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Purpose: Surgical resection of hepatocellular carcinoma can be associated with recurrence 
resulting from the degeneration of residual volume of the liver. The objective was to assess 
the possibility of using a biocompatible nanofilm, made of a colloid of diamond nanoparti-
cles (nfND), to fill the side after tumour resection and optimize its contact with proliferating 
liver cells, minimizing their cancerous transformation.
Methods: HepG2 and C3A liver cancer cells and HS-5 non-cancer cells were used. An 
aqueous colloid of diamond nanoparticles, which covered the cell culture plate, was used to 
create the nanofilm. The roughness of the resulting nanofilm was measured by atomic force 
microscopy. Mitochondrial activity and cell proliferation were measured by XTT and BrdU 
assays. Cell morphology and a scratch test were used to evaluate the invasiveness of cells. 
Flow cytometry determined the number of cells within the cell cycle. Protein expression in 
was measured by mass spectrometry.
Results: The nfND created a surface with increased roughness and exposed oxygen groups 
compared with a standard plate. All cell lines were prone to settling on the nanofilm, but 
cancer cells formed more relaxed clusters. The surface compatibility was dependent on the 
cell type and decreased in the order C3A >HepG2 >HS-5. The invasion was reduced in 
cancer lines with the greatest effect on the C3A line, reducing proliferation and increasing 
the G2/M cell population. Among the proteins with altered expression, membrane and 
nuclear proteins dominated.
Conclusion: In vitro studies demonstrated the antiproliferative properties of nfND against 
C3A liver cancer cells. At the same time, the need to personalize potential therapy was 
indicated due to the differential protein synthetic responses in C3A vs HepG2 cells. We 
documented that nfND is a source of signals capable of normalizing the expression of many 
intracellular proteins involved in the transformation to non-cancerous cells.
Keywords: cell cycle, cell proteome, diamond nanofilm, extracellular matrix, invasion, liver 
cancer

Introduction
Hepatocellular carcinoma (HCC) ranks fourth among neoplasms in terms of the 
number of deaths caused worldwide.1 Potential therapy is difficult because the liver 
parenchyma is characterized by a high activity of efflux pumps and physiological 
detoxification of drugs, making it resistant to most chemotherapeutic agents.2 The 
application of even modern therapies, such as first- and second-generation tyrosine 
kinase inhibitors, inhibitors of inflammatory processes, and genetically modified 
T cells taken from the patient (CAR-T) extended the lives of patients with advanced 
hepatoma by only one year.3 Resection, and even re-resection, is in many cases the 
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best therapeutic method.4 However, there is still a high 
risk of tumour recurrence, resulting, inter alia, from the 
presence of multinodular cirrhosis in the rest of the liver.5 

The niche remaining after resection is thus a largely 
degraded tissue, unable to promote liver regeneration 
mechanisms.

The leading cause of liver cancer is the quantitative 
and qualitative remodelling of extracellular matrix (ECM) 
components due to inflammation, steatosis and liver 
fibrosis.6 The normal ECM is a mosaic of various compo-
nents, including fibrous proteins (collagen, fibronectin, 
laminin and vitronectin), proteoglycans and glycosamino-
glycans, the detection of which by cellular receptors 
directs complex signalling pathways in the cell.7 Even 
small changes in the content of ECM components and 
their distribution contribute to changes in the stiffness 
and elasticity of the matrix and abnormal signal transduc-
tion in the cell.8 Modification of the mechanical properties 
of the ECM affects the behaviour of cells and can change 
their phenotype, leading to neoplasm.9–11 Moreover, an 
incorrect matrix promotes genetic mutations, which further 
affects abnormalities in the formation of ECM 
structure.7,12

The search for a biocompatible material that is capable 
of supporting, improving and partially replacing degraded 
ECM and can be inserted into a niche after tumour resec-
tion is a challenge. The ideal biomaterial to support the 
degraded ECM should be non-toxic, non-degradable, 
stable in vivo, nano-sized, plastic to easily adapt to the 
tissue structure and hydrophilic with a varied physical 
structure and exposed oxygen groups on its surface.13

Diamond nanoparticles (NDs) are hydrophilic and 
photostable with a low coefficient of friction14,15 and, at 
the same, time capable of creating a unique surface com-
posed of a conglomerate of nano-sized particles, or ‘balls’, 
can be considered as an essential mechanical element of 
the ECM mimic. According to the latest research, carbon 
scaffolds that are not subject to enzymatic degradation can 
play the role of a matrix for cell growth and maturation for 
a long time and undergo remodelling corresponding to the 
tissue kinetics.16 Moreover, diamond does not acidify the 
ECM with its degradation products, unlike the biodegrad-
able polymers used in the construction of ECM mimic 
scaffolds.17,18

