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Cancer-associated fibroblasts (CAFs) are a major constituent of the tumor microenvironment (TME) and an
important contributor to cancer progression and therapeutic resistance. Regulation of CAF activation is a promising strategy to influence cancer outcomes. Here, we report that ovarian cancer cells (OCs) and TME cells
promote the activation of ovarian CAFs, whereas gold nanoparticles (GNPs) of 20 nm in diameter inhibit the
activation, as demonstrated by the changes in cell morphology, migration, and molecular markers. GNPs exert
the effect by altering the levels of multiple fibroblast activation or inactivation proteins, such as TGF-β1, PDGF,
uPA and TSP1, secreted by OCs and TME cells. Thus, GNPs represent a potential tool to help understand multicellular communications existing in the TME as well as devise strategies to disrupt the communication.

1. Introduction
Cancer-associated fibroblasts (CAFs) are a major component of the
tumor microenvironment (TME) and regulate cancer metabolism, angiogenesis, immunity, growth, migration, invasion, metastasis and
therapeutic resistance [1–3]. The crosstalk between CAFs and cancer
cells or TME cells, such as endothelial cells (ECs), maintains the mutual
activation state of the cells and promotes tumor cell viability and survival [4]. Therapeutic strategies to disrupt the link between CAFs and
cancer cells have great promise and include: eliminating or reprogramming CAFs; eliciting immune responses to CAF antigens; and
blocking CAF-secreted factors and cancer cell receptors by small molecule inhibitors, vaccines, antibodies or cells [1,5]. Understanding the
molecular machineries responsible for multicellular communication is
essential for devising effective therapeutic strategies. Due to their selftherapeutic nature [6], gold nanoparticles (GNPs) have a critical role to
play in elucidating the multicellular communications that exist in TME.
Based on their tunable optical, chemical and biological characteristics, GNPs are under investigation in many preclinical settings [7].
Upon interacting with a biological system, either in vivo or in vitro,
nanoparticle adsorbs various molecules to rapidly form a protein

corona on the surface; this protein corona significantly impacts the
biological properties of the particle [8]. The composition and structure
of the corona is dynamic and dependent on both specific and nonspecific interactions between that particle and proteins. Previously, we
reported the physicochemical parameters responsible for the evolution
of the dynamic protein corona around 20-nm diameter GNPs [9,10]. We
have also demonstrated the anti-angiogenic properties of GNPs; GNPs
inhibited several heparin-binding growth factors, and thereby, suppressed the growth of both ovarian and pancreatic tumors [9–11]. We
further reported the ability of GNPs to transform activated pancreatic
CAFs to quiescence as well as to inhibit EC angiogenic phenotype in
vitro by disrupting cellular communications from cancer cells and CAFs
[12,13]. In the current study, we examine the effects of ovarian cancer
cells (OCs), ECs and CAFs themselves on CAF activation in vitro, and
whether and how GNPs can reverse the process.
2. Materials and methods
2.1. Preparation of 20 nm GNPs
GNPs of 20 nm in diameter were prepared as described previously
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Fig. 1. Characterizations of GNPs. The size (A), zeta potential (B) and UV–visible spectrum (C) of synthesized GNPs (D) Energy-dispersive X-ray spectroscopy (EDS)
of the GNPs. The observed Cu signal is due to the copper grid used as substrate in TEM. (E) Power XRD analysis of the GNPs. Reference diffraction pattern is shown as
a ribbon along the bottom of the figure. (F) TEM of GNPs. Low resolution (left) and high resolution (middle and right) TEM micrographs. Fringes of the gold crystal
lattice are highlighted by white arrows. (G) Diffraction pattern of GNPs obtained using TEM. The diffraction rings correspond to (111), (200), (220) and (311) planes.

[12,13]. Briefly, 5 ml of 10 mM tetrachloroauric acid trihydrate
(HAuCl4·3H2O, 520918, Sigma-Aldrich, St. Louis, MO) in 185 ml of
endotoxin-free water (786671, G Biosciences, St. Louis, MO) was boiled
in a 500 ml flask. Fifteen milliliters of 1% sodium citrate (1613859,
Sigma-Aldrich) was preheated to 70 °C and added to the flask 3 min
later. The solution was boiled for 15 min with stirring till the color
changed to dark purple. The solution was moved to room temperature
(RT) and stirred for 16 h. The GNPs were concentrated by centrifugation at 10000 rpm at 10 °C for 25 min before use. To determine GNP
concentration, the original solution was concentrated 16 times, and
OD522 and OD800 of both original and concentrated solutions were
measured. Concentration of the original preparation was calculated as
30.018 × Initial Volume × (OD520-OD800) of As Concentrated/[As
Synthesized Volume × (OD520-OD800) of As Synthesized].

2.2. GNP characterization
The GNPs were initially characterized with UV–visible spectroscopy
(Spectrostar Nano, BMG Labtech, Cary, NC), dynamic light scattering
(Zetasizer Nano ZS, Malvern Panalytical, Malvern, UK) and zeta potential measurements (Zetasizer Nano ZS). The Energy-dispersive X-ray
spectroscopy (EDS) elemental analysis was performed using Kevex
Quantum 10 mm2 X-ray detector. Powder X-ray diffraction (XRD)
analyses were performed in the School of Sciences at the University of
Oklahoma using a Rigaku Ultima IV diffractometer. Cu–K-alpha radiation (40 kV, 44 mA) was used in focusing geometry with a curved
graphite monochromator and scintillation detector. Data analysis was
completed using MDI Jade Pro with the ICDD (International Center for
Diffraction Data) PDF4+ database. Transmission Electron Micrographs
(TEM) were acquired using a 200-kV LaB6 JEOL 2000FX (JEOL, USA)
equipped with a Gatan (1k x 1k) digital camera (Gatan, USA).
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Penn-Strep. The CAFs TAF18 and TAF19 were used up to passage 8 in
this study. Human umbilical vein endothelial cells (HUVEC, Lonza,
Walkersville, MD) and human microvascular endothelial cells (HMEC, a
kind gift from Professor Xin Zhang, OUHSC Stephenson Cancer Center,
OKC, OK) [14] were grown in Endothelial Cell Growth Medium-2
BulletKit (EGM, CC-3162) and used up to passage 8. All cells were kept
at 37 °C in humidified 95% air and 5% CO2.
2.4. Preparation of cell supernatants
Supernatants from untreated or GNP-treated cancer cells, CAFs, or
ECs were prepared as described previously [11,13] and illustrated in
Fig. 2A. Briefly, 0.7 million cells were seeded onto culture dishes
(T1110, Thomas Scientific) of 10 cm in diameter. Media were replaced
with serum-free RPMI 1640 for cancer cells, DMEM:F12 for CAFs, or
Endothelial Cell Basal Medium-2 (EBM, CC-3156, Lonza) for ECs. The
media were replaced again 24 h later with fresh serum-free media
(SFM) with or without 40 μg/ml 20-nm GNPs for 48 h. The media were
collected, centrifuged at 1200 rpm for 6 min to remove cell debris, then
centrifuged at 10000 rpm at 10 °C for 25 min to remove the remaining
GNPs, and used immediately or stored at −80 °C. The supernatants
were diluted with an equal volume of SFM before functional assays or
used undiluted for mechanistic studies.
2.5. Morphology assay
TAF18 or TAF19 cells were seeded 10000 cells/well to 24-well
plates. After starvation with serum-free DMEM:F12 medium for 24 h,
cells were treated with supernatants collected from different cells
treated with or without GNP (40 μg/ml) for 48 h. The supernatants
were diluted with equal volumes of fresh DMEM:F12 before use. Cells
were photographed using phase contrast microscope (Fig. 2A). Multispindled fibroblasts and single-spindled fibroblasts were counted with
ImageJ. Ratios of multi-spindled (M) to “multi-spindled + singlespindled (total)” (M/T ratio) were calculated. 15% FBS in DMEM:F12
medium or PBS diluted with an equal volume of DMEM:F12 were respectively used as positive or non-treatment controls. Experiments were
performed in triplicate and repeated 3 times.
2.6. Migration assay
CAFs (TAF18 or TAF19) were starved in DMEM:F12 for 24 h,
trypsinized, and seeded onto each transwell (3422, Corning) at
40,000 cells in 100 μl. CAF migration was induced by supernatants
diluted with DMEM:F12 of equal volume for 16 h. In the co-culture
system, cancer cells, CAFs, or ECs were seeded to outwells at
50,000 cells/well. The cells were starved in SFM for 24 h and then
incubated with or without 40 μg/ml GNPs in 700 μl SFM for 36 h. Half
the volume of the media was replaced by fresh SFM immediately before
placing the migration inserts with starved CAFs to the plates for migration for 16 h (Fig. 3A). At the termination of the experiments, cells
were fixed and stained with 0.2% crystal violet (C0775, Sigma-Aldrich).
Cells inside the inserts were removed using cotton swabs. Cells that had
migrated across the membrane were photographed and counted with
ImageJ. DMEM: F12 containing 1% FBS or PBS diluted with an equal
volume of DMEM:F12 were respectively used as the positive or nontreatment controls. For quantification, migration by 1% FBS was set as
100%. Migration fold increase was calculated as (Control supernatant
or co-culture − PBS)/PBS; decrease percentage as (Control − GNPs)/
Control × 100. Experiments were performed in duplicate and repeated
3 times.

