glioma cells on 3D scaffolds and on the surrounding 2D surface (Green: glioma cells stained with CellTracker Green). a) Brightfield
and fluorescent maximum intensity projection image showing glioma cells on 3D scaffolds. (b) Fluorescent maximum intensity projection image of the
cells. ¢) Movements of individual cells tracked on the 3D scaffolds and the surrounding 2D surface. d) Boxplot comparing X-Y speed of cells cultured
on 2D and 3D structures. Boxplots display the median, IQR with the whiskers drawn at 1.5IQR. Statistical significance is indicated by p < 0.001(**%).
Sample size (n) is 47447.
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the movement of the cells on 2D surfaces appeared to be more
random (Movie S6, Supporting Information) and this differ-
ence was consistent with previous reports.’!

Strikingly however, individual cellular protrusions were
more stable in 3D, where those in 2D had a shorter half-life
(12.8 £ 3.9 vs 79 % 4.6 hours, p-value = 0.006) (Figure S9, Sup-
porting Information), suggesting a more stable network of cells
grown on 3D scaffolds. Furthermore, compared to 2D surfaces,
within the 3D scaffolds we observed slower cell migration and
protrusions that last longer, therefore the presence of a more
stable cellular network in the 3D scaffolds.

2.5. Differential Distribution of EGFR on 3D Scaffolds
and 2D Pedestals

EGEFR is one of the most commonly altered receptors in gli-
omas.['"%102 Therefore, we next assessed the potential of the
model in capturing the subcellular localization of EGFR. In the
presence of the EGFR ligand, epidermal growth factor (EGF),
EGFR was present in spots that were distributed throughout
the cells but concentrated close to the nuclei on both scaffolds
and pedestals (Figure 7a; Figure S10, Supporting Information).
These spots were also detectable on long cellular protrusions in
cells cultured on the 3D scaffolds (Figure 7b) but were hardly
detectable on long protrusions in cells cultured on the 2D ped-
estals (Figure S10, Supporting Information). Two independent
EGFR antibodies (ab76153 Abcam and M3563 DAKO), stained
on the same sample, showed a near identical staining pattern
(Figure 7c,d). When EGF was absent from the culture media
(for duration of three days), only a few EGFR spots remained
and general plasma membrane staining was observed, in
line with the ligand-induced internalization of the receptor
(Figure 7e,f).

To evaluate our model’s ability in drug screening, we then
tested two known EGFR tyrosine kinase inhibitors (TKIs), Erlo-
tinib, and Dacomitinib. In this experiment, GS-830 cells were
seeded on the 2D pedestals and the 3D scaffolds under four con-
ditions: i) with EGF in the culture media (+EGF, control experi-
ment), ii) without EGF in the culture media (-EGF), iii) with
Erlotinib added to the +EGF culture media for 2 h (+Erlotinib),
and iv) with Dacomitinib added to the +EGF culture media for
2 h (+Dacomitinib) (Figure 8). Interestingly, even in the pres-
ence of Erlotinib or Dacomitinib, some (perinuclear) spots were
present in cells. Although there were fewer internalized EGFR
spots, they did not completely disappear (Figure 9a). The peri-
nuclear EGFR spots remained even when the exposure time
to Dacomitinib was increased from 2 to 24 h (Figure S11, Sup-
porting Information). For all conditions except for —EGF, the
Kolmogorov—Smirnov test showed that the distance of EGFR
spots to the cell nuclei for 2D versus 3D cultures came from
separate distributions (+EGF: p-value < 0.0001, —EGF: p-value
< 0.0001, +Erlotinib: p-value < 0.0001, +Dacomitinib: p-value
< 0.0001). The Kruskal-Wallis test showed that the difference
of medians of this distance between 2D and 3D structures
were statistically significant in all conditions except for +EGF
condition (Figure 9b). Although EGFR spot localizations on
2D and 3D structures were similar, in most conditions, spots
were larger and had lower signal intensity in 2D experiments
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Figure 7. Characterization of EGFR expression on GS-830 cells cultured
on 3D scaffolds. a) Zoomed in confocal image showing EGFR spots
close to the nuclei on a 3D scaffold. b) EGFR spots observed in cellular
protrusions. c,d) GS-830 cells stained using two different EGFR anti-
bodies, which both give similar signals. c) Anti-EGFR Abcam ab76153,
d) anti-EGFR DAKO M3563. e,f) Fewer EGFR spots are observed in the
absence of EGF. (e) Cells cultured in the presence of EGF. (f) Cells cul-
tured in the absence of EGF (Blue: nuclei; Red: EGFR).