Thus, creating a self-organizing layer of ND, making 
a unique substrate that forms a 3D structure in nano- 
morphology visualization, can support the ECM. The 
structure can induce mechanical stimuli through 

a stiffness gradient and chemical stimuli through the pre-
sence of oxygen on the surface and communicate with the 
cell through its charge, which can modulate the polarity 
and behaviour of cells. The stiffness gradient occurs natu-
rally in the liver tissue, where the matrix is softer around 
hepatocytes than in stellate cells.19 The adsorption proper-
ties of the polar groups of diamond allow it to selectively 
bind many serum adhesion proteins to its surface20 and 
control their release, which resembles the dynamic activity 
of the ECM.21 On the other hand, diamond coatings can 
also have anti-adhesive properties if they have hydrogen 
groups on their surface,20,22 which means that, like ECMs, 
they create a varied structure with hydrophilic and hydro-
phobic spaces.

Diamond nanoparticles are considered the least toxic 
carbon material. They are not a source of inflammation 
and blood clots; they are haemocompatible and do not 
generate reactive oxygen species.23–28 In in vitro and in 
ovo studies, the low concentration of ND did not cause 
morphological changes in liver cancer cells.29 It did not 
affect the growth and development of chicken embryos.30 

Moreover, high doses of ND injected intraperitoneally did 
not cause pathological changes in rats.31 There are several 
reports on the inhibition of the expansion of lung and 
colon cancer cells32 and glioma33 by ND suspended in 
the culture medium. It seems that the key to diamond 
biocompatibility and diamond-based scaffolds is the inhi-
bition of endocytosis.32

Due to its stiffness, diamond is mainly used as a mimic 
of bone ECM,34 as diamond layers can stimulate adhesion, 
growth and maturation of osteoblasts and, consequently, 
regeneration of bone tissue.35 Due to its biocompatibility, 
it is used in the form of a monolayer to support neural 
networks. Neurons adhere to and grow on the ND and 
mostly become morphologically similar to neurons grown 
on ECM proteins.36 Chen et al20 showed that ultra- 
nanocrystalline diamond films regulate the spontaneous 
differentiation of neural stem cells in the absence of 
growth factors. The ability to induce cell differentiation 
to produce the desired tissue is one of the key features of 
native ECM. Thus, ND can be the mimic ECM of both 
hard (bone) and soft (liver and brain) tissues and promote 
the growth of even the most demanding cells.36

In the present research, we demonstrated, for the first 
time, the concept of a niche modification method after 
resection of a liver tumour. The proposed idea is to cover 
the resulting niche after tumour removal with a colloidal 
solution of ND. Spraying or washing the niche with such 
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a solution creates a very thin nanofilm on the surface of 
the tissues of the niche, made of a layer of ND. We 
assumed that the resulting nanofilm, as an alternative to 
the damaged tissue structure, and above all ECM, adjacent 
to the tumour, should promote proper adhesion, reduce the 
rate of proliferation and reduce cell malignancy. The 
objective was to prove that the nanofilm formed by ND, 
as a source of mechano- and chemotransduction, can play 
the role of a mechano-chemo-transduction signal activator. 
It can normalize the expression of key intracellular pro-
teins involved in adhesion, migration and proliferation, 
and consequently, reduce the oncogenic potential of the 
cell. The diamond nanofilm (nfND) could be used to fill 
a niche after hepatic tumour resection, leading to coloniza-
tion of the niche and regeneration of the liver.

Materials and Methods
Preparation and Characterization of 
Diamond Nanoparticles and Diamond 
Nanofilm
Characterization of Diamond Nanoparticles
Diamond nanoparticles were produced by the detonation 
method and obtained from SkySpring Nanomaterials. 
Nanomaterials were purchased as a powder, dispersed 
into ultrapure Milli-Q water and sonicated in an ultrasonic 
bath (Bandelin Electronic, Berlin, Germany). The mor-
phology of ND (50 mg/L solutions) was characterized 
using transmission electron microscopy (TEM: JEM- 
1220 JEOL, Tokyo, Japan) and scanning electron micro-
scopy (SