
O R I G I N A L  R E S E A R C H

Cell Line-Dependent Adhesion and Inhibition of 
Proliferation on Carbon-Based Nanofilms
Barbara Wójcik, Katarzyna Zawadzka, Ewa Sawosz, Malwina Sosnowska , Agnieszka Ostrowska , 
Mateusz Wierzbicki

Department of Nanobiotechnology, Institute of Biology, Warsaw University of Life Sciences, Warsaw, 02-786, Poland

Correspondence: Mateusz Wierzbicki, Department of Nanobiotechnology, Institute of Biology, Warsaw University of Life Sciences, Ciszewskiego 8, 
Warsaw, 02-786, Poland, Tel +48 22 5936676, Email mateusz_wierzbicki@sggw.edu.pl 

Introduction: Disorganisation of the extracellular matrix (ECM) is strongly connected to tumor progression. Even small-scale 
changes can significantly influence the adhesion and proliferation of cancer cells. Therefore, the use of biocompatible nanomaterials 
capable of supporting and partially replenishing degraded ECM might be essential to recover the niche after tumor resection. The 
objective of this study was to evaluate the influence of graphene, graphene oxide, fullerene, and diamond nanofilms on breast cancer 
and glioblastoma grade IV cell lines.
Methods: Nanomaterials were characterized using SEM and TEM techniques; zeta potential analysis was also performed. Nanofilms 
of graphene, fullerene, and diamond nanoparticles were also characterized using AFM. The toxicity was tested on breast cancer MDA. 
MB.231 and glioblastoma grade IV U-87 MG cell lines, using LDH assay and by counting stained dead cells in bioprinted 3D models. 
The following parameters were analyzed: proliferation, adhesion to the nanofilm, and adhesion to particular ECM components covered 
with diamond nanoparticles.
Results and Discussion: Our studies demonstrated that nanofilms of graphene and diamond nanoparticles are characterized by cell- 
specific toxicity. Those nanomaterials were non-toxic to MDA.MB.231 cells. After applying bioprinted 3D models, diamond 
nanoparticles were not toxic for both cell lines. Nanofilms made of diamond nanoparticles and graphene inhibit the proliferation of 
MDA.MB.231 cells after 48 and 72 hours. Increased adhesion on nanofilm made of diamond nanoparticles was only observed for 
MDA.MB.231 cells after 30 and 60 minutes from seeding the cells. However, analysis of adhesion to certain ECM components coated 
with diamond nanoparticles revealed enhanced adhesion to tenascin and vitronectin for both tested cell lines.
Conclusion: Our studies show that nanofilm made of diamond nanoparticles is a non-toxic and pro-adhesive nanomaterial that might 
stabilize and partially replenish the niche after breast tumor resection as it enhances the adhesion of breast cancer cells and inhibits 
their proliferation.
Keywords: 3D models, breast cancer, carbon-based nanomaterials, cytotoxicity, glioblastoma

Introduction
Triple-negative breast cancer is the most aggressive malignant subtype of breast cancer.1 It accounts for around 15–20% 
of all cases diagnosed.2 It is characterized by a strong tendency to early metastasis (approximately 2–3 years after 
diagnosis).3 Although cancer treatment is still developing and new therapeutic strategies are being optimized, the 
prognosis for patients with triple-negative breast cancer is still poor.4 Over half a million deaths annually are caused 
by breast cancer.5 Although cancer diagnosis is also developing and new tools are being developed that enable early 
diagnosis, metastases are still difficult to inhibit and manage clinically.6 Another tumor considered one of the most 
difficult to treat is a primary brain tumor – glioblastoma. It is difficult to manage clinically due to its proliferative and 
highly invasive nature.7 The median survival time of patients who suffer from this kind of tumor, regardless of treatment, 
is 12.6 months.8 Thus, there is an urgent need to inhibit tumor growth.

Many patients, after tumor resection, develop recurrences of the disease. It is believed that newly arisen tumors are 
derived from selected tumor clones that are resistant to the applied therapy.9 At this point, it should be noted that 
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circulatory tumor cells that can shed from primary tumors10 and cancer stem cells that promote initiation, proliferation, 
migration, and drug resistance of solid cancers may be present in pathologically changed tissue.11 However, according to 
the literature, after tumor resection, the remaining cells are characterized by a few phenotypical differences, which have 
been hypothesized to be a possible cause of cancer recurrence. Surgical removal of the tumor mass promotes the 
secretion of inhibitory factors, which cause the activation of immunosuppressive cells to allow rapid repopulation of 
small pockets of residual disease. Moreover, the infiltration of residual lymph nodes and recurrent tumors with M2 
macrophages and CD4+Foxp3+ regulatory T cells is observed. These factors create a complex network of immunosup-
pression in the surrounding microenvironment, which may underline cancer recurrence.9 Another important factor in 
cancer development is the extracellular matrix (ECM), which is the non-cellular component of tissue. Its role is not only 
to provide structural support ensuring tissue integrity,12 but it is also a physiologically active structure that provides all 
the essential molecules that regulate cell-to-cell communications.13 ECM is produced and arranged by resident cells; it is 
a highly dynamic structure that can be remodeled in accordance with tissue needs or as a result of disease progression.12 

