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Introduction

Fibroblast proximity to a tumor impacts fibroblast
extracellular vesicles produced by 3D bioprinted
stromal modelsf¥

@ and Pinar Zorlutuna (& *&b-cd

Jensen N. Amens,® Jun Yang, Lauren Hawthorne
Extracellular vesicles (EVs) are an important carrier of cellular communication that contain cargo such as
cytokines, RNAs, or microRNAs (miRNA) and have been proven to play an important role in breast cancer
tumorigenesis, progression, and metastasis. Although the role of cancer associated fibroblasts (CAFs), and
EVs originated from them have been studied extensively, there is a lack in knowledge on the contribution
of normal fibroblasts surrounding the tumor and their roles with respect to their proximity to the tumor.
Here we investigate how the proximity of the tumor affects the EV production of the normal fibroblasts.
We created stromal models by 3D bioprinting two different fibroblasts, normal human mammary fibro-
blasts (hMFs) and normal tumor adjacent fibroblasts (NTAF), within a collagen gel. We isolated EVs from
both the effluent media and the 3D stromal model, which were then characterized and we found that EVs
from each group were of consistent exosome size and displayed traditional exosome markers, however,
the EVs from different groups also displayed different cytokine profiles of their cargo, with the NTAF
media group showing an upregulation of cytokines associated with breast cancer progression. After this,
we used the EVs to treat breast cancer cells to investigate the effects of the EV groups on the breast
cancer cell behavior. The breast cancer cells treated with the NTAF groups had increased migration.
Finally, we utilized a 3D breast tumor model to investigate the effects of the EVs on a tumor spheroid.
Tumor spheroids treated with either NTAF EV groups showed increased proliferation, tumor diameter, and
local invasion. This study is the first to investigate the effect of proximity to a breast tumor on EV pro-
duction and the first to utilize 3D bioprinting of stromal models specifically to obtain EVs. Overall, our
results show that EVs from normal fibroblasts closer to a tumor produce EVs that promote breast cancer
progression, regardless of the secretion location of the EVs. These cells have a distinct EV secretome
different from normal human mammary fibroblasts, showing that the proximity to a tumor influences the
normal fibroblasts surrounding the tumor.

EVs from dysfunctional cells carrying pathogenic proteins or
proinflammatory cytokines to progress various diseases such

Extracellular vesicles are small particles with a bilipid mem-
brane that are released from the cells"* which play an impor-
tant role in intercellular communication. They typically
contain various types of RNAs - including microRNAs (miRNA)
- cytokines, and other molecules used for cell signaling with
different types of cells producing different cargo. The cargo
from EVs can affect various cellular and organ processes with
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as renal disease,’ neurodegenerative diseases,™” inflammatory
diseases,® and various types of cancers.”® EVs have been
proven to play an important role in breast cancer tumorigen-
esis, progression, and metastasis®'® and can contain impor-
tant biomarkers for breast cancer,'"'* which could allow early
detection of breast cancer and provide a more accurate progno-
sis based on content from the EVs from various biological
fluids.

While many studies have been focused on EVs produced
from biological fluids and cellular secretions, recently, there is
growing interest in a novel type of EVs bound within the extra-
cellular matrix (ECM) of tissues. It has been shown that EVs
isolated from the ECM of specific tissues contain different con-
tents than those isolated from fluids.”**!* In one study, cells
treated with EVs isolated from ECM had increased neurite out-
growth, proving the EVs from ECM are bioactive like their fluid
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counterparts.’® Similar results have also been obtained for
commercially available ECM scaffolds,"® cancer associated
fibroblast (CAF)-derived ECM,"® urinary bladder ECM," and
others. Previous studies within our lab have shown differences
between the EVs that are present within aged and young breast
tissue® and discovered that the aged ECM EVs caused breast
cancer cells to become more motile and invasive. These aged
ECM EVs also contained more cytokines and miRNAs that are
associated with cancer initiation, metastasis, and treatment re-
sistance. Multiple studies from our lab'*'” and others'*'®*®
have shown, EVs isolated from ECM are an important source
to study as they may provide more insight to breast cancer
initiation, progression, and metastasis. Along with changes in
EVs from different secretion locations, as stated previously,
different cell types can also produce differing EVs. Fibroblasts
within the breast tumor, CAFs, have been shown to secrete EVs
that aid in breast cancer progression and metastasis.'>*® EVs
from CAFs have been well characterized through transmission
electron microscopy (TEM), nanoparticle tracking analysis
(NTA), qRT-PCR, western blot, microRNA profiling, and other
methods to characterize their size, shape, and cargo; however,
EVs from normal fibroblasts surrounding the tumor have not
been explored. It is necessary to investigate the changes in EVs
from different cell types and secretion locations.

Because EVs can differ based on their place of uptake -
such as biofluids, cell culture media, or ECM - it is important
to have relevant models when investigating EVs to understand
the different properties and functions of EVs with different
biogenesis. 3D engineered models have been proven to allow
researchers to investigate cell-cell and cell-ECM interactions
in a more physiologically relevant environment.”’>*® These
models can be produced using patient-derived tumor cells and
ECM to better replicate the specific microenvironment being
studied; however, these 3D engineered models have limitations
that include reproducibility within models, scaling production
of models, and the heterogeneity of the tumor microenvi-
ronment.>* One method to help solve some of these limit-
ations is to utilize 3D bioprinting, which can overcome repro-
ducibility and production scaling as the bioprinter can simul-
taneously print multiple models, limiting differences between
models and allowing for many models to be printed at once.
This method can also recreate the heterogeneity of the tumor
microenvironment through printing multiple types of
materials, cells, or cytokines in specific locations within the
3D model. 3D bioprinting has been used to print various
tissues such as vessels,”>*® bone,*”*® and cartilage,”** as well
as drug-screening model systems.*'** One of the main appli-
cation for 3D bioprinting within cancer research is to create
3D cancer models that better represent the human body
environment as well as create high throughput systems for
cancer research. Previous research has included printing
tumors within a stromal gel to create a relevant cancer
model**?* to better aid in drug development while another
study printed cancer cells and surrounded them by supporting
adipose-derived mesenchymal stem cells (ADMSCs) to investi-
gate drug resistance.®® Other studies have utilized this biofab-
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rication method to pattern cells in specific places to better
mimic the tumor microenvironment.*® This method has been
shown to improve engineered models and replicate the tumor
microenvironment. This could be utilized to investigate EVs
within more biomimetic environments to better understand
the role EVs play in disease progression. Previous studies com-
bining 3D bioprinting and EVs focus on printing the EVs into
specific places®”?® or treating constructs with EVs*® rather
than printing a construct and isolating EVs from this construct
as we have shown here. 3D bioprinting allowed us to create a
stromal model for obtaining EVs in a reproducible and human
mimicking manner.

This study aims to investigate how the proximity of the
tumor affects the EV production of normal fibroblasts by utiliz-
ing 3D models of the breast stroma and the breast tumor
microenvironment. To examine this, we created stromal
models by 3D bioprinting the two different normal fibroblasts,
normal human mammary fibroblasts (hMFs) and normal
tumor adjacent fibroblasts (NTAF), within a collagen gel. They
were cultured for one week before isolating EVs from both the
effluent media and the 3D stromal model. The resulting EVs
were characterized using NTA, TEM, ELISA, zeta potential, and
cytokine array analysis of the cargo. Through our characteriz-
ations we found that the EVs were of consistent exosome size
and displayed traditional exosomal markers, while their con-
centration and surface charge differed based on their origin.
The EVs also displayed different cytokine profiles of their
cargo, with the NTAF media group showing an upregulation of
cytokines associated with breast cancer progression. After this,
we used the EVs to treat breast cancer cells to investigate the
effects the EVs have on the breast cancer cell behavior. The
breast cancer cells within a 2D environment treated with the
NTAF groups had increased migration. Finally, we utilized a
3D breast tumor model to investigate the effects of the EVs on
a tumor spheroid which caused an increase in the local inva-
sion and proliferation of the 3D tumor spheroid. This study is
the first to investigate the effect of proximity to a breast tumor
on stromal cell EV production as well as the first study to
utilize 3D bioprinting to obtain EVs. While previous studies
have characterized CAFs, we focus on a different subpopu-
lation of normal fibroblasts that are adjacent to the tumor
rather than within the tumor as CAFs are. Overall, our results
show that normal fibroblasts closer to a tumor produce EVs,
independent of the EV secretion origin, that promote breast
cancer progression.