Fig. 2. Supernatants of OCs, CAFs or ECs treated with GNPs change CAF
morphology. (A) Schematic view of cell supernatant preparation and morphology assay. (B) TAF18, (C) TAF19: radio of multi-spindled (M) cell number
to "multi-spindled + single-spindled (total)" cell number (M/T ratio).
Experiments were performed in triplicate and repeated 3 times. Sup: supernatant, Con: control, NP: GNP. *, p < 0.05, compared to PBS, #, p < 0.05,
compared to corresponding Con.

2.3. Cell culture
Human epithelial ovarian cancer cell lines: A2780-CP20 (CP20) was
a kind gift from Dr. Anil K. Sood (MD Anderson Cancer Center,
Houston, TX); OV90 was purchased from American Type Culture
Collection (Manassas, VA); and OVCAR4 was purchased from the
National Cancer Institute (Bethesda, MD). All the cells were grown in
RPMI 1640 (10-040-CV, Corning) supplemented with 10% Fetal Bovine
Serum (FBS, 16000–044, Life technologies Carlsbad, CA) and 1% PennStrep (15140–122, Life Technologies). Ovarian cancer associated fibroblasts (CAFs) were isolated and identified in this lab [13], and
cultured in DMEM:F12 (10–090, Corning, NY) with 15% FBS and 1%

2.7. Western blotting
TAF18 and TAF19 cells were starved for 24 h and then incubated
with supernatants from different cells incubated with or without 40 μg/
328
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Fig. 3. Supernatants of OCs, CAFs or ECs treated with GNPs, or co-cultured OCs, CAFs or ECs treated with GNP, inhibit CAF migration. (A) Schematic view of
migration assays. (B, C) Migration induced by transferable supernatants. TAF18 or TAF19 migration quantification, expressed as percentage of migration induced by
1% FBS medium (positive control). (D, E) Migration induced by co-cultured cells. TAF18 or TAF19 migration quantification, expressed as percentage of migration
induced by 1% FBS medium. Experiments were performed in duplicate and repeated 3 times. Sup: supernatant, Outwell: CAF co-cultured cell, Con: control, NP: GNP.
*, p < 0.05, compared to PBS, #, p < 0.05, compared to corresponding Con.

Fig. 4. Expression of CAF activation markers in TAF18 incubated with supernatants from cells treated with or without GNP. Tubulin was used as loading control.

ml GNPs for 48 h. Cells were collected after washing with cold PBS
three times, and lysed with RIPA buffer (BP-115, Boston BioProducts,
Ashland, MA) containing Protease Inhibitor Cocktail (78440,
ThermoFisher). Lysate protein concentration was determined using
BCA Protein Assay Kit (23227, Thermo-Fisher). Lysates (5 μg proteins/
lane) were separated on 10% or 6% SDS-PAGE gels and transferred to
PVDF membranes (1620177, Bio-Rad, Hercules, CA). The membranes
were blocked in 4% BSA/PBST (0.1% Tween-20, P1379, Sigma-Aldrich,
in PBS) at RT for 1 h, and then incubated with primary antibodies at
4 °C for 16 h. HRP-coupled secondary antibodies were applied after
washing for 1 h at RT. Signals were visualized with Clarity Western ECL
Substrates (1705061, Bio-Rad). Blots were imaged with Color LaserJet

Pro MFO M477fdn (HP, Palo Alto, CA). Primary antibodies used in this
study were as follows: mouse anti-fibronectin (1:1000, #610077, BD
Biosciences, San Jose, CA), rabbit anti-α-SMA (1:1000, ab5694, Abcam,
Burlingame, CA), and mouse anti-Tubulin (1:5000, #66031,
Proteintech, Rosemont, IL). Secondary antibodies were as follows: goat
anti-rabbit IgG (1:10000, A6154, Sigma) and goat anti-mouse IgG
(1:10000, A4416, Sigma).
2.8. Antibody array assay
Supernatants (1 ml each) from CP20 or TAF18 cells treated with or
without 40 μg/ml GNPs for 48 h were incubated with a cocktail of
329
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Fig. 5. Identification of GNP-altered CAF activation-related proteins. (A) Typical images of the antibody arrays incubated with CP20 or TAF18 supernatants. (B) Pixel
density ratio of GNP to control spots. Images of 3 exposure times were analyzed, and overexposed or underexposed spots were excluded. Shown are those proteins
with at least 20% level changes. Con: control, NP: GNP. *, p < 0.05.

biotinylated detection antibodies from the Proteome Profiler Human
Angiogenesis Antibody Array kit (# ARY007, R&D Systems,
Minneapolis, MN) at RT for 1 h. The mixtures were then incubated with
antibody array membranes at 4 °C for 16 h. Captured proteins were
visualized by streptavidin-HRP and chemiluminescent detection reagents. Films were developed for three different exposure times. Blot
images were scanned and the pixel density of the spots was analyzed
using ImageJ. Ratio of GNP-treated to control was calculated. Images of
the 3 exposure times were analyzed, and overexposed or underexposed
spots were excluded.

a variety of cell types most effectively [9,10]. We thus prepared 20 nm
GNPs as detailed in the Materials and Methods section. The hydrodynamic diameter (Fig. 1A) and charge (Fig. 1B) of these GNPs were
about 24.5 nm and −42.1 mV as determined by dynamic light scattering (DLS) and Zeta potential measurements, respectively. The UV–visible spectrum of as synthesized GNPs showed a surface plasmon resonance (SPR) band at around 520 nm (Fig. 1C), indicating the
formation of spherical GNPs. The EDS spectrum (Fig. 1D) verified that
the nanoparticles are made from gold. Powder XRD analysis (Fig. 1E)
confirmed the crystalline structure of the GNPs with no other phases or
impurities present. Observed diffraction peaks are appropriately broadened as expected for nanocrystals. The intensities of the dark color
correspond to reported relative diffraction peak intensities. Diffraction
peaks are indexed to corresponding diffraction planes (111), (200), and
(220) according to gold metal with face centered cubic structure. Lattice constant determined from XRD pattern is a = 4.078 Å, which is in
good agreement with standard diffraction pattern of cubic gold metal
(ICDD Pattern No. 4–784). TEM (Fig. 1F) confirmed the size and
spherical shape of the GNPs. Importantly, lattice fringes (bright and
dark stripes corresponding to the lattice spacing of the gold crystal
lattice) can be clearly seen in the HRTEM micrograph (highlighted by
white arrows) and confirm the crystalline structure of gold nanoparticles. As for the diffraction pattern (Fig. 1G) of the GNPs obtained

2.9. Statistics
Data were expressed as mean ± SEM. Statistics was performed
with one-way ANOVA Tukey's post-test. P ≤ 0.05 was considered significant statistically.
3. Results and discussion
3.1. Characterizations of GNPs
In our previous work we compared GNPs of 5, 10, 20, 50 or 100 nm
diameter and showed that those of 20 nm inhibited the proliferation of
330
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using TEM, the diffraction rings for planes (111), (200), (220), and
(311) are clearly visible and further approve crystallinity of the gold
nanoparticles. These results identified the synthesized particles as gold
nanoparticles with desired size, shape, structure and purity.