(Figure 9c¢,d). Additionally, spot detection in 3D was superior
due to higher signal-to-noise ratio, possibly because of the auto-
fluorescence signal of the material in 2D. Interestingly, in the
+EGF condition, a negative correlation (p = —0.13, p-value <
0.0001) was observed between the distances of EGFR spots to
the nuclei and the brightness of the spots (Figure 9¢). Generally,
brighter spots were not detected far from the nuclei (Figure 9e).
Same negative correlation was observed, but with lower correla-
tion coefficient, in the presence of Erlotinib (p = —0.10, p-value
< 0.0001) or Dacomitinib (p = -0.05, p-value = 0.01), but was not
significant for the —~EGF condition (p = —0.04, p-value = 0.25)
(Figure S12, Supporting Information).

The EGFR spots observed in our experiments (+EGF con-
ditions) are consistent with endocytosed EGFR proteins.[®3-68]
Endocytosed EGFR can either be recycled back to the mem-
brane (either fast or slow recycling) or can be directed toward
degradation.®”l Our data suggests that at least part of the

© 2022 The Authors. Small published by Wiley-VCH GmbH

85U8017 SUOWWIOD BAIIE8.D 3(edl|dde ) Aq peuIenob afe e YO 9sn o sa|nJ Joj Akeid8UIIUO AB|IM UO (SUORIPUOD-PUR-SLLIBI 0D A8 |1 Afe.djBul [UO//:SANL) SUORIPUOD Pue SIS | 8Ly 88S *[2202/2T/TZ] Uo ARiqiauliuo Aeim ‘ypa AseAlun eaiuyoe L Aq 5802202  [IWS/Z00T 0T/I0pA0D" A8 1M ARiq 1 pul|uo//Sdiy wolj pepeojumod ‘6t ‘2202 ‘6289€TOT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

+Erlotinib +Erlotinib

+Dacomitinib
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Figure 8. Representative confocal images of GS-830 cells with and without
EGF/EGFR inhibitors. Exposure time to inhibitors was 2 h. a) Image of
the cells on the 3D scaffold and in presence of EGF. b) Image of the cells
on the 2D pedestal and in presence of EGF. c) Image of the cells on the
3D scaffold without EGF. d) Image of the cells on the 2D pedestal without
EGF. ) Image of the cells on the 3D scaffold with EGF and Erlotinib.
f) Image of the cells on the 2D pedestal with EGF and Erlotinib. g) Image
of the cells on the 3D scaffold with EGF and Dacomitinib. h) Image of
the cells on the 2D pedestal with EGF and Dacomitinib (Blue: nuclei;
Red: EGFR).

EGFR is directed to the perinuclear endosomal sorting com-
partment”® and this localization is not entirely inhibited by
TKIs. Although the function of the subcellular localization
is unknown, several reports have suggested the importance
of EGFR localization near the nuclei in patient outcome and

Small 2022, 18, 2204485 2204485 (10 of 14)
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tumor progression.[®>®+7172] The 3D-engineered scaffolds offer
a platform in which the EGFR localization can be tracked and
analyzed in vitro, in 3D and with high resolution. The use of
these scaffolds for live imaging of the EGFR spots and tracking
their transfer to the nuclear area may add to our understanding
of their functions and of the resistance to EGFR inhibition in
patients.[1073-76]