Materials and methods
Cell culture

GFP-reporting MDA-MB-231 breast cancer cells were a kind gift
from Dr Siyuan Zhang at University of Notre Dame. Breast
cancer cells were cultured in medium (DMEM high glucose
medium supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin (P/S)). The culture was maintained
with media changes every two days until 90% confluent. hMFs
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and NTAFs were obtained from Prof. Harikrishna Nakshatri at
Indiana University School of Medicine.**™** Primary cells were
cultured in basal medium (DMEM [low glucose]: Ham’s F12
[1:3] medium supplemented with 5% FBS [Thermo Fisher
Scientific], 0.4 pL mL™" hydrocortisone [Sigma], 1% penicillin/
streptomycin [Corning], 5 pg mL~" insulin [Sigma], 10 ng mL™"
EGF [Millipore], 6 mg mL™"' Adenine [Sigma], and 10 mM
ROCK inhibitor [Y-27632] [Enzo Life Sciences]).

Stromal model fabrication

Fibroblasts were detached using trypsin. These were then
mixed into a 6.6 mg mL™' solution of human collagen
(HumaBiologics, USA) at a concentration of 20 million cells
per mL, loaded into a bioprinter (Cellink, USA), and droplet
printed into a 96-well plate to form stromal models. Stromal
models were printed with pressures from 7-14 kPa and extru-
sion times from 0.70-0.85 s. The stromal model systems were
allowed to gel at 37 °C before being cultured in basal medium
for up to seven days with a media change after three days in
culture.

Extracellular vesicle isolation

Model EV isolation was performed based on a modification of
a previously described protocol.** Stromal models were decel-
lularized with the decellularization solution and rinsed with
PBS and deionized water for rehydration. To release the model
EVs from the matrix, stromal models were enzymatically
digested with a solution containing 0.1 mg mL™" type II col-
lagenase, 50 mM tris buffered saline (TBS), 5 mM CacCl,, and
200 mM NaCl for 24 h at room temperature with agitation.
Enzymatically digested models were subjected to successive
centrifugations at 500g for 10 min, 2500g for 20 min and
10 000g for 30 min. Each centrifugation step was performed
three times to ensure the removal of collagen fibril remnants.
The fiber-free supernatant was then centrifuged at 100 000g
with tabletop ultracentrifuge (Beckman Coulter) for 70 min at
4 °C. The pellets were stored at —80 °C or resuspended in PBS
for immediate use. Media collected from the models after one
week in culture was subjected to centrifugation twice at
10 000g for 30 min before being centrifuged at 100 000g with
tabletop ultracentrifuge (Beckman Coulter) for 70 min at 4 °C.

EV size determination

EVs from each group were resuspended in PBS and analyzed
with a NanoSight NS3000 instrument (Malvern). Size distri-
bution and particle concentration of MBVs were determined
by Brownian motion measurement (n = 5). NanoSight data was
analyzed with R software to calculate the number and dia-
meter of the particles after reduction of background noises.

TEM imaging of EVs

EV size and morphology characterization was further con-
firmed with TEM imaging. Briefly, EV samples (n = 3) isolated
with ultracentrifugation were resuspended and incubated in
2.5% glutaraldehyde for 1 hour at room temperature and
loaded on plasma cleaned carbon-coated copper grid
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(Polysciences). Fixed EV samples were incubated on the grids
for 20 min at room temperature. The samples were washed
with deionized water and vacuumed for 10 min to dry. EV
samples were incubated in vanadium solution (Abcam) for
15 min at room temperature for negative staining. The
samples were then washed with deionized water and vacuum
dried. TEM imaging was performed at 120 kV.

Surface marker characterization

Quantification of surface markers of EVs was performed with
ExoELISA-ULTRA Complete Kit for CD9, CD63, and CD81
detection (SBI). Isolated EVs were resuspended in PBS and
added into protein-binding 96-well plates at 5 pg per well.
Plates were incubated at 37 °C for an hour for protein binding
and washed 3 times with 1x wash buffer. Plates were then
treated with corresponding primary and horseradish peroxi-
dase-labelled secondary antibodies and super-sensitive tetra-
methylbenzidine substrates according to manufacturer’s
instructions. Reactions were terminated with stop buffer and
quantitative results were measured at 450 nm with a plate
reader (Wallac 1420).

Cytokine profiling

Cytokine profiling of the EV groups was performed using the
dot blot-based Proteome Profiler Human XL Cytokine
Antibody Array kit (R&D Systems) following the manufacturer’s
instructions. EVs were lysed with 1% Triton X-100 overnight at
4 °C. Total protein concentrations were determined by Pierce
Gold BCA Assay (Thermo Fisher Scientific), and equal
amounts of protein were loaded onto the blots to assess the
cytokine levels. Result of the cytokine array was analyzed using
Image] by quantifying the intensity of the dots from each
sample.

Cell motility

The effect of the EVs on cell motility was assessed through an
in vitro migration assay. The MDA-MB-231 cells were seeded in
24-well plates and treated with 20 pg EVs for 48 h. Cells were
then washed, treated with trypsin, and reconstituted in culture
media. A 30 pL aliquot of the cell suspension was seeded in
the center of a glass bottom culture dish (total of 100000
cells), incubated overnight at 37 °C for the cells to attach. After
cell attachment, fresh media was added, and cells were sub-
jected to time lapse imaging under an inverted fluorescence
microscope for 10 h with 15 min intervals. Cells were tracked
with Fiji software (NIH). Non-treated cells cultured under the
same conditions were used as a control.

Model fabrication

Tumor spheroids were created by seeding MDA-MB-231 cells
into ultra-low attachment plates at a density of 10 000 cells per
pL. These were allowed to culture for two days before droplet
printing (Cellink, USA) a 6.6 mg mL™" solution of human col-
lagen (HumaBiologics, USA) onto the tumor spheroids. These
were allowed to gel at 37 °C prior to placing basal medium
onto the constructs and treatment with EVs for two weeks.

This journal is © The Royal Society of Chemistry 2025
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Model characterization

Viability of cells in models was determined using the live/dead
cell viability assay (Thermo Fisher Scientific). Briefly, models
(n = 3) at day 1 of culture were incubated in a solution of 2 uyM
calcein-AM (live cells, green) and 4 uM ethidium homodimer-1
(EthD-1) (dead cells, red) at 37 °C for 30 min, and cells imaged
using a fluorescence microscope.

Immunostaining

3D tumor models (n = 3) were stained for Ki67. Models were
permeabilized with 0.1% Triton X-100, and then incubated for
one hour in 5% goat serum, overnight at 4 °C in mouse anti-
human Ki67 (Abcam) monoclonal antibodies with 1:100
dilution, and then for 6 h at 4 °C in Alexa fluor 647-labelled
goat anti-mouse IgG (Abcam) with 1:400 dilution. The
samples were stained with 0.5 pg mL™" DAPI (Sigma) and
imaged with a two-photon confocal microscope.

Statistics

Data were analyzed for statistical significance with Prism 9
(Graphpad). One-way ANOVA followed by Tukey’s HSD correc-
tion was performed to compare the differences between EV
groups. Outliers were identified using the ROUT method with
Q = 1% and eliminated. Data are presented as the mean + stan-
dard deviation (SD).

Results

Creation of the breast stromal model and cell viability

NTAF cells have been characterized previously®®*?

shown to be a different cell population from CAFs within the
breast stroma. Stromal models were created as depicted below
in Fig. 1. Models were stained with calcein AM and ethidium
bromide to stain the live cells green and dead cells red. The
models showed that after printing the majority of cells were
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Fig. 1 Schematic of stromal model, EV isolation, and cell assay system.
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still alive (Fig. 2B). hMF models showed an 82.8% viability and
NTAF models showed a 76.7% viability.