The first step in the metastasis process is the invasion of malignant cells. For this phenomenon to be possible, the 
adhesion of cells to the ECM must be disturbed,14 which is strongly connected with the disorganization of the unique 
ECM.15 This indicates that ECM plays a crucial role in cancer progression. Even small-scale changes in the tissue- 
specific microenvironment homeostasis can significantly influence the proliferation of cancer cells. Numerous changes in 
the ECM, such as increased levels of collagens I, III, IV, and fibronectin, indicate that tumor progression is based on the 
complex interactions of cancer cells and tumor microenvironment.16 Higher levels of matrix proteins may contribute to 
changes in cell polarity and cell-to-cell adhesion.17 For that reason, the use of nanomaterials capable of supporting and 
partially replenishing degraded ECM might be essential to restore the niche after tumor resection.

Nanomaterials such as graphene (GN), graphene oxide (GO), fullerene (C60), and diamond nanoparticles (ND) can 
form nanofilms.18–21 However, the biosafety of the chosen carbon-based nanomaterials is the most pressing issue while 
designing potential biological applications. According to the literature, GN in colloidal suspension may induce cell death 
through caspase-mediated and caspase-independent pathways. The induction of oxidative stress is pointed out as a main 
process underlying the cytotoxicity of this nanomaterial. However, Fahmi et al demonstrated that GN may be capable of 
inducing irreparable DNA fragmentation produced by endogenous cellular endonucleases.22 GO in colloidal suspension 
may also induce time- and dose-dependent toxicity at the concentrations higher than 100 mg/L. Wu et al displayed the 
role of oxidative stress mediated by ROS in the cytotoxicity of GO. Moreover, the scientists also indicated that the arrest 
in GO/G1 phase after exposure to GO may be engaged in the cell death induction.23 Another nanomaterial that was 
chosen for analyses also exhibit anticancer properties. Exposure to C60 may cause oxidative stress/ERK-independent cell 
cycle block in G2/M phase, thus inhibiting cancer cells proliferation. Moreover, C60 is also capable of inducing ROS- 
mediated necrotic cell damage.24 According to our previous studies, ND cytotoxicity is cell specific.25 The cytotoxicity 
of this nanomaterial is strongly connected with the increase of ROS level and cytochrome c release.26 Although, the 
nanomaterials may exhibit some cytotoxicity, carbon-based nanofilms are a source of mechanochemical stimuli that may 
change cells’ behavior by changing the expression level of proteins involved in the proliferation process, activating ATP 
synthesis, or lowering the expression of cytoskeleton proteins. Therefore, we hypothesize that nanofilms made of GN, 
GO, C60, and ND may be capable of promoting proper adhesion and reducing the proliferation rate of breast cancer cells 
MDA.MB.231 and glioblastoma cells U-87 MG, which would result in a reduction in oncogenic potential and prevention 
of disease recurrence.

Materials and Methods
Carbon-Based Nanomaterials
Graphene (GN) was obtained from SkySpring Nanomaterials (Houston, TX, USA). Nano-sized platelets were produced 
by the exfoliation method. According to the manufacturer, the GN flakes’ surface area was 750 m2/g, and their thickness 
ranged from 1 to 5 nm. Single-layer graphene oxide (GO) was obtained from US Research Nanomaterials (Houston, TX, 
USA). The material was dispersed in water (2wt%). The diameter of flakes ranged from 1.5 to 5.5 µm and their thickness 
from 0.43 to 1.23 nm.
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Fullerene (C60) was obtained from SES Research (Houston, TX, USA). The material was vacuum oven-dried and, 
according to the manufacturer, solvent-free. Diamond nanoparticles (ND) were obtained from US Research 
Nanomaterials (Houston, TX, USA). The nanomaterial was produced using the detonation technique. According to the 
manufacturer, the average diameter of ND grains was 2–10 nm. GN, GO, C60, and ND were dispersed in ultrapure water 
to a final concentration of 1000 mg/L. Prior to use, water suspensions of nanomaterials were sonicated for 1 minute (500 
W, 32 kHz) using a VC 505 Ultrasonic Liquid Processor with a cup horn (Sonics & Materials, Newtown, CT, USA).