DMEM: F12 containing 1% FBS was used as positive control, while PBS
diluted with equal volume of DMEM: F12 was used as non-treatment
control. Migrating cells were stained, photographed and counted. Both
supernatants and co-cultured cells stimulated CAF migration, while
GNPs inhibited the effect. Control supernatants caused from 5.5 (TAF19
treated with CP20 control supernatant) to 11.7 (TAF19 treated with
TAF19 control supernatant) fold increases in CAF migration compared
to PBS (Fig. 3B and C). In contrast, supernatants from GNPs-treated
cells decreased CAF migration by between 31.9% (TAF18 treated with
TAF19 GNP supernatant) and 55.3% (TAF19 treated with HMEC GNP
supernatant) compared to the corresponding controls. Similarly, nontreated co-cultured cells increased the migration of CAFs by between
5.6 (TAF18 co-cultured with TAF19) and 10.9 (TAF19 co-cultured with
HUVEC) fold compared to PBS (Fig. 3D and E); GNP-treated co-cultured
cells decreased the migration by 33.2% (TAF19 co-cultured with GNPtreated OV90) to 57.7% (TAF19 co-cultured with GNP-treated HUVEC)
compared to the corresponding controls. These results confirm that OCs
and TME cells activate CAFs, while GNPs reverse this activation.

3.2. Supernatants of OCs or TME cells treated with GNPs change CAF
morphology
CAFs are multi-spindled, migratory, highly secretory, and proliferative; in contrast, resting or quiescent fibroblasts are single-spindled and less active [1,2]. To assess if cancer cells or TME cells activate
CAFs, and whether GNPs disrupt the process, we treated primary
ovarian CAFs (TAF18 and TAF19 cells) with the supernatants of OCs
(CP20, OV90 and OVCAR4), ECs (HMEC, HUVEC), or CAFs themselves,
and determined changes in morphology. To prepare the supernatants
(Fig. 2A), cells were seeded at 0.7 million/10 cm dish in complete
serum containing media. After 24 h, media were replaced with serumfree media (SFM). After a further 24 h media were replaced with fresh
SFM with or without 40 μg/ml GNPs and cells were incubated for 48 h.
The media were then collected, centrifuged to remove cell debris and
GNPs, and used to treat CAFs [11,13]. To assess CAF morphology
(Fig. 2A), TAF18 or TAF19 cells were seeded at 10,000 cells/well in 24well plates in complete media. After 24 h, cells were starved with serum
free DMEM: F12 media for 24 h, and then treated for 48 h with the
collected supernatants diluted with an equal volume of fresh serum-free
DMEM:F12. These diluted supernatants provided adequate nutrition for
the cells and cells remained in an observably healthy state. The positive
control was DMEM: F12 containing 15% FBS, and PBS diluted with an
equal volume of DMEM: F12 without serum was the non-treatment
control. Following the specified treatments, cells were photographed
using phase contrast microscope (Fig. S1). Multi-spindled fibroblasts
and single-spindled fibroblasts were then counted using ImageJ, and
the ratio of multi-spindled (M) to “multi-spindled + single-spindled
(total, T)” was calculated (Fig. 2B and C); this M/T ratio is a measure of
CAF activation. Treatment of both CAF cell lines with any supernatant
resulted in relatively more multi-spindled fibroblasts than did PBS;
GNPs inhibited the effect in all cases. The M/T ratio of CAFs treated
with control supernatants increased in a range from 2.1 (for TAF18
treated with HUVEC control supernatant) to 2.9 (for TAF19 treated
with OVCAR4 control supernatant) fold compared to PBS (Fig. 2B and
C). However, treatment with supernatants from GNP-treated cells inhibited the morphology changes; the GNPs caused from a 17.5%
(TAF18 treated with OVCAR4 GNP supernatant) to a 38.8% (TAF19
treated with HMEC GNP supernatant) decrease in the M/T ratio compared to control supernatant. These results suggest that OCs and TME
cells (here the ECs and CAFs themselves) activate CAFs, and that GNPs
inhibit this activation.