Stromal model EVs show consistent size and exosome surface
markers

Stromal model EVs from both media and within the models
were isolated after one week in culture. The pellets were then
resuspended in PBS for characterization. First, samples were
prepared for TEM. These images show a consistent size and
shape throughout the EV groups (Fig. 3A and Fig. S17). EVs
from five experimental groups were then characterized by size
and concentration using NTA. This confirmed that the EVs are
within standard EV size (Fig. 3B). This also showed an increase
in concentration for the NTAF model EVs as compared to the
NTAF media EVs and the reverse for the hMF groups. After
this, we characterized common exosome surface markers CD9,
CD63, and CD81 through ELISA, which has been shown to be
suitable for surface marker detection in exosomes and is used
throughout many different studies.*>*” This method allows
for exosome biomarker detection from small volumes of bio-
fluids or from many samples at once, which were both useful
in the case of this study. We were able to confirm the presence
of these surface markers showing that we successfully isolated
exosomes (Fig. 3C). As these exosomes have been isolated from
fibroblast-only stromal models, we can confirm that these are
fibroblast exosomes. We saw a difference in the zeta potential,
which measures the surface charge of the EVs, between the
model groups and the media groups (Fig. 3D). hMF media and
NTAF media groups had larger average zeta potential at —11.19
and —14.37 respectively. The model groups were closer to zero
with the hMF model group having a zeta potential of —1.78
and NTAF model group with a zeta potential of —1.38.

Cancer progression related cytokines are increased in the
NTAF media group

Finally, we characterized the cytokines within the EVs from
the different groups (Fig. 4). Overall, there are six cytokines
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Fig. 2 Stromal model images and cell viability. (A) (i) Brightfield images of models immediately after printing. (ii) Brightfield images of models after
one week in culture. (B) (i) Fluorescence images of live/dead stained models. (ii) Quantification of percent live cells in the images (n = 7).

that are upregulated in hMF media group with the rest of
the cytokines having lower regulation. The NTAF media
group has consistent upregulation through most of the
cytokines present in the array as compared to the rest of
the groups. The cytokine array results show 35 cancer pro-
moting cytokines that have increased expression in the
NTAF media group. These cytokines have from a 10%
increase to a 137% increase in expression between the
groups. In contrast, the hMF media group showed
increased expression for 13 cytokines that support cancer
progression. Cytokines, such as EGF, that are increased in
the NTAF media group are related to breast cancer cell
migration.

3818 | Biomater. Sci, 2025, 13, 3814-3827

Breast cancer cell migration is increased with NTAF EV
treatment

2D cell migration assays were completed to test the effects of
the EV groups on breast cancer cell behavior (Fig. 5A).
MDA-MB-231 cells were seeded into a 12-well plate and
allowed to attach before treatment with the EV groups. Cells
were treated with 20 pg of EVs for 48 hours. After treatment,
cells were seeded in a glass-bottom dish. Migration assays
were conducted by imaging the cells seeded on a glass-bottom
dish for 15 minutes every 10 hours. The cells were then
tracked and the motility calculated. It was found that the NTAF
groups had increased motility as compared to the hMF groups.

This journal is © The Royal Society of Chemistry 2025
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model EVs (bottom right). (B) NTA results of size and concentration distribution for the EV groups (n = 5). (C) Exo-ELISA results for (i) CD9, (ii) CD63,
(iii) CD81, exosome surface markers. (D) Zeta potential results for the model EV groups and plasma control group. Data presented as the mean + SD.

ANOVA followed by Tukey's post hoc was applied for statistical significance. *p < 0.05, **p < 0.01, and ***p < 0.001.
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successive images. Data presented as the mean + SD. ANOVA followed by Tukey's post hoc was applied for statistical significance. *p < 0.05, **p <

0.01, ***p < 0.001, and ****p < 0.0001. N = 3.

NTAF media EVs caused the most significant increase in moti-
lity of 4.12 + 0.82 um h™" (Fig. 5B). These results show that the
NTAF group EVs cause an increase in breast cancer cell
progression.

Treatment with NTAF EVs increases tumor spheroid
proliferation and invasion

Next, we utilized our tumor spheroids to create 3D breast
tumor models. After model creation, these were treated with
the EVs from the four EV groups. The breast tumor models
were cultured for two weeks with images taken every three days
to track spheroid diameter (Fig. 6A). The 3D models treated
with the NTAF media EVs had the largest spheroid diameter

3820 | Biomater. Sci, 2025, 13, 3814-3827

increase from day 1 of culture to day 14 of 3066 pm and
models treated with the NTAF model EVs had the second
largest spheroid diameter increase of 2396 um (Fig. 6C). Four
of the model groups, hMF media treated, hMF model treated,
plasma EV treated, and no treatment spheroids, had little to
no spheroid diameter increase throughout the culture period.
The models were then fixed and stained for Ki67 (Fig. 6D(i))
showing that this invasion was due to the proliferation of the
tumor spheroid. The 3D model treated with NTAF media EVs
showed the highest percentage of cells positive for Ki67 at
63.7% + 4.1%. This was determined through immunofluores-
cence images as we were interested in the percent positive cells
rather than the total protein amount. Overall, these results

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Local invasion is increased in a 3D model of breast cancer when treated with NTAF group EVs. (A) 3D breast tumor spheroid models brightfi-
eld images over the 14-day culture period. Scale bar: 500 um. (B) Spheroid diameter quantification 3D breast tumor spheroid models. (C) Total
spheroid diameter changes from day 1 to day 14 of spheroid culture (D) (i) Ki67 staining of 3D models after 14 day culture period. Scale bar in top left
image applies for all images in section: 50 pm. (i) Quantification of Ki67 stain. Data presented as the mean + SD. ANOVA followed by Tukey's post

hoc was applied for statistical significance. *p < 0.05 and **p < 0.01. N = 3.

suggest that the EVs secreted from normal tumor adjacent
fibroblasts are fueling breast cancer progression.

Discussion

This study was able to show distinct differences in the EV
populations from fibroblasts of differing proximities to a
breast tumor. This is the first such study to investigate the
effect of distance from a tumor on fibroblast secretions using
3D bioprinted constructs to obtain EVs. We printed fibroblasts

This journal is © The Royal Society of Chemistry 2025

in a collagen gel to model the stromal compartment of the
breast. The models included only fibroblasts in order to
discern the effects of the different fibroblasts without any con-
founding factors. EVs were isolated from the effluent media
from the models and from the models themselves after a week
in culture. These EVs showed average exosome size and mor-
phology. The hMF models produced higher concentrations of
EVs in the media and lower concentrations within the models
themselves. The opposite was seen in the NTAF models with
higher concentrations of EVs within the models as compared
to the media EV concentration. Through ELISA, we were able
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to quantify the classic exosome surface markers CD9, CD63,
and CD81. The different groups showed different zeta poten-
tials with the EVs isolated from the models having a zeta
potential closer to zero. Cytokines within the EVs were ana-
lyzed using a dot-based assay and found individual cytokine
profiles for the different groups. The NTAF media group
showed an upregulation of cytokines related to breast cancer
progression. After this, we treated breast cancer cells with the
different EV groups to study how they affected the resulting
breast cancer cells migration. The breast cancer cells treated
with the EVs from the two NTAF groups showed increased
migration, invasion, and proliferation with the largest increase
in these three categories stemming from treatment with the
NTAF media group. A 3D spheroid model was then used to
investigate the effect of these EVs in a more biologically rele-
vant system. Our results showed an increase in local invasion
and proliferation for the spheroids treated with the NTAF
media group. Through this investigation we were able to prove
that normal fibroblasts that reside next to a tumor secrete EVs
that support breast cancer progression regardless of EV origin.

Once the EVs were isolated from the media and the models,
we characterized them using TEM, NTA, ExoELISA, and zeta
potential measurements. TEM and NTA showed an average
particle size of 100 nm to 200 nm, which is within the range of
average exosome sizes.*®*? ExoELISA confirmed the presence
of traditional exosome surface markers of similar concen-
trations for CD63 and CD81. Our results also showed a
decrease in CD9 for the EVs isolated from the models. This is
comparable with matrix bound vesicles (MBVs) as they have
been shown to have decreased CD9 as well."*'® NTA showed
increased concentrations of EVs within the NTAF models. The
effluent media from the NTAF models had a lower concen-
tration as compared to the models. We see the opposite result
for the hMF models with increased concentration within the
media as compared to the models. This was not the case for
direct comparison between liquid-phase EVs and MBVs,'® so
this could be due to surface charge differences between the
EVs from the groups. In order to assess if this change in con-
centration was due to differences in surface charges on the
EVs, we then measured the zeta potential of each of the EV
groups. Multiple studies®®>> have characterized the zeta
potential of conditioned media from cells, human plasma,
and various other EV sources and found zeta potentials in the
range from 0 mV to —50 mV, putting our measurements within
the reported range. EVs isolated from effluent media of dis-
eased cells were shown to have decreased zeta potential as
compared to EVs from healthy cells,”* which is similar to
our results showing decreased zeta potential of the NTAF
media EVs as compared to the hMF media EVs. The model
groups showed zeta potentials closer to zero, and as collagen
is negatively charged,’ this could explain one method for the
model EVs to attach to the collagen within the model as the
more negatively charged media EVs would be repelled by the
collagen and stay within the media. However, this conflicts
with the results we see from our mouse breast EVs which show
a significantly decreased zeta potential as compared to the
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other groups. This could be due to many other factors within
the breast tissue such as differing ECM proteins, cell types,
and cytokines present that could affect the zeta potential of
this group of EVs. This difference in zeta potential could
explain the difference in concentrations between the NTAF
model and NTAF media EVs. Surface characterizations of the
EVs showed standard EV surface proteins, size, and shape. The
next characterizations were performed on the cargo of the EVs.