Physicochemical Analysis of Carbon-Based Nanomaterials
The ultrastructure of GN, GO, C60, and ND was analyzed using a JEM-1220 transmission electron microscope (TEM, 
JEOL, Tokyo, Japan) at 80 KV with a Morada 11-megapixel camera (Olympus Soft Imaging Solutions, Münster, 
Germany). All nanomaterials were analyzed using atomic force microscopy (AFM) to characterize the surface of the 
cell culture plate covered with nanomaterials (Nanores, Poland). Additionally, dried nanomaterials were analyzed using 
a scanning electron microscope (SEM; Quanta 200, FEI, Hillsboro, USA). Additionally, the water contact angle was 
measured for the tested nanofilms. For that reason 200 µL of water suspensions of GN, GO, C60 and ND were placed on 
the surface of the cell culture dish (Thermo Fisher Scientific, Waltham, MA, USA) followed by drying under sterile 
conditions. Subsequently, 50 µL of water was placed at the top of dried nanofilm. The drops were imaged using 
a horizontal stereoscopic microscope (Delta Optical, Poland). Then the water contact angle was determined using Fiji 
software.27

A Zetasizer Nano ZS90 analyzer (Malvern, Worcestershire, UK) was used for zeta potential measurements. Zeta 
potential was measured by laser Doppler electrophoresis (LDE). In addition, the Smoluchowski approximation at 25°C 
was applied. First of all, chosen nanomaterials were dispersed in ultrapure water to a concentration of 5 mg/L, sonicated 
at 500 W and 20 kHz for 1 minute using a Vibra-Cell™ Ultrasonic Liquid Processor (Sonics & Materials, Newton, CT, 
USA), and centrifuged (5 minutes, 1000×g) in order to remove arisen clusters.

Nanofilm Preparation
To assess cell morphology, carbon nanofilm was created on the bottom of 6-well culture plates (Nunc, Thermo Fisher 
Scientific, Waltham, MA, USA). In each well, there were 10 dots of GN, GO, C60, and ND, respectively, which were 
made by applying 10 µL of an aqueous suspension of the chosen nanomaterial at 1000 mg/L, followed by drying under 
sterile conditions.

For membrane integrity, proliferation assessment, and the analysis of cell adhesion, nanofilms were made in a 96-well 
microplate (Nunc, Thermo Fisher Scientific) by covering the whole surface of the bottom of the well with 50 µL of 
1000 mg/L suspensions. Afterward, nanofilms were fully dried under sterile conditions, obtaining the final density of 
151.5 µg/cm2.

Cell Lines
Two cancer cell lines were used in the study: glioblastoma U-87 MG and breast cancer MDA.MB.231. They were 
obtained from ATCC (American Type Culture Collection, Manassas, VA, USA). Both of them were characterized as 
adherent. The MDA.MB.231 cell line was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, ATCC) supple-
mented with 10% fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and a 1% antibiotic 
mix (Antibiotic-Antimycotic, Gibco) of penicillin (100 U/mL), streptomycin (100 µg/mL), and Gibco amphotericin 
B (0.25 µg/mL). The U-87 MG cell line was cultured in Eagle’s Minimum Essential Medium (EMEM, ATCC) 
supplemented with 10% FBS (Gibco) and a 1% antibiotic mix (Gibco). Both cell lines were maintained at 37°C in 
a humidified atmosphere containing 5% CO2.

Cells were seeded at a density of 1×105 cells/mL for membrane integrity and LDH-proliferation assays and 3×105 

cells/mL for morphological and adhesion analyses. For the cell membrane integrity, proliferation, and adhesion analyses, 
cells were seeded on a 96-well microplate (Nunc, Thermo Fisher Scientific) in 100 mL of medium per well. For 
morphological analysis, cells were seeded on a 6-well plate (Nunc, Thermo Fisher Scientific) in 3 mL of medium per 
well.
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Membrane Integrity Assay
A lactate dehydrogenase activity assay (Thermo Fisher Scientific) was performed to evaluate cell membrane integrity. 
A change in media color, compared to the control group, indicates the leakage of LDH from damaged cells.

For maximum LDH release, lysis buffer was added into the triplet of control wells. After 45 minutes, 50 µL of cell 
culture media was transferred into a new plate and then mixed with 100 µL of LDH reaction mixture. Spectrophotometer 
reading was performed after 30 minutes at 490 nm (reference wavelength: 690 nm), using a microplate reader (Tecan 
Group Ltd., Männedorf, Switzerland). The membrane integrity assay was performed after 24 hours, 48 hours, and 72 
hours in 3 independent experiments with 6 replicates for each group.

The results are presented as % of maximum LDH release and were calculated with the formula:

where A is the mean absorbance of the targeted group, and MAX LDH is the mean absorbance of the lysed control 
group.

Proliferation Assay
After all cells were lysed, the total LDH level was determined in the same way as in the membrane integrity assay. 
Changes in the level of enzymes relative to a control group indicate changes in the number of cells.

In order to perform proliferation analysis, lysis buffer was added to every well. After 45 minutes, plates were 
centrifuged (10 minutes, 200 g) to remove clusters of nanomaterials, followed by the transfer of 50 µL of cell culture 
media into a new plate. The analysis was performed after 24 hours, 48 hours, and 72 hours of cell culture on nanofilms in 
3 independent experiments with 6 replicates for each group.