3. Conclusions

In conclusion, we designed and engineered 3D-microscaffolds,
fabricated by the 2PP method, and showed that they can be
used to successfully culture and analyze patient-derived glioma
cells. The design of the biomimetic scaffolds is inspired by the
geometry of microvessel architecture in the brain. These struc-
tures are reproducible and biocompatible, and the low-auto-
fluorescence nature of the employed biomaterial enables an
accurate detection of fluorescent markers. The scaffolds offer
the opportunity to study patient-derived glioma cells with mor-
phological features more similar to those observed in glioma
tumor cells in vivo. A major advantage of our scaffold approach
is that it enabled the study of (EGFR in) individual cells within
a connected cellular network, whereas in conventional 2D cul-
tures this is more error prone due to overlapping cells. These
scaffolds could also be used to study nano- and microtube
dynamics, cell networks, and cell migration strategies as they
better represented the dimensionality of 3D tumor microenvi-
ronments, enable tracking of individual cells and provide more
stable cell networks. Such features are much more difficult to
study in conventional 2D “petri-dish” and 3D spheroid model
systems. Therefore, the developed scaffolds offer new insights
on glioma cell-to-cell and cell-to-environment interactions in
three dimensions. In the future, our 3D-engineered culture
model will be further improved by coculturing glioma cells with
other nontumor cells, such as endothelial cells and immune
cells, which are predicted to have roles in glioma prognosis.

4. Experimental Section

Scaffold Design and Fabrication: The 3D-engineered scaffolds and the
2D pedestals were fabricated with the 2PP method. The scaffolds and the
pedestals were designed using a computer aided design (CAD) software,
SolidWorks (Dassault Systémes, France). A Standard Triangle Language
file from the CAD software was then imported to the DeScribe software
(Nanoscribe, Germany). The resulting General Writing Language file
was imported to Nanowrite (printing software, Nanoscribe, Germany)
directly from DeScribe.

For the fabrication, the Photonic Professional GT+ printer
(Nanoscribe, Germany) was used in Dip-in Laser Lithography
configuration with a 25x objective featuring 0.8 numerical aperture.
IP-Visio  (Nanoscribe, Germany), a methacrylate photosensitive
polymer, was casted on indium-tin oxide (ITO)-coated glass substrates
(dimensions of 25 mm x 25 mm x 0.7 mm, Nanoscribe, Germany).

Before printing, the ITO-coated substrates (resistance of 100 to
400 Q) went through a few preparatory steps. First, the substrates
were cleaned by acetone and ISO-Propanol (IPA). Then, the ITO-coated
side was blow-dried with a nitrogen gun. Next, for further substrate
activation, the ITO-coated side of the substrates was exposed to oxygen
plasma for the duration of 10 min at 80 W power with 5 sccm oxygen
flow rate and pressure of 0.12 bar. Then, the substrates were silanized
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Figure 9. Characterization of EGFR spot localization on GS-830 cells cultured on 2D pedestals and 3D scaffolds. a) Boxplots of number of EGFR spots
per number of nuclei in each image. Red asterisks show significance between conditions in 2D pedestals and blue asterisks show significance between
conditions on 3D scaffolds. b) Boxplots of distances of EGFR spots to the nuclei in 2D and 3D conditions. Value of 0 for the distance means that in the
Z projection of images, the spot was situated in the nucleus region. c) Boxplots of areas of EGFR spots. d) Boxplots of mean gray values of EGFR spots.
The value shows the average signal intensity of a selected region. e) Dot plot of EGFR spot mean gray value versus EGFR spot distance to the nucleus in
+EGF condition. Boxplots display the median, IQR with the whiskers drawn at 1.5IQR. Statistical significance is indicated by p < 0.05 (*), p < 0.01 (**), and
p < 0.001(***). Sample size (n) for (a) for +EGF, —EGF, +Erlotinib, +Dacomitinib are 22, 15, 19, and 16, respectively. Sample size for (b-d) for +EGF, —EGF,
+Erlotinib, and +Dacomitinib are 6979, 811, 5324, and 2639, respectively. Sample size for (e) is 6979. Two independent experimental replicates were included.

to make the substrate surface hydrophobic and enable a chemical  concentration of the solution were 1 h and 2% v/v 3-(trimethoxysilyl)
bond between the polymerized 2PP resin and the substrate itself. The  propyl methacrylate in ethanol, respectively.”’] After silanization, the
silanization solution consisted of ethanol and 3-(trimethoxysilyl) propyl ~ samples were rinsed first with acetone, then with water, and finally air-

methacrylate (#440159, Sigma-Aldrich, USA). The dipping time and the  dried for =5 min. Immediately after drying, the resin was placed on the
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substrates and the samples were placed in the Nanoscribe printer for
fabrication. Several printing and geometrical parameters were tested to
obtain a suitable print quality (Figure S13, Supporting Information). The
details of these parameters are presented in Section 2.1.

After fabrication, to remove the unpolymerized resin, samples were
immersed in propylene glycol methyl ether acetate for 30 min. They were
then immediately rinsed in IPA for 5 min. Later, samples were left in a
fume hood to air-dry. To fit the samples in 6-well cell culture plates (used
for culturing and immunofluorescence staining steps), the corners of
the ITO-coated glass were scraped by creating diagonal lines with a
diamond pen cutter. The corners were then broken off with tweezers. To
fit the samples in 24-well cell culture plates (used for live cell confocal
imaging), the ITO-coated glass was cut into 4 mm x 13 mm rectangles
with an in-house femtosecond laser cutter.

The samples were visually inspected to be free from defects such
as breakage, deformity, delamination, and geometrical flaws. Optical
microscopy with 10x or 20x magnification was employed for quick
inspections and the fabrication quality was checked more extensively by
SEM.

Glioblastoma Cell Culture: Four patient-derived glioma cell cultures,
GS-830, GS-580, GS-827, and GS-921, alongside U87 standard cell line
were tested. GS-830 and GS-921 are isocitrate dehydrogenase (IDH)-
wild-type glioblastoma cells, and GS-580 and GS-827 are IDH-mutant
astrocytomas.[>78 EGFR is expressed in both (IDH)-wild-type and (IDH)-
mutant cell cultures used in the experiments, but EGFR amplification is
lost in culture.”8 The use of patient tissue was approved by the Medical
Ethical Review Committee Erasmus MC, code MEC-2013-090, and all
patients signed informed consent forms according to the guidelines of
the Institutional review board.

The cell culture steps were adopted from a published protocol.[578l
Unless otherwise specified, 20 ng mL™ basic fibroblast growth factor,
20 ng mL™" EGF, and 5 ug mL™' heparin was used in Dulbecco’s
modified Eagle medium/Nutrient Mixture F-12 (DMEM/F-12, 11320-
033, Gibco, USA) as the cell culture media. Each sample set, containing
three scaffolds and four pedestals fabricated on one ITO substrate,
was placed in one well of a 6-well plate and washed with ethanol
70% followed by two washes with phosphate buffered saline (PBS).
Structures were coated with Cultrex Basement Membrane Extract
Reduced Growth Factor (3500-096-01, Trevigen, USA). This coating
is cell line derived and consists of a mixture of extracellular matrix
proteins such as laminin and collagen IV. For this experiment, 100 pL
coating solution (1:100 Cultrex coating diluted in culture media) was
used to cover the surface of each substrate. In the meantime, cells were
kept in flasks until they reached 80% confluency. At that time, 1 mL
of cell suspension (1 000 000 cells mL™") was seeded on each coated
sample set. 2 mL cell culture medium was then added to each well. For
experiments with Dacomitinib (52727, Selleckchem, USA) and Erlotinib
(51023, Selleckchem, USA), 10 um of the inhibitors was added to the
culture medium 2 h before cell fixation. For -EGF conditions, cell culture
media was used without the addition of EGF.

Scanning Electron Microscopy: For SEM imaging of cells seeded on the
fabricated structures, the cells were fixed and dehydrated. Concerning
cell fixation, cell culture medium was removed and samples were
washed two times with PBS. Then, 2% paraformaldehyde was added for
30 min followed by 4% glutaraldehyde for 2 h. Scaffolds and cells within
them were then washed two times with PBS and dehydrated sequentially
in 50% ethanol (15"), 70% ethanol (20°), and ethanol (20") and dried at
room temperature.

SEM was employed to assess the fabrication quality of the structures
and the cell-microstructure interaction. To avoid charge build-up, the
samples were sputter-coated with a gold nanolayer. A Sputter Coater
JEOL JFC-1300 (Tokyo, Japan) was used for this purpose. All samples
were coated once horizontally and two times in opposing 45° tilted
configurations in order to ensure a homogeneous metal coating also
along sidewalls. In the horizontal configuration, the samples were
sputter-coated using a 20 mA current for 20 s adding =13 nm thick gold
layer. The duration was reduced to 10 s for each tilted configuration
adding =6.5 nm thick gold layer.
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For SEM imaging, secondary electron generated images were
recorded using a JEOL JSM-6010LA scanning electron microscope
(Tokyo, Japan). Concerning the recorded images, the accelerating voltage
ranged from 10 to 20 kV and the spot size (diameter of the electron
beam) ranged from 50 down to 30 nm.

Immunofluorescence  Staining and Confocal Imaging Configuration:
Primary antibodies were anti-Beta-Tubulin (ab6046, Abcam, UK, 1:200
dilution), anti-GAP-43 (8945, Cell Signaling Company, USA, 1:200
dilution), and anti-EGFR (M3563, DAKO, Germany, 1:500 dilution, or
ab76153, Abcam, UK, 1:200 dilution). Secondary antibodies were Alexa
Flour 488 anti-rabbit (A11008, Life Technologies, USA, 1:500 dilution)
and Alexa Fluor 647 anti-mouse (A21240, Life Technologies, USA, 1:500
dilution). The anti-EGFR made by Abcam provided stronger signals
and therefore was preferred. All antibodies were diluted in PBS with
1% W/V bovine serum albumin. Samples were incubated with primary
or secondary antibodies each for 1 h at room temperature in humidity
chambers. Scaffolds were mounted with Vectrashield fluorescent
mounting with DAPI (Vector Laboratories, USA) for the visualization
of nuclei. A coverglass was placed on top of the scaffolds. In order to
prevent damaging the scaffolds during imaging, two spacers (Imaging
Spacers, GBL654002, Grace Bio-Labs, USA) with the thickness of 120 um
were used (Figure S14, Supporting Information). An oil immersion
upright microscope Stellaris 5 (Leica Microsystems, Germany) with
40x objective and numerical aperture 1.30 was used for confocal
immunofluorescent imaging. To avoid cross-talk between channels, the
imaging for individual markers was carried out sequentially.

Staining of FFPE tissue slices was performed for tumor cell marker
IDH (DIA-H09, Dianova, USA, for IDH-mutant, low grade tissue slices)
or Glial Fibrillary Acidic Protein (GFAP, M0761, DAKO, Germany, for IDH-
wildtype, high grade tumors) and nuclear counterstaining with DAPI.
Staining was performed on 4 um FFPE sections as previously described./?]
Staining for tumor marker was performed by antigen retrieval with
microwave treatment in AR6 buffer (AR600250ML, Akoya Biosciences,
USA), blocking (ARD1001EA, Akoya Biosciences, USA), primary antibody
incubation (1:20 for IDH and 1:50 for GFAP, diluted in blocking solution),
secondary antibody incubation (ARH1001EA, Akoya Biosciences, USA),
and subsequent incubation with tyramide signal amplification plus
fluorophore (OP-001006, Akoya Biosciences, 1:100, diluted in amplification
diluent FP1498, Akoya Biosciences), with washing steps in between.
Finally, sections were counterstained with spectral DAPI (Spectral DAPI,
FP1490, AKOYA Biosciences, USA) and mounted with mounting medium
(P36970, Invitrogen, USA). Following staining, whole sections were
scanned (10x magnification) and representative sections per patient
(three low grade and three high grade patients) were imaged in higher
magnification (20x; area: 690 x 516 um; resolution: 2 pixels um™, pixel
size: 0.5 x 0.5 um?) with the use of Vectra 3.0 (Akoya Biosciences,
Menlo Park, CA, USA) as previously described.”) Images were manually
thresholded for identification of tumor marker positive regions, and nuclei
in these regions were identified using the Stardist plugin.l% These images
were then exported to be used for downstream image analysis.