The cytokine array showed different cytokines upregulated
within the cargo of the EV groups. These cytokines can be
secreted through different methods from the cells. As we were
treating our cells with the isolated EVs, we were only interested
in the changes in the cytokines within the EVs rather than the
changes of the cytokines from other secretion paths. Visually,
our results indicate that the hMF media group has some cyto-
kines that are highly expressed, whereas the other three groups
have more expression across the entirety of the panel. Our
results are comparable to other labs comparing MBVs to
liquid-phase EVs as other studies also showed more proteins
within the liquid-phase EV cargo as compared to the MBV
cargo.'® Based on a study’s'® silver stain of electrophoretically
separated proteins, the stain for the MBVs was visually lighter
than the liquid-phase EVs, suggesting less proteins in their
cargo. Multiple studies'®>® also found differences within the
miRNA content between these two groups. Phospholipids were
found to be significantly higher within the MBVs, which could
explain the difference in cargo and the decreased cytokine
content within our model group EVs. The MBVs also showed a
significant increase in fatty acid cargo as compared to the
liquid-phase EVs, with the group determining that the MBV
cargo is a pool of substrates for the synthesis of signaling lipid
mediators. This could mean that there are more phospholi-
pids, RNAs, or miRNAs within the cargo of the MBVs rather
than cytokines.

Of the cytokines with increased expression within the NTAF
media group, epidermal growth factor (EGF) is one cytokine of
interest in our results. EGF has consistently been shown to
increase proliferation in breast cancer cells.>*>® One study
also showed that after treatment with EGF, breast cancer cells
showed increased cell speed and directionality and that cells
migrated towards a higher EGF concentration.>® Another cyto-
kine of interest, IL-27, is shown to be increased in NTAF
groups and specifically in the NTAF media group and the
lowest level in the hMF media group. Clinically, IL-27 was
increased in serum of breast cancer patients as opposed to the
control.”® 1L-27 has been shown to have dual roles tumor
immunity through both working with IL-12 to promote tumor
self-recognition with T-helper cells to allow the tumor to avoid
the immune system and inducing cytotoxic T-lymphocytes
which are anti-tumor.®°®* Overall, IL-27 can either promote
anti-tumor immunity or support tumor progression. CD-14
was increased in the media groups and more-so in the NTAF
media group. CD-14 is typically a marker of macrophages and
increased CD-14 positive macrophages within the breast
primary tumor has been shown to have increased cancer
relapse® while increased CD-14 cytokine content in serum is

This journal is © The Royal Society of Chemistry 2025
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correlated with increased breast cancer recurrence.’*
CD-14 has also been implicated in tumor-promoting inflam-
mation, proliferation, and overall tumor growth.®>®® Finally,
GDF15 is most highly expressed in the NTAF media group.
GDF15 has been shown to support and even be necessary for
chemotherapeutic and radiation resistance in breast cancer
cells.®”*® GDF15 has also been shown to be required for breast
cancer cell growth,®® cancer stem cell maintenance,®® and is
repressed by YAP.”® These cytokines that are upregulated in
the NTAF groups can influence the behavior of breast cancer
cells and have an effect on the progression of breast cancer.

We next performed cell-based assays to investigate the
effect of the different EV groups on breast cancer cell behavior.
Overall, we saw an increase in the migration, invasion, and
proliferation, or EMT-like behavior, for breast cancer cells
treated with the NTAF groups, with the largest increase coming
from those treated with the NTAF media EVs. The plasma EV
treated cells showed an average migration, invasion, and pro-
liferation similar to those treated with the normal fibroblast
EV group as expected as treatment with EVs increases the
aggressiveness of cells.””””> The MDA-MB-231 effluent culture
media EVs caused a large increase in this migratory nature of
the cells, which is supported in literature as breast cancer cells
secrete EVs that support breast cancer cell EMT-like
behavior.”*”7> The NTAFs’ EV secretion is being influenced by
its proximity to the tumor. CAFs have been previously shown
to increase breast cancer cell migration,”®’” invasion,”®”® and
proliferation”®®#° and their EVs contain cytokines that promote
breast cancer progression.'®?®%" NTAF secreted EVs are
similar to the CAF EVs in support of breast cancer migration,
invasion, and proliferation while the hMF EVs have decreased
support as compared to these populations.

Finally, we utilized our 3D breast tumor model to study
spheroid invasion and proliferation as a result of EV group
treatment. The NTAF media EV group treated spheroids had
the largest local invasion as demonstrated by the increase in
diameter and the most increased Ki67 positive stain. In the
cell-based assays we see increased EMT-like behavior for cells
treated with NTAF group EVs regardless of EV localization.
These results are similar to our previous migration assay
results. The groups not treated with NTAF group EVs all had
decreased migration and less increased spheroids diameters,
again supporting our previous results and characterizations of
the EVs. There are demonstrated differences between the EVs
of different origin such as the concentration or zeta potential.
These differences likely affect the localization of the EVs, but
not as strongly as the proximity to a tumor affects these EVs.
The fibroblast phenotype overrides the EV location differences
in resulting breast cancer cell behavior due to EV treatment.
Here we show that the NTAF secretome is being influenced by
the tumor and is affecting the tumor that they surround.
Again, this aligns with previous literature that demonstrates
that CAFs promote breast cancer cell invasion’®** and
proliferation,”®®® showing that these NTAF cells are more
similar to and have influences from CAFs. Our study suggests
that NTAFs are part of a gradient of fibroblasts phenotypes
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based on proximity to a tumor rather than having only normal
fibroblasts and cancer-associated fibroblasts. Other studies
have shown that stromal cells such as fibroblasts or mesenchy-
mal stem cells have an effect on a 3D tumor spheroid through
proliferation and invasion of the tumor spheroid,*>®* further
confirming our findings. Overall, our results suggest that NTAF
cells have an altered secretome from that of normal fibroblasts,
regardless of EV secretion location, and the EVs from the secre-
tome aid in breast cancer migration and invasion.

Conclusion

In this study, we show that the NTAF cells produce EVs that
contain cytokines that promote breast cancer migration and
invasion and influence the behavior of breast cancer cells
despite differences in EV secretion location. These cells have a
distinct EV secretome different from normal human mammary
fibroblasts, showing that the proximity to a tumor has an
effect on the fibroblasts surrounding the tumor. While there
were differences between the EVs from the media groups com-
pared to those of the model groups, these differences did not
have as much of an effect on the resulting breast cancer cell
behavior as the fibroblast phenotype. This can be investigated
in further studies along with factors that are increased in areas
surrounding the tumor which help the tumor progress and
give researchers targets for treatment to slow this progression.
More investigation into the mechanism of how the EVs from
the NTAF cells increase the proliferation and invasion of the
cancer cells can provide extra treatment options for future
researchers. The 3D bioprinted breast tumor model created in
this study can also be used to test novel breast cancer drugs,
decrease the usage of animal studies, and test drugs on a more
human replicative environment. By 3D bioprinting our model,
this can allow future researchers to have a high throughput
system to study breast cancer progression.