Results are presented as % of control and were calculated with the formula:

where A is the mean absorbance of the targeted group, and C is the mean absorbance of the control group.

Morphological Analysis
For imaging of cell morphology, a Leica DMi8 microscope (Leica Microsystem, Wetzlar, Germany) equipped with 
a Leica MC 190 HD camera was used.

Analysis of Cell Adhesion
In order to perform adhesion analysis after 30, 60, and 120 minutes from seeding, cells were washed with phosphate- 
buffered saline (PBS, Thermo Fisher Scientific), followed by the addition of the lysis buffer into every well. After 45 
minutes, plates were centrifuged (10 minutes, 200 g) to remove clusters of nanomaterials, followed by the transfer of 50 
µL of cell culture media into a new plate. The analysis was performed in 3 independent experiments with 6 replicates for 
each group.

Results are presented as % of control and were calculated with the formula:

where A is the mean absorbance of the targeted group, and C is the mean absorbance of the control group.

Analysis of Cell Adhesion to Selected Components of the Extracellular Matrix 
Covered with Diamond Nanoparticles
The ECM Cell Adhesion Array (Merck KGaA, Darmstadt, Germany) was performed in order to evaluate cell adhesion 
to selected components of the extracellular matrix covered with ND. The test is based on colorimetric measurement 
and was performed on a 96-well plate. Each well was pre-coated with different ECM proteins (collagen I, collagen II, 
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collagen IV, fibronectin, laminin, tenascin, and vitronectin). After rehydration of wells, 100 µL of ND solution in PBS 
at the concentration of 100 mg/L (tested group) and PBS (control group) was added into appropriate wells and 
incubated for 5 hours in order to cover the bottom of the well with ND. After removal of the liquid, 100 µL of the cell 
suspension at a concentration of 1×106 cells/mL in assay buffer was added into each well and incubated for 2 hours at 
37°C. The cells were washed 3 times with assay buffer, and 100 µL of cell stain solution was added, followed by 5 
minutes incubation. Subsequently, cells were washed 5 times with ultrapure water, and after the plate was fully dried, 
100 µL of extraction buffer was added into each well, followed by 10 minutes incubation. Samples were transferred to 
a new plate, and absorbance measurement was performed at a wavelength of 540 nm in a microplate reader (Tecan 
Group Ltd.).

The results were presented as the mean absorbance of the triplet of wells.

3D Analysis
In order to create a 3D model using the bioprinting technique, MDA.MB.231 and U-87 MG cells were washed in an 
appropriate complete cell culture medium and centrifuged for 6 minutes, 200g. Then, 50 µL of cell suspension at the 
concentration of 1×108 cells/mL was mixed with 425 µL GelMA Bioink (Cellink, Goteborg, Switzerland). Additionally, 
for the tested group, 25 µL of ND hydrocolloid at the concentration of 2000 mg/L was added to a mixture, obtaining 
a final concentration of 100 mg/L. For the control group, the same volume of ultrapure water (25 µL) was added. 3D 
models were printed using Bio X extrusion bioprinter (Cellink) on the 8-well 90 µL-slides (ibiTreat, ibidi GmbH, 
Gräfelfing, Germany). Afterward, 300 µL of appropriate complete cell medium was added into each well. 3D models 
were incubated for 7 days at 37°C in a humidified atmosphere containing 5% CO2. The cell culture medium was 
exchanged with a fresh one on the second, fourth, fifth, and sixth day of incubation. After 7 days, cells were stained using 
Image-IT™ DEAD Green™ Viability Stain (Thermo Fisher Scientific) at a concentration of 100 nM in fresh complete 
cell culture medium for 45 minutes at 37°C. Subsequently, cells were washed 4 times with PBS (Thermo Fisher 
Scientific) for 7, 5, 2, and 2 minutes respectively. After that, cells were fixed with a 4% solution of paraformaldehyde 
(PFA) for 15 minutes at 4°C and again washed twice with PBS (Thermo Fisher Scientific) for 2 minutes, followed by 
staining cell nuclei using DAPI (Thermo Fisher Scientific) at the concentration of 300 nM in PBS for 45 minutes at 37°C. 
Afterward, cells were washed 4 times with PBS for 5 minutes. Then, an 88% solution of glycerol was added to each well. 
Preparations prepared in this way were incubated at 4°C overnight. The number of live and dead cells was analyzed with 
an FV-1000 confocal microscope (Olympus Corporation, Tokyo, Japan). Cells were imaged sequentially using a 20X 
objective at excitation and emission wavelengths of 461/358 nm (DAPI) and 490/525 (Image-IT™ DEAD Green™ 
Viability Stain, Thermo Fisher Scientific). The analysis was performed in 4 replicates for each group. Analysis and cell 
counting were performed using Fiji software.27 The cell number on each image was assessed by thresholding the channel 
with stained cell nuclei, followed by watershed segmentation and particle function analysis. Additionally, the images of 
3D structures were performed using, a Leica DMi8 microscope (Leica Microsystem) equipped with a Leica MC 190 HD 
camera.