3.4. GNPs inhibit the expression of CAF activation markers
We proceeded to examine changes in the molecular phenotype of
CAFs that occur in response to GNP exposure. We assessed expression of
αSMA and fibronectin as markers of CAF activation [2,15]. TAF18 cells
were starved for 24 h and then incubated with supernatants from OCs
and TME cells incubated with or without 40 μg/ml GNPs. Expression of
αSMA and fibronectin was then determined by Western blot of cell
lysates (5 μg). Both proteins were down-regulated by most supernatants
from cells treated with GNPs, compared to the corresponding controls
(Fig. 4). These data support our cellular phenotype changes as well as
the effectiveness of GNPs for blunting the ability of OCs and TME cells
to activate CAFs.
3.5. GNPs alter the secretions from OCs and TME cells
To investigate the underlying molecular mechanisms by which
GNPs inhibit OCs- and TME-induced CAF activation, we focused on
alterations in cytokines, growth factors, enzymes and extracellular
matrix components in the supernatants of OCs and CAFs. It is known
that some cytokines and growth factors, such as FGF2, HGF, IL6, PDGF,
SDF1 and TGFβ induce CAF activation [16]. We performed an antibody
array assay which could detect expression of 55 proteins associated
with CAF activation, angiogenesis and tumor progression. Supernatants
from CP20 or TAF18 cells treated with or without 40 μg/ml GNPs for
48 h were incubated with the antibody array. The intensity and size of
the resulted dot blots reflect the expression of the detected proteins in
the supernatants (Fig. 5A). To quantify the expression, pixel density of
each spot was analyzed using ImageJ, and the ratios of GNP-treated
supernatant to control were calculated. The levels of 20 proteins in
CP20 supernatants were changed by at least 20% by GNP treatment
(Fig. 5B). Among these proteins, Endothelin-1 [17], IL-1β [18], PDGFAB/BB [16], CXCL4 [19] and uPA (urokinase-type plasminogen activator) [20–22] were shown to activate CAFs or fibroblasts, whereas
leptin [23,24] and TSP1 [25,26] were shown to be context-dependent
activators or inhibitors of fibroblasts. Endothelin-1, IL-1β, PDGF, TSP1
and uPA were found to be downregulated, whereas CXCL4 and leptin
were upregulated, by GNPs [Fig. 5, colored]. Similarly, the levels of 23
proteins in TAF18 supernatants were changed by at least 20% by GNPs
(Fig. 5B). TGF-β1 [16], PDGF-AA [16] and uPA were activators of CAFs
or fibroblasts, plasminogen [22] was an inhibitor of fibroblasts, and
leptin and TSP1 were context-dependent. TGF-β1, PDGF-AA, TSP1 and
uPA were downregulated, whereas leptin was upregulated, by GNPs
[Fig. 5, colored]. Noticeably, expression changes of uPA, leptin and
TSP-1 were similar between CP20 and TAF18 supernatants [Fig. 5, red].
These results suggested that GNPs alter the levels of multiple proteins
secreted by OCs and TME cells, and that the combination of the changes

3.3. GNPs decrease CAF migration induced by OCs or TME cells
To support our findings, we examined the effects of OCs and TME
cells as well as GNPs on CAF migration. Migration is another important
characteristic of activated CAFs and we assessed it using both transferable supernatant and co-culture system (Fig. 3A) [13]. In the transferable supernatant method (Fig. S2A, 3A-3C), TAF18 and TAF19 cells
were starved in serum-free DMEM:F12 for 24 h before trypsinization
and seeding (40,000 cells/insert) to the inserts in Boyden chamber
system. Cell migration was induced for 16 h by supernatants from
CP20, OV90, OVCAR4, HMEC, HUVEC, TAF18 or TAF19 cells treated
with or without 40 μg/ml GNPs. In the co-culture system (Fig. S2B, 3A,
3D, 3E), the migration-inducing cells (cancer cells, CAFs, or ECs) were
seeded to 24-well plates at 50,000 cells per well – this served as the
outwell in the Boyden chamber system. Cells were starved in SFM for
24 h starting on the following day, then cultured with or without 40 μg/
ml GNPs in SFM for 36 h, and finally co-cultured for 16 h with TAF18 or
TAF19 cells which were seeded to the inserts. For both methods,
331
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suppress the activation of CAFs.
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We demonstrated that OCs and TME cells activate ovarian CAFs.
GNPs of 20 nm in diameter inhibit the activation, as illustrated by the
changes in cell morphology, migration, and molecular markers.
Mechanistically, GNPs alter the levels of multiple fibroblast activation
or inactivation proteins, and the combination of the changes disrupt the
signaling to CAFs and depress their activation. This work provides
evidence that GNPs can serve as an important tool to decipher multicellular communications within the TME and could help devise strategies to disrupt such communication.
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