Author contributions

Conceptualization: Pinar Zorlutuna, Jensen N. Amens. Data
curation: Jensen N. Amens, Jun Yang, Lauren Hawthorne.
Formal analysis: Jensen N. Amens. Funding acquisition: Pinar
Zorlutuna, Jensen N. Amens. Investigation: Jensen N. Amens,
Jun Yang, Lauren Hawthorne. Methodology: Pinar Zorlutuna,
Jensen N. Amens. Project administration: Pinar Zorlutuna.
Resources: Pinar Zorlutuna. Software: Jensen N. Amens.
Supervision: Pinar Zorlutuna. Validation: Jensen N. Amens.
Visualization: Jensen N. Amens. Roles/writing - original draft:
Jensen N. Amens. Writing - review & editing: Jensen N. Amens,
Jun Yang, Lauren Hawthorne, Pinar Zorlutuna.

Data availability

Data for this article are available at Mendeley Data at https://
doi.org/10.17632/tzzcmzz82s.1.

Biomater. Sci, 2025, 13, 3814-3827 | 3823


https://doi.org/10.17632/tzzcmzz82s.1
https://doi.org/10.17632/tzzcmzz82s.1
https://doi.org/10.17632/tzzcmzz82s.1
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm01569j

Open Access Article. Published on 10 Juni 2025. Downloaded on 31/07/2025 15:36:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Conflicts of interest

The authors declare no financial interests/personal relation-
ships which may be considered as potential conflicts of interest.

Acknowledgements

This study was supported by The Interdisciplinary Interface
Training Program (IITP) Grant through the Walther Cancer
Foundation. This study was funded by NIH award number R01
CA275423-01A1. We would also like to acknowledge Dr Siyuan
Zhang for the gift of the MDA-MB-231 cells used in this study
and Dr Harikrishna Nakshatri of Indiana University for the
gift of the fibroblasts used in this study. This work is partially
supported by the Notre Dame Integrated Imaging Facility.

References

1 L. M. Doyle and M. Z. Wang, Overview of Extracellular
Vesicles, Their Origin, Composition, Purpose, and Methods
for Exosome Isolation and Analysis, Cells, 2019, 8(7), 727,
DOI: 10.3390/cells8070727.

2 G. van Niel, G. D’Angelo and G. Raposo, Shedding light on
the cell biology of extracellular vesicles, Nat. Rev. Mol. Cell
Biol., 2018, 19(4), 213-228, DOI: 10.1038/nrm.2017.125.

3 D. Karpman, A. L. Stahl and I. Arvidsson, Extracellular vesi-
cles in renal disease, Nat. Rev. Nephrol., 2017, 13(9), 545-
562, DOI: 10.1038/nrneph.2017.98.

4 A. F. Hill, Extracellular Vesicles and Neurodegenerative
Diseases, J. Neurosci., 2019, 39(47), 9269-9273, DOL:
10.1523/JNEUROSCI1.0147-18.2019.

5 C. Quek and A. F. Hill, The role of extracellular vesicles in
neurodegenerative diseases, Biochem. Biophys. Res. Commun.,
2017, 483(4), 1178-1186, DOL: 10.1016/j.bbrc.2016.09.090.

6 E. I. Buzas, B. Gyorgy, G. Nagy, A. Falus and S. Gay,
Emerging role of extracellular vesicles in inflammatory dis-
eases, Nat. Rev. Rheumatol., 2014, 10(6), 356-364, DOIL:
10.1038/nrrheum.2014.19.

7 A. Becker, B. K. Thakur, J. M. Weiss, H. S. Kim, H. Peinado
and D. Lyden, Extracellular Vesicles in Cancer: Cell-to-Cell
Mediators of Metastasis, Cancer Cell, 2016, 30(6), 836-848,
DOI: 10.1016/j.ccell.2016.10.009.

8 R. Xu, A. Rai, M. Chen, W. Suwakulsiri, D. W. Greening and
R. J. Simpson, Extracellular vesicles in cancer—impli-
cations for future improvements in cancer care, Nat. Rev.
Clin Oncol., 2018, 15(10), 617-638, DOI: 10.1038/s41571-
018-0036-9.

9 J. Yang, G. Bahcecioglu and P. Zorlutuna, The Extracellular
Matrix and Vesicles Modulate the Breast Tumor
Microenvironment, Bioengineering, 2020, 7(4), E124, DOI:
10.3390/bioengineering7040124.

10 H. X. Wang and O. Gires, Tumor-derived extracellular vesi-
cles in breast cancer: From bench to bedside, Cancer Lett.,
2019, 460, 54-64, DOI: 10.1016/j.canlet.2019.06.012.

3824 | Bjomater. Sci,, 2025, 13, 3814-3827

11

12

13

14

15

16

17

18

19

20

21

22

23

View Article Online

Biomaterials Science

L. Sadovska, J. Eglitis and A. Liné, Extracellular Vesicles as
Biomarkers and Therapeutic Targets in Breast Cancer,
Anticancer Res., 2015, 35(12), 6379-6390.

S. Rontogianni, E. Synadaki, B. Li, et al., Proteomic profil-
ing of extracellular vesicles allows for human breast cancer
subtyping, Commun. Biol., 2019, 2(1), 1-13, DOI: 10.1038/
$42003-019-0570-8.

L. Huleihel, G. S. Hussey, J. D. Naranjo, et al., Matrix-
bound nanovesicles within ECM bioscaffolds, Sci. Adv.,
2016, 2(6), €1600502, DOI: 10.1126/sciadv.1600502.

G. Ronan, G. Bahcecioglu, J. Yang and P. Zorlutuna,
Cardiac tissue-resident vesicles differentially modulate
anti-fibrotic phenotype by age and sex through synergistic
miRNA effects, Biomaterials, 2024, 311, 122671, DOI:
10.1016/j.biomaterials.2024.122671.

A. Faust, A. Kandakatla, Y. van der Merwe, et al., Urinary
bladder extracellular matrix hydrogels and matrix-bound
vesicles differentially regulate central nervous system
neuron viability and axon growth and branching,
J. Biomater. Appl., 2017, 31(9), 1277-1295, DOIL: 10.1177/
0885328217698062.

A. Santi, E. J. Kay and L. J. Neilson, et al., Cancer-associated
fibroblasts produce matrix-bound vesicles that influence endo-
thelial cell function. Published online January 16,
2023:2023.01.13.523951, DOL: 10.1101/2023.01.13.523951.

J. Yang, G. Bahcecioglu, G. Ronan and P. Zorlutuna, Aged
breast matrix bound vesicles promote breast cancer inva-
siveness, Biomaterials, 2024, 306, 122493, DOI: 10.1016/j.
biomaterials.2024.122493.

G. S. Hussey, C. Pineda Molina, M. C. Cramer, et al,
Lipidomics and RNA sequencing reveal a novel subpopu-
lation of nanovesicle within extracellular matrix biomater-
ials, Sci. Adv., 2020, 6(12), eaay4361, DOI: 10.1126/sciadv.
aay4361.

Y. Naito, Y. Yamamoto, N. Sakamoto, et al., Cancer extra-
cellular vesicles contribute to stromal heterogeneity by
inducing chemokines in cancer-associated fibroblasts,
Oncogene, 2019, 38(28), 5566-5579, DOIL: 10.1038/s41388-
019-0832-4.

I. Shoucair, F. Weber Mello, J. Jabalee, S. Maleki and
C. Garnis, The Role of Cancer-Associated Fibroblasts and
Extracellular Vesicles in Tumorigenesis, Int. J. Mol Sci.,
2020, 21(18), 6837, DOI: 10.3390/ijms21186837.

G. Bahcecioglu, G. Basara, B. W. Ellis, X. Ren and
P. Zorlutuna, Breast cancer models: Engineering the tumor
microenvironment, Acta Biomater., 2020, 106, 1-21, DOI:
10.1016/j.actbio.2020.02.006.

J. N. Amens, G. Bahcecioglu, K. Dwyer, et al., Maternal
obesity driven changes in collagen linearity of breast extra-
cellular matrix induces invasive mammary epithelial cell
phenotype, Biomaterials, 2023, 297, 122110, DOIL: 10.1016/j.
biomaterials.2023.122110.