Statistical Analysis
Data were analyzed using mono-factorial analysis of variance: one-way ANOVA with Statgraphics® Plus 4.1 (StatPoint 
Technologies, Warrenton, VA, USA). The differences between groups were tested using Tukey’s HSD multiple range 
tests. Differences with p-value <0.05 were considered significant. All mean values are presented with the standard 
deviation.

Results
Physicochemical Analysis
The data in Table 1 presents the zeta potential of the tested nanomaterials. All measurements were performed at 
a concentration of 5 mg/L. The analysis revealed that GN, GO, and C60 were characterized by negative values of zeta 
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potential. Furthermore, the highest values, −27.55 and −26.83 mV, and the highest stability were displayed by GO and 
GN, respectively. C60 and ND were the least stable, maintaining only −16.75 mV and 16.55 mV, respectively.

In order to characterize the surface of dried nanofilms, SEM analysis was performed. The results are presented in 
Figure 1. Nanomaterials were also analyzed using a TEM (Figure 1). GN and GO took the form of flakes, whereas C60 
and ND were spherical. The shape of the nanomaterials influenced the surface of nanofilms. Nanomaterials like GN and 
GO formed more uniform surfaces compared to C60 and ND after drying.

For better characterization of tested nanomaterials, GN, C60, and ND nanofilms were characterized using the AFM 
technique. The results are presented in Table 2 and Figure 2. The analysis revealed that GN nanofilm had the highest 
roughness, while C60 nanofilm had the lowest roughness.

Atoms located in the interfacial region or at the interface are subject to the action of a different system of forces than 
the atoms located deep in the phase. On the one hand, they are attracted by atoms of its own phase and, on the other hand, 
by atoms from the neighboring phase. Therefore, they are located in an asymmetric force field. The water contact angle 
was measured to provide information about the character of prepared nanofilms. The images of water drops on prepared 
nanofilms are presented in Figure 3. The analysis performed using Fiji software revealed that the water contact angle for 
the cell culture plate was maintained at the level of 60.32°. Similar value was obtained for the surface covered with GO 
which was 64.26°. Water contact angle of C60 was smaller than the one obtained for the cell culture plate and was 
maintained at the level of 43.57°. The smallest values were observed on the surfaces covered with ND and GN nanofilms 
with the water contact angle of 17.99° and 22.12°, respectively.

Morphological Analysis
In order to evaluate the changes in cell morphology caused by the nanomaterials, imaging 24 hours, 48 hours, and 72 
hours after cell seeding on certain nanofilms was performed. Applying nanofilms, placed as dots, allowed analysis of the 
cell morphology inside, outside, and on the border of the dots (Figures 4 and 5). U-87 MG and MDA.MB.231 cells 
showed changes in polarization and shape, depending on location, in relation to the nanofilm dot. U-87 MG cells that 
were located near the ND nanofilm dot began to shrink after 48 hours of incubation compared to the control and GN 
nanofilm. Another finding was that MDA.MD.231 cells tended to accumulate on the border of GN, ND, and GO nanofilm 
with the side edge adjacent to it (Figures 4 and S1). U-87 MG cells formed spheroids to a lesser extent. The cells that 
were exposed to GO and C60 nanofilms looked similar to the untreated ones. However, some changes in the cells size 
could be observed after 24 hours (Figures S1 and S2).

Membrane Integrity Assay
In order to evaluate the cytotoxicity of certain carbon-based nanofilms at the level of membrane integrity, an LDH assay 
was performed. Interference analysis was performed to eliminate the risk of false results according to the protocol 
described in the Supplementary Materials (Figure S3). The analysis revealed that all nanomaterials tested did not 
influence the cell membrane integrity of MDA.MB.231 cells (Figure 6A–C). However, GN and ND nanofilms induced 
enhanced leakage of LDH from U-87 MG cells after 24, 48, and 72 hours of incubation (Figure 6D–F).