Live Confocal Imaging: Prior to cell seeding, cells were stained with
a fluorescent dye, CellTracker Green CMFDA Dye (C2925, Invitrogen,
USA), diluted in DMEM/F-12 medium (5 um) and were incubated for 30
min at 37 °C. Next, this mixture was replaced with normal medium and
the cells were seeded on the scaffolds according to the stated cell culture
protocol. Cells were left to grow and attach to the scaffolds in an upright
configuration for =16 h. Then the samples were flipped upside down
for imaging (Figure S15, Supporting Information). To keep samples in
the inverted configuration, Grace Bio-Labs imaging spacers were used.
Three scaffolds and the 2D surfaces were imaged every 1.5 h for a total
of 16.5 h using Opera Phenix High-Content Screening System (Perkin
Elmer, USA) with an inverted 20x objective and 0.4 numerical aperture.

Image Analysis: Concerning fluorescent images, the analysis was
performed on maximum intensity Z projections of stacks of image
slices. Images were analyzed using Image] software (National Institutes
of Health, USA). Macrocodes were developed to extract and quantify
the features of interest from each image (nucleus size, circularity, EGFR
“spot” size, fluorescence intensity, and location). All codes are explained

© 2022 The Authors. Small published by Wiley-VCH GmbH
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in the Supporting Information. The Stardist plug-in was used for nuclei
segmentation.l®% The cell area was defined as the combination of nuclei
and tubulin areas. Circularity, used to quantify nuclei and cell circularity, is
defined in Image] software as 477(A P~?), where A is area and P is perimeter.
To quantify the EGFR localization, a combination of Stardist for nuclei
detection,®) ComDet for EGFR spot detection,®!l and NearestNeighbour
to find distances was used.? All tube-like protrusions were marked in
Image) based on the tubulin staining and were quantified in terms of
length and width. For this, fluorescent images (with 380 um x 380 pum
field of view) of the stained cells on 2D pedestals and 3D scaffolds were
recorded and then analyzed. All experiments were independently replicated
at different points in time using subsequent passage numbers to colonize
the scaffolds. All conditions within one experiment (i.e., cultured £ EGF,
+Erlotinib, +Dacomitinib) were simultaneously performed, processed, and
imaged using identical imaging parameters.

Harmony high-content imaging and analysis software (Perkin Elmer,
USA) was used to analyze the live experiment images. Position and
speed of the cells on 2D and 3D structures were tracked and recorded
based on the maximum intensity Z projections of stacks of image slices.
Analysis is explained in more detail in the Supporting Information.

Statistical Analysis: The data were analyzed with R programming using
RStudio. The Shapiro-Wilk test was used to verify normal distribution
of data (p < 0.05). A one-way analysis of variance test for normal
data and a Kruskal-Wallis test for non-normal data were used. The
Kolmogorov-Smirnov test was used to compare the distribution of data
sets. Spearman’s rank-order correlation test was used to find correlation
between variables with non-normal distributions. Statistical significance
was set at p < 0.05 (*), p < 0.01 (**), and p < 0.001(***). Sample size (n)
for each test is displayed in the related figure legends. Boxplots display
the median, interquartile range (IQR) with the whiskers drawn at 1.5I1QR.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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