G. Bahcecioglu, X. Yue, E. Howe, et al, Aged Breast
Extracellular Matrix Drives Mammary Epithelial Cells to an
Invasive and Cancer-Like Phenotype, Adv. Sci., 2021, 8(22),
€2100128, DOI: 10.1002/advs.202100128.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.3390/cells8070727
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrneph.2017.98
https://doi.org/10.1523/JNEUROSCI.0147-18.2019
https://doi.org/10.1016/j.bbrc.2016.09.090
https://doi.org/10.1038/nrrheum.2014.19
https://doi.org/10.1016/j.ccell.2016.10.009
https://doi.org/10.1038/s41571-018-0036-9
https://doi.org/10.1038/s41571-018-0036-9
https://doi.org/10.3390/bioengineering7040124
https://doi.org/10.1016/j.canlet.2019.06.012
https://doi.org/10.1038/s42003-019-0570-8
https://doi.org/10.1038/s42003-019-0570-8
https://doi.org/10.1126/sciadv.1600502
https://doi.org/10.1016/j.biomaterials.2024.122671
https://doi.org/10.1177/0885328217698062
https://doi.org/10.1177/0885328217698062
https://doi.org/10.1101/2023.01.13.523951
https://doi.org/10.1016/j.biomaterials.2024.122493
https://doi.org/10.1016/j.biomaterials.2024.122493
https://doi.org/10.1126/sciadv.aay4361
https://doi.org/10.1126/sciadv.aay4361
https://doi.org/10.1038/s41388-019-0832-4
https://doi.org/10.1038/s41388-019-0832-4
https://doi.org/10.3390/ijms21186837
https://doi.org/10.1016/j.actbio.2020.02.006
https://doi.org/10.1016/j.biomaterials.2023.122110
https://doi.org/10.1016/j.biomaterials.2023.122110
https://doi.org/10.1002/advs.202100128
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm01569j

Open Access Article. Published on 10 Juni 2025. Downloaded on 31/07/2025 15:36:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

24

25

26

27

28

29

30

31

32

33

34

35

36

E. L. S. Fong, D. A. Harrington, M. C. Farach-Carson and
H. Yu, Heralding a new paradigm in 3D tumor modeling,
Biomaterials, 2016, 108, 197-213, DOIL 10.1016/j.
biomaterials.2016.08.052.

S. V. Murphy and A. Atala, 3D bioprinting of tissues and
organs, Nat. Biotechnol, 2014, 32(8), 773-785, DOL:
10.1038/nbt.2958.

F. Dolati, Y. Yu, Y. Zhang, A. M. D. Jesus, E. A. Sander and
I. T. Ozbolat, In vitroevaluation of carbon-nanotube-
reinforced bioprintable vascular conduits, Nanotechnology,
2014, 25(14), 145101, DOI: 10.1088/0957-4484/25/14/
145101.

M. O. Wang, C. M. Piard, A. Melchiorri, M. L. Dreher and
J. P. Fisher, Evaluating Changes in Structure and
Cytotoxicity During In Vitro Degradation of Three-
Dimensional Printed Scaffolds, Tissue Eng., Part A, 2015,
21(9-10), 1642-1653, DOIL: 10.1089/ten.tea.2014.0495.

F. Pati, T. H. Song, G. Rijal, J. Jang, S. W. Kim and
D. W. Cho, Ornamenting 3D printed scaffolds with cell-laid
extracellular matrix for bone tissue regeneration,
Biomaterials, 2015, 37, 230-241, DOIL 10.1016/j.
biomaterials.2014.10.012.

K. Markstedt, A. Mantas, I. Tournier, H. Martinez Avila,
D. Higg and P. Gatenholm, 3D Bioprinting Human
Chondrocytes with Nanocellulose-Alginate Bioink for
Cartilage Tissue Engineering Applications,
Biomacromolecules, 2015, 16(5), 1489-1496, DOI: 10.1021/
acs.biomac.5b00188.

G. Bahcecioglu, N. Hasirci, B. Bilgen and V. Hasirci, A 3D
printed PCL/hydrogel construct with zone-specific bio-
chemical composition mimicking that of the meniscus,
Biofabrication, 2019, 11(2), 025002, DOI: 10.1088/1758-
5090/aaf707.

J. E. Snyder, Q. Hamid, C. Wang, et al., Bioprinting cell-
laden matrigel for radioprotection study of liver by pro-
drug conversion in a dual-tissue microfluidic chip,
Biofabrication, 2011, 3(3), 034112, DOI: 10.1088/1758-5082/
3/3/034112.

R. Chang, K. Emami, H. Wu and W. Sun, Biofabrication of
a three-dimensional liver micro-organ as an in vitro drug
metabolism model, Biofabrication, 2010, 2(4), 045004, DOI:
10.1088/1758-5082/2/4/045004.

R. Augustine, S. N. Kalva, R. Ahmad, et al., 3D Bioprinted
cancer models: Revolutionizing personalized cancer
therapy, Transl. Oncol., 2021, 14(4), 101015, DOI: 10.1016/j.
tranon.2021.101015.

L. Neufeld, E. Yeini, S. Pozzi and R. Satchi-Fainaro, 3D bio-
printed cancer models: from basic biology to drug develop-
ment, Nat. Rev. Cancer, 2022, 22(12), 679-692, DOI:
10.1038/s41568-022-00514-w.

Y. Wang, W. Shi, M. Kuss, et al., 3D Bioprinting of Breast
Cancer Models for Drug Resistance Study, ACS Biomater.
Sci. Eng., 2018, 4(12), 4401-4411, DOIL 10.1021/
acsbiomaterials.8b01277.

Y. Kang, P. Datta, S. Shanmughapriya and I. T. Ozbolat, 3D
Bioprinting of Tumor Models for Cancer Research, ACS

This journal is © The Royal Society of Chemistry 2025

37

38

39

40

41

42

43

44

45

46

47

48

View Article Online

Paper

Appl. Bio Mater., 2020, 3(9), 5552-5573, DOIL: 10.1021/
acsabm.0c00791.

M. Casajuana Ester and R. M. Day, Production and Utility
of Extracellular Vesicles with 3D Culture Methods,
Pharmaceutics, 2023, 15(2), 663, DOI: 10.3390/
pharmaceutics15020663.

P. Han, N. Raveendran, C. Liu, et al, 3D bioprinted small
extracellular vesicles from periodontal cells enhance
mesenchymal stromal cell function, Biomater. Adv., 2024,
158, 213770, DOI: 10.1016/j.bioadv.2024.213770.

G. Basara, L. E. Celebi, G. Ronan, V. Discua Santos and
P. Zorlutuna, 3D bioprinted aged human post-infarct myo-
cardium tissue model, Health Sci. Rep., 2024, 7(4), €1945,
DOI: 10.1002/hsr2.1945.

B. Kumar, A. S. Khatpe, J. Guanglong, et al., Stromal hetero-
geneity may explain increased incidence of metaplastic
breast cancer in women of African descent, Nat. Commun.,
2023, 14(1), 5683, DOL: 10.1038/s41467-023-41473-6.

P. Bhat-Nakshatri, N. Marino, H. Gao, Y. Liu,
A. M. Storniolo and H. Nakshatri, Acquisition, processing,
and single-cell analysis of normal human breast tissues
from a biobank, STAR Protoc., 2022, 3(1), 101047, DOI:
10.1016/j.xpro.2021.101047.

T. M. Parker, V. Henriques, A. Beltran, H. Nakshatri and
R. Gogna, Cell competition and tumor heterogeneity,
Semin. Cancer Biol., 2020, 63, 1-10, DOIL 10.1016/j.
semcancer.2019.09.003.

P. Bhat-Nakshatri, H. Gao, L. Sheng, et al., A single-cell
atlas of the healthy breast tissues reveals clinically relevant
clusters of breast epithelial cells, Cell Rep. Med., 2021, 2(3),
100219, DOI: 10.1016/j.xcrm.2021.100219.

L. Huleihel, J. G. Bartolacci, J. L. Dziki, et al., Matrix-Bound
Nanovesicles Recapitulate Extracellular Matrix Effects on
Macrophage Phenotype, Tissue Eng., Part A, 2017,
23(21-22), 1283-1294, DOI: 10.1089/ten.tea.2017.0102.

A. Zlotogorski-Hurvitz, D. Dayan, G. Chaushu, et al,
Human Saliva-Derived Exosomes: Comparing Methods of
Isolation, J. Histochem. Cytochem., 2015, 63(3), 181-189,
DOLI: 10.1369/0022155414564219.

K. R. Jakobsen, B. S. Paulsen, R. Bak, K. Varming,
B. S. Sorensen and M. M. Jorgensen, Exosomal proteins as
potential diagnostic markers in advanced non-small cell
lung carcinoma, J. Extracell. Vesicles, 2015, 4(1), 26659,
DOI: 10.3402/jev.v4.26659.