Table 1 Zeta Potential (ZP) in 
Suspension Measured by Laser 
Doppler Electrophoresis (LDE); the 
Results are Presented as Mean (n=4) 
with Standard Division (SD)

Sample ZP by LDE [mV] ± SD

GN −26.83±3.32
GO −27.55±0.75

C60 −16.75±4.56

ND 16.55±0.81
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Proliferation Assay
In order to assess the influence of certain carbon-based nanofilms on the proliferation rate, a total LDH measurement was 
performed. Interference analysis was performed to eliminate the risk of false results (Figure S3). The results from the 
proliferation assay are presented in Figure 7. The analysis revealed that GN and ND nanofilms decreased the proliferation 
rate in MDA.MB.231 48 and 72 hours after incubation (Figure 7B and C). The greatest inhibitory effect was obtained 
after 72 hours. Incubation on GN nanofilm resulted in a 20.97% decrease in the number of cells, whereas incubation on 
ND nanofilm resulted in a 30.09% decrease. In the case of the U-87 MG cell line, a similar tendency was observed after 
48 hours incubation on GN and ND nanofilms, which caused a 15.95% and 16.17% loss in the number of cells 
(Figure 7D). However, the proliferation-inhibitory effect was not maintained with increasing incubation time and after 
72 hours, the proliferation of U-87 MG cells remained at the level of the untreated control group (Figure 7E).

Analysis of Cell Adhesion
In order to assess the influence of certain carbon-based nanofilms on cell adhesion, a total LDH measurement was 
performed. Interference analysis was performed to eliminate the risk of false results (Figure S3). The results from the 
analysis of cell adhesion are presented in Figure 8. The analysis revealed that MDA.MB.231 cell adhesion was enhanced 
on ND nanofilm compared to the control during the first 60 minutes after seeding cells (Figure 8A and B). GN and GO 

Figure 1 SEM (A–D) and TEM (E–H) images of GN (A and E); GO (B and F); C60 (C and G); and ND (D and H).

Table 2 AFM Parameters of Nanofilms Made of GN, C60, and ND

AFM parameter [nm] GN C60 ND

Roughness average 16.5 0.3 7.0

Root mean square roughness 29.3 0.4 10.5
Maximum height of the roughness 296.3 3.5 148.9

Maximum roughness valley depth 125.4 1.6 38.2

Maximum roughness peak height 170.9 1.8 110.7
Average maximum height of the profile 173.1 2.5 140.8

Average maximum height of the roughness 142.1 1.9 70.6

Average maximum roughness valley depth 68.0 0.9 26.6
Average maximum roughness peak height 74.1 0.9 44.1

Average third-highest peak to third-lowest valley height 142.1 2.2 100.4
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Figure 3 Water contact angle of cell culture plate, 60.32° (A); GN, 22.12° (B); GO, 64.26° (C); C60, 43.57° (D); ND, 17.99° (E).

Figure 2 Topographical images of nanofilms made of GN (A), C60 (B), and ND (C) performed using the AFM technique.
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nanofilms did not influence cell adhesion (Figure 8A–C). In the case of U-87 MG cells, only GN nanofilm weakened the 
cell adhesion during the first 30 minutes after cell seeding (Figure 8D).

Analysis of Cell Adhesion to Selected Components of the Extracellular Matrix 
Covered with Diamond Nanoparticles
ECM Cell Adhesion Array was performed to evaluate cell adhesion to selected components of the ECM covered with 
ND. The analysis revealed that ND enhances MDA.MB.231 cell adhesion to tenascin and vitronectin (Figure 9A). ND 
also enhances U-87 MG cell adhesion to the following ECM components: collagen I, collagen IV, tenascin, and 
vitronectin (Figure 9B).

3D Analysis
In order to reproduce multidimensional interactions between cells and between cells and ECM, bioprinted 3D models 
containing cancer cells were created. The analysis of MDA.MB.231 cells showed that although there was no difference in 
the number of dead cells between the control group and the treated group, the addition of ND caused the live and dead 
cell layers to separate. Dead cells were located at the bottom of the bioprinted 3D model, and live cells were observed at 
the upper part (Figure 10).

The same phenomenon was not observed in the case of U-87 MG cells. Live and dead cells were located throughout 
the whole volume of the bioprinted 3D model. However, it was observed that in the group treated with ND, the 

Figure 4 Morphological characterization of MDA.MB.231 human breast adenocarcinoma, seeded on GN and ND nanofilms after 24 hours, 48 hours, and 72 hours.
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percentage of dead cells was lower than in the control group, maintaining the values of 9.27% and 13.22%, respectively 
(Figure 10).

Discussion
The aim of the study was to evaluate whether carbon-based nanomaterials such as GN, GO, C60, and ND may serve as 
potential components of ECM that will affect and reduce tumor oncogenic potential, particularly by reducing the 
proliferation rate of cancer cells and enhancing their adhesion to the ECM. The fundamental issue in applying 
nanomaterials in cancer treatment is safety. Desirable nanomaterials in cancer treatment should be characterized by 
biocompatibility. For that reason, the analysis of the cell membrane integrity was performed. The analysis revealed that 
all nanomaterials used in the experiment did not harm the cell membrane of MDA.MB.231 cells. However, GN and ND 
nanofilms exhibited low toxicity against U-87 MG cells. Graphene takes the form of flakes, as shown in the TEM images. 
Dried GN nanofilm was characterized by a rough surface, as revealed by SEM and AFM analyses. The cell morphology 
images showed that U-87 MG cells were bigger than MDA.MB.231 cells and formed clusters. Together, these could have 
contributed to higher LDH leakage from U-87 MG cells, indicating cell membrane damage. This finding is in line with 
Akhavan and Ghaderi’s thesis.28 According to the literature, one of the proposed toxicity mechanisms of GN assumes 
cell membrane damage through physical interactions with nanomaterial.29 The surface of GN enables its interactions with 
cell membrane lipids,30 which may also underlie the moderate toxicity of GN nanofilm against U-87 MG cells. ND 
nanofilm also caused moderate toxicity against the glioblastoma grade IV cell line. As was shown in the morphological 

Figure 5 Morphological characterization of the U-87 MG human glioblastoma grade IV cell line, seeded on GN and ND nanofilms after 24 hours, 48 hours, and 72 hours.
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images, some fragments of ND tended to detach and were internalized by the cells or formed clusters on their surface. 
The adhesion of ND nanofilm may be influenced by the formation of the non-diamond phase, the generation of voids 
during the drying process, and the differences between the thermal expansion coefficient of ND nanofilm and surround-
ing phases.31 Our previous study showed that ND in the form of hydrocolloid disturbs the cell membrane integrity in 
glioblastoma grade IV cell lines T98G and U-118 MG.25 Interestingly, both GN and ND nanofilms did not influence the 
cell membrane integrity of MDA.MB.231 cells. Diamond nanofilms are thin layers of amorphous sp2-bonded carbon 
bound to crystalline phases of sp3-bonded carbon. ND nanofilm characteristics are similar to those of macroscale 
diamond.32 According to the literature, ND nanofilm biocompatibility depends on the atomic-bound structure and 
hydrogen content. Biocompatibility also depends on the cell line.25 However, it is considered a biocompatible 
nanomaterial,33 which was revealed by the analysis performed on MDA.MB.231 cells. Those results were in line with 
the analysis performed on a bioprinted 3D model, where no toxicity was observed after treatment of MDA.MB.231 cells 
with ND. Moreover, our previous study25 showed that the addition of the same ND nanoparticles in the form of 
hydrocolloidal suspension at the concentration of 20 mg/L into the cell culture medium of non-cancer HFF-1 cells did 
not cause any morphological changes after 24 hours of incubation. Moreover, ND at the concentration of 50 mg/L caused 
a significant decrease in intracellular ROS and mitochondrial superoxide level, which led to a higher metabolic activity of 

Figure 6 Membrane integrity of MDA.MB.231 (A–C) and U-87 MG (D–F) cells after 24 hours, 48 hours, and 72 hours incubation period on certain carbon-based nanofilms 
determined by LDH assay. Results are presented as the percentage of cytotoxicity (mean with standard deviation; n=6). Different letters above the columns indicate 
statistically significant differences between groups (p<0.05).
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the tested fibroblast cell-line HFF-1. Those findings indicate that currently tested ND may not be toxic to non-cancer 
cells.

The desired effect of the nanomaterial was to inhibit the cell proliferation rate. The proliferation analysis revealed that 
GN and ND nanofilm significantly inhibit the proliferation of MDA.MB.231 cells after 48 hours. This effect was also 
maintained after 72 hours. The same tendency was observed in the case of U-87 MG cells. However, after 72 hours, there 
were no significant changes observed. Studies performed on hepatocellular carcinoma cell-line C3A showed that the thin 
layer of ND nanofilm decreases the level of proteins responsible for cell proliferation, which leads to a decreased 
population of cancer cells in the G0/G1 phase of the cell cycle.18 The mechanochemical signaling caused by ND 
nanofilms, which disturbs the expression of specific proteins related to mitosis and proliferation, may underlie the 
phenomenon of decreased proliferation of MDA.MB.231 cells.

Another feature that should characterize a nanomaterial suitable for creating a niche that will stabilize the ECM after 
tumor resection is its pro-adhesive nature; hence, an analysis of adhesion was performed. The analysis revealed that ND 
nanofilm enhances the adhesion of MDA.MD.231 cells during the first 30 minutes after seeding. This finding is in line 
with those obtained by Guo et al.34 Studies performed on Hela cells showed that ND can enhance cell adhesion, thus 
inhibiting cell migration by impairing the assembly of the cellular cytoskeleton. Another possible mechanism of this 
phenomenon was the disruption of the epithelial–mesenchymal transition (EMT) signaling pathway by decreasing the 

Figure 7 Proliferation of MDA.MB.231 (A–C) and U-87 MG (D–F) cells after 24 hours, 48 hours, and 72 hours incubation period on certain carbon-based nanofilms 
determined by LDH assay. Results are presented as the percentage of control (mean with standard deviation; n=6). Different letters above the columns indicate statistically 
significant differences between groups (p<0.05).
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Figure 8 Cell adhesion of the MDA.MB.231 (A–C) and U-87 MG (D–F) cells after 30 minutes, 60 minutes, and 120 minutes after cell seeding on GN, GO, C60, and ND 
nanofilms determined by measuring total LDH. Results are presented as the percentage of control (mean with standard deviation; n=6). Different letters above the columns 
indicate statistically significant differences between groups (p<0.05).