M. Logozzi, R. Di Raimo, D. Mizzoni and S. Fais, Chapter
Nine - Immunocapture-based ELISA to characterize and
quantify exosomes in both cell culture supernatants and
body fluids, in Methods in Enzymology, ed. S. Spada and L.
Galluzzi, Extracellular vesicles, Academic Press, 2020, vol.
645, pp. 155-180. DOI: 10.1016/bs.mie.2020.06.011.

E. van der Pol, F. A. W. Coumans, A. E. Grootemaat, et al.,
Particle size distribution of exosomes and microvesicles
determined by transmission electron microscopy, flow cyto-
metry, nanoparticle tracking analysis, and resistive pulse
sensing, J. Thromb. Haemostasis, 2014, 12(7), 1182-1192,
DOI: 10.1111/jth.12602.

Biomater. Sci, 2025, 13, 3814-3827 | 3825


https://doi.org/10.1016/j.biomaterials.2016.08.052
https://doi.org/10.1016/j.biomaterials.2016.08.052
https://doi.org/10.1038/nbt.2958
https://doi.org/10.1088/0957-4484/25/14/145101
https://doi.org/10.1088/0957-4484/25/14/145101
https://doi.org/10.1089/ten.tea.2014.0495
https://doi.org/10.1016/j.biomaterials.2014.10.012
https://doi.org/10.1016/j.biomaterials.2014.10.012
https://doi.org/10.1021/acs.biomac.5b00188
https://doi.org/10.1021/acs.biomac.5b00188
https://doi.org/10.1088/1758-5090/aaf707
https://doi.org/10.1088/1758-5090/aaf707
https://doi.org/10.1088/1758-5082/3/3/034112
https://doi.org/10.1088/1758-5082/3/3/034112
https://doi.org/10.1088/1758-5082/2/4/045004
https://doi.org/10.1016/j.tranon.2021.101015
https://doi.org/10.1016/j.tranon.2021.101015
https://doi.org/10.1038/s41568-022-00514-w
https://doi.org/10.1021/acsbiomaterials.8b01277
https://doi.org/10.1021/acsbiomaterials.8b01277
https://doi.org/10.1021/acsabm.0c00791
https://doi.org/10.1021/acsabm.0c00791
https://doi.org/10.3390/pharmaceutics15020663
https://doi.org/10.3390/pharmaceutics15020663
https://doi.org/10.1016/j.bioadv.2024.213770
https://doi.org/10.1002/hsr2.1945
https://doi.org/10.1038/s41467-023-41473-6
https://doi.org/10.1016/j.xpro.2021.101047
https://doi.org/10.1016/j.semcancer.2019.09.003
https://doi.org/10.1016/j.semcancer.2019.09.003
https://doi.org/10.1016/j.xcrm.2021.100219
https://doi.org/10.1089/ten.tea.2017.0102
https://doi.org/10.1369/0022155414564219
https://doi.org/10.3402/jev.v4.26659
https://doi.org/10.1016/bs.mie.2020.06.011
https://doi.org/10.1111/jth.12602
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm01569j

Open Access Article. Published on 10 Juni 2025. Downloaded on 31/07/2025 15:36:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

49

50

51

52

53

54

55

56

57

58

59

60

61

G. K. Patel, M. A. Khan, H. Zubair, et al., Comparative ana-
lysis of exosome isolation methods using culture super-
natant for optimum yield, purity and downstream appli-
cations, Sci. Rep., 2019, 9(1), 5335, DOI: 10.1038/s41598-
019-41800-2.

G. Midekessa, K. Godakumara, J. Ord, et al., Zeta Potential
of Extracellular Vesicles: Toward Understanding the
Attributes that Determine Colloidal Stability, ACS Omega,
2020, 5(27), 16701-16710, DOIL: 10.1021/acsomega.0c01582.
D. L. M. Rupert, V. Claudio, C. Liasser and M. Bally,
Methods for the physical characterization and quantifi-
cation of extracellular vesicles in biological samples,
Biochim. Biophys. Acta, Gen. Subj., 2017, 1861(1 Pt A), 3164-
3179, DOI: 10.1016/j.bbagen.2016.07.028.

H. K. Woo, Y. K. Cho, C. Y. Lee, H. Lee, C. M. Castro and
H. Lee, Characterization and modulation of surface
charges to enhance extracellular vesicle isolation in
plasma, Theranostics, 2022, 12(5), 1988-1998, DOI: 10.7150/
thno.69094.

J. Baran, M. Baj-Krzyworzeka, K. Weglarczyk, et al,
Circulating tumour-derived microvesicles in plasma of
gastric cancer patients, Cancer Immunol. Immunother.,
2010, 59(6), 841-850, DOI: 10.1007/500262-009-0808-2.

J. Yang, Y. Xiao, Z. Tang, et al., The negatively charged
microenvironment of collagen hydrogels regulates the
chondrogenic differentiation of bone marrow mesenchy-
mal stem cells in vitro and in vivo, J. Mater. Chem. B, 2020,
8(21), 4680-4693, DOI: 10.1039/DOTB00172D.

C. Liu, X. Chen, Y. Liu, et al., Engineering Extracellular
Matrix-Bound Nanovesicles Secreted by Three-Dimensional
Human Mesenchymal Stem Cells, Adv. Healthcare Mater.,
2023, 12(27), 2301112, DOIL: 10.1002/adhm.202301112.

J. G. M. Klijn, P. M. J. J. Berns, P. I. M. Schmitz and
J. A. Foekens, The Clinical Significance of Epidermal
Growth Factor Receptor (EGF-R) in Human Breast Cancer:
A Review on 5232 Patients, Endocr. Rev., 1992, 13(1), 3-17,
DOI: 10.1210/edrv-13-1-3.

C. K. Osborne, B. Hamilton, G. Titus and R. B. Livingston,
Epidermal Growth Factor Stimulation of Human Breast
Cancer Cells in Culture1, Cancer Res., 1980, 40(7), 2361-
2366.

S. J. Wang, W. Saadi, F. Lin, C. Minh-Canh Nguyen and
N. Li Jeon, Differential effects of EGF gradient profiles on
MDA-MB-231 breast cancer cell chemotaxis, Exp. Cell Res.,
2004, 300(1), 180-189, DOI: 10.1016/j.yexcr.2004.06.030.

D. Lu, X. Zhou, L. Yao, C. Liu, F. Jin and Y. Wu, Clinical
Implications of the Interleukin 27 Serum Level in Breast
Cancer, J. Invest. Med., 2014, 62(3), 627-631, DOI: 10.2310/
JIM.0000000000000046.

M. Fabbi, G. Carbotti and S. Ferrini, Dual Roles of IL-27 in
Cancer Biology and Immunotherapy, Mediators
Inflammation, 2017, 2017, 3958069, DOIL: 10.1155/2017/
3958069.

0. Kourko, K. Seaver, N. Odoardi, S. Basta and K. Gee,
IL-27, IL-30, and IL-35: A Cytokine Triumvirate in Cancer,
Front. Oncol., 2019, 9, 969, DOI: 10.3389/fonc.2019.00969.

3826 | Biomater. Sci., 2025, 13, 3814-3827

62

63

64

65

66

67

68

69

70

71

72

73

74

View Article Online

Biomaterials Science

G. Carbotti, G. Barisione, 1. Airoldi, et al., IL-27 induces the
expression of IDO and PD-L1 in human cancer cells,
Oncotarget, 2015, 6(41), 43267-43280.

M. Heiskala, M. Leidenius, K. Joensuu and P. Heikkil4,
High expression of CCL2 in tumor cells and abundant infil-
tration with CD14 positive macrophages predict early
relapse in breast cancer, Virchows Arch., 2019, 474(1), 3-12,
DOLI: 10.1007/s00428-018-2461-7.

W. He, Y. Tong, Y. Wang, et al., Serum Soluble CD14 Is a
Potential Prognostic Indicator of Recurrence of Human
Breast Invasive Ductal Carcinoma with Her2-Enriched
Subtype, PLoS One, 2013, 8(9), €75366, DOIL 10.1371/
journal.pone.0075366.

Z. Wu, Z. Zhang, Z. Lei and P. Lei, CD14: Biology and role
in the pathogenesis of disease, Cytokine Growth Factor Rev.,
2019, 48, 24-31, DOI: 10.1016/j.cytogfr.2019.06.003.

H. Roedig, R. Damiescu, J. Zeng-Brouwers, et al., Danger
matrix molecules orchestrate CD14/CD44 signaling in
cancer development, Semin. Cancer Biol., 2020, 62, 31-47,
DOI: 10.1016/j.semcancer.2019.07.026.

X. Zhao, X. Liu, S. Hu, et al, GDF15 Contributes to
Radioresistance by Mediating the EMT and Stemness of
Breast Cancer Cells, Int. J. Mol. Sci., 2022, 23(18), 10911,
DOI: 10.3390/ijms231810911.

Y. He, X. Zhang, Y. Zhang, et al.,, Growth differentiation
factor 15 is required for triple-negative breast cancer cell
growth and chemoresistance, Anti-Cancer Drugs, 2023,
34(3), 351, DOI: 10.1097/CAD.0000000000001434.

A. Sasahara, K. Tominaga, T. Nishimura, et al., An auto-
crine/paracrine circuit of growth differentiation factor
(GDF) 15 has a role for maintenance of breast cancer stem-
like cells, Oncotarget, 2017, 8(15), 24869-24881, DOIL
10.18632/oncotarget.15276.

T. Wang, B. Mao, C. Cheng, et al, YAP promotes breast
cancer metastasis by repressing growth differentiation factor-
15, Biochim. Biophys. Acta, Mol. Basis Dis., 2018, 1864(5, Part
A), 1744-1753, DOI: 10.1016/j.bbadis.2018.02.020.

W. Ren, ]J. Hou, C. Yang, et al, Extracellular vesicles
secreted by hypoxia pre-challenged mesenchymal stem
cells promote non-small cell lung cancer cell growth and
mobility as well as macrophage M2 polarization via
miR-21-5p delivery, J. Exp. Clin. Cancer Res., 2019, 38(1),
62, DOI: 10.1186/s13046-019-1027-0.

P. Gangadaran, R. L. Rajendran, H. W. Lee, et al,
Extracellular vesicles from mesenchymal stem cells acti-
vates VEGF receptors and accelerates recovery of hindlimb
ischemia, J. Controlled Release, 2017, 264, 112-126, DOI:
10.1016/j.jconrel.2017.08.022.

T. M. Green, M. L. Alpaugh, S. H. Barsky, G. Rappa and
A. Lorico, Breast Cancer-Derived Extracellular Vesicles:
Characterization and Contribution to the Metastatic
Phenotype, BioMed Res. Int., 2015, 2015, 634865, DOI:
10.1155/2015/634865.

P. M. M. Ozawa, F. Alkhilaiwi, I. J. Cavalli, D. Malheiros,
E. M. de Souza Fonseca Ribeiro and L. R. Cavalli,
Extracellular vesicles from triple-negative breast cancer

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1038/s41598-019-41800-2
https://doi.org/10.1038/s41598-019-41800-2
https://doi.org/10.1021/acsomega.0c01582
https://doi.org/10.1016/j.bbagen.2016.07.028
https://doi.org/10.7150/thno.69094
https://doi.org/10.7150/thno.69094
https://doi.org/10.1007/s00262-009-0808-2
https://doi.org/10.1039/D0TB00172D
https://doi.org/10.1002/adhm.202301112
https://doi.org/10.1210/edrv-13-1-3
https://doi.org/10.1016/j.yexcr.2004.06.030
https://doi.org/10.2310/JIM.0000000000000046
https://doi.org/10.2310/JIM.0000000000000046
https://doi.org/10.1155/2017/3958069
https://doi.org/10.1155/2017/3958069
https://doi.org/10.3389/fonc.2019.00969
https://doi.org/10.1007/s00428-018-2461-7
https://doi.org/10.1371/journal.pone.0075366
https://doi.org/10.1371/journal.pone.0075366
https://doi.org/10.1016/j.cytogfr.2019.06.003
https://doi.org/10.1016/j.semcancer.2019.07.026
https://doi.org/10.3390/ijms231810911
https://doi.org/10.1097/CAD.0000000000001434
https://doi.org/10.18632/oncotarget.15276
https://doi.org/10.1016/j.bbadis.2018.02.020
https://doi.org/10.1186/s13046-019-1027-0
https://doi.org/10.1016/j.jconrel.2017.08.022
https://doi.org/10.1155/2015/634865
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm01569j

Open Access Article. Published on 10 Juni 2025. Downloaded on 31/07/2025 15:36:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

cells promote proliferation and drug resistance in non-
tumorigenic breast cells, Breast Cancer Res. Treat., 2018,
172[3], 713-723, DOL: 10.1007/s10549-018-4925-5.

75 J. Peng, W. Wang, S. Hua and L. Liu, Roles of Extracellular

76

77

78

79

Vesicles in Metastatic Breast Cancer, Breast Cancer, 2018,
12, 1178223418767666, DOI: 10.1177/1178223418767666.
H. J. Wu, M. Hao, S. K. Yeo and J. L. Guan, FAK signaling
in cancer-associated fibroblasts promotes breast cancer cell
migration and metastasis by exosomal miRNAs-mediated
intercellular communication, Oncogene, 2020, 39(12), 2539-
2549, DOI: 10.1038/s41388-020-1162-2.

H. Li, W. Liu, X. Zhang and Y. Wang, Cancer-associated
fibroblast-secreted collagen triple helix repeat containing-1
promotes breast cancer cell migration, invasiveness and
epithelial-mesenchymal transition by activating the Wnt/
f-catenin pathway, Oncol. Lett., 2021, 22(6), 1-10, DOI:
10.3892/01.2021.13075.

N. Eiro, L. Gonzalez, A. Martinez-Ordoiez, et al., Cancer-
associated fibroblasts affect breast cancer cell gene
expression, invasion and angiogenesis, Cell. Oncol., 2018,
41(4), 369-378, DOI: 10.1007/s13402-018-0371-y.

S. Wen, Y. Hou, L. Fu, et al., Cancer-associated fibroblast
(CAF)-derived IL32 promotes breast cancer cell invasion

This journal is © The Royal Society of Chemistry 2025

80

View Article Online

Paper

and metastasis via integrin 3-p38 MAPK signalling, Cancer
Lett., 2019, 442, 320-332, DOL  10.1016/j.
canlet.2018.10.015.

E. Elwakeel and A. Weigert, Breast Cancer CAFs: Spectrum
of Phenotypes and Promising Targeting Avenues,
Int. J. Mol Sci, 2021, 22(21), 11636, DOIL 10.3390/
ijms222111636.

81 J. Kong, H. Tian, F. Zhang, et al., Extracellular vesicles of

82

83

84

carcinoma-associated fibroblasts creates a pre-metastatic
niche in the lung through activating fibroblasts, Mol.
Cancer, 2019, 18(1), 175, DOI: 10.1186/5s12943-019-1101-4.
X. Tang, Y. Hou, G. Yang, et al., Stromal miR-200s contrib-
ute to breast cancer cell invasion through CAF activation
and ECM remodeling, Cell Death Differ., 2016, 23(1), 132-
145, DOI: 10.1038/cdd.2015.78.

G. Bordanaba-Florit, I. Madarieta, B. Olalde, J. M. Falcon-
Pérez and F. Royo, 3D Cell Cultures as Prospective Models
to Study Extracellular Vesicles in Cancer, Cancers, 2021,
13(2), 307, DOI: 10.3390/cancers13020307.

E. E. Ural, V. Toomajian, E. Hoque Apu, et al., Visualizing
Extracellular Vesicles and Their Function in 3D Tumor
Microenvironment Models, Int. J. Mol. Sci., 2021, 22(9),
4784, DOI: 10.3390/ijms22094784.

Biomater. Sci, 2025, 13, 3814-3827 | 3827


https://doi.org/10.1007/s10549-018-4925-5
https://doi.org/10.1177/1178223418767666
https://doi.org/10.1038/s41388-020-1162-2
https://doi.org/10.3892/ol.2021.13075
https://doi.org/10.1007/s13402-018-0371-y
https://doi.org/10.1016/j.canlet.2018.10.015
https://doi.org/10.1016/j.canlet.2018.10.015
https://doi.org/10.3390/ijms222111636
https://doi.org/10.3390/ijms222111636
https://doi.org/10.1186/s12943-019-1101-4
https://doi.org/10.1038/cdd.2015.78
https://doi.org/10.3390/cancers13020307
https://doi.org/10.3390/ijms22094784
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm01569j

	Button 1: 