Figure 9 Cell adhesion of MDA.MB.231 (A) and U-87 MG (B) cells after 2 hours of incubation on certain ECM components covered with ND determined by ECM Cell 
Adhesion Array. Results are presented as the percentage of control (mean with standard deviation; n=3). Different letters above the columns indicate statistically significant 
differences between groups (p<0.05).
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level of transforming growth factor β (TGF-β) caused by ND.34 Another study concerning the adhesion of osteoblasts to 
ND coatings showed that the nanocrystalline layer of ND can promote adhesion.35 As the adhesion of cancer cells plays 
a major role in cancer progression,36 we have also investigated cell adhesion to particular ECM components covered with 
ND. The analysis revealed that ND treatment enhances the adhesion of both breast cancer and glioblastoma grade IV cell 
lines to tenascin and vitronectin. Enhanced adhesion to collagen I and collagen IV was also noted in the case of U-87 MG 
cells. According to the literature, numerous isoforms of tenascin are produced through alternative splicing of nine 
fibronectin type III regions. Different splicing isoforms are characterized by specific biological functions.37 The most 
common tenascins present in the microenvironment of breast cancer tumors are those containing the D and B domains, 
which are connected with the invasive phenotype.38 Tenascin is also over-expressed in the ECM of the invasive 
phenotype of glioblastoma.39 In general, tenascin can directly interact with various cell adhesion receptors, thereby 
influencing their functions.40 The presence of this protein in ECM may inhibit focal adhesion and promote cell migration 
and angiogenesis.41 One of the first observations concerning tenascin revealed that cells did not adhere well to the ECM 
component, which in turn led to a higher proliferation rate.42 However, our studies proved that the addition of ND can 
weaken the activity of tenascin, enhancing adhesion and thus inhibiting MDA.MB.231 cell proliferation. Another 
important protein present in the tumor microenvironment is vitronectin. The addition of ND enhanced the adhesion of 
both MDA.MB.231 and U-87 MG cells to this protein. The interaction between vitronectin and integrins can activate 
signaling pathways that regulate cytoskeleton reorganization, lipid metabolism, intracellular ion transport, and gene 
expression.43 Another finding was the enhanced adhesion to collagen I and IV covered with ND observed in the U-87 

Figure 10 Images performed using inverted microscope of control, MDA.MB.231 (A), and U-87 MG (C) bioprinted 3D models (view from above) and MDA.MB.231 (B) and 
U-87 MG (D) models treated with 100 mg/L ND. Section through a bioprinted 3D model made of MDA.MB.231 cells, ND (G), and U-87 MG (F). Cell nuclei were stained 
with DAPI, and dead cells were stained using Image-IT™ DEAD Green™ Viability Stain (Thermo Fisher Scientific). (F and H) The results are presented as the mean with 
standard deviation. Different letters above columns indicate statistically significant differences (p≤0.05).
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MG cell line. According to the literature, collagen I has two exclusive domains: the matrix interaction domain and the 
cell interaction domain.44 The first one is for impairing the structural properties of collagen fibrils. It has binding sites for 
proteoglycans such as dermatan sulfate or keratin sulfate, while the other is responsible for signal transduction and ECM 
remodeling. This domain has binding sites for matrix metalloproteinases, integrins, discoidin domain receptors, and 
matricellular proteins.45 Collagen type IV mediates the process that leads to collagen sheet formation. These domains are 
the major components of the basement membrane.45 Enhanced adhesion to those components may possibly lead to the 
remodeling of damaged ECM after tumor resection.

Conclusion
ND nanofilm is a nontoxic and pro-adhesive nanomaterial that might be used to stabilize and partially replenish the niche after 
breast tumor resection. ND nanofilm enhances the adhesion of breast cancer cell lines during the first 60 minutes after cell 
seeding. By coating ECM components with ND, enhanced adhesion to tenascin and vitronectin was observed. Moreover, the 
nanofilm can decrease the proliferation rate of MDA.MB.231 cells. However, ND nanofilm caused cell membrane damage in 
U-87 MG cells and did not enhance the adhesion of the glioblastoma cell line. ND nanofilm was capable of decreasing the 
proliferation rate of the glioblastoma grade IV cell line, but only after 48 hours. In that case, the nanofilm caused enhanced 
adhesion to tenascin, vitronectin, collagen I, and collagen IV. Although nanomaterials such as GO and C60 were biocompatible 
for MDA.MB.231 and U-87 MG cell lines, they did not significantly influence the proliferation for adhesion of tested cells.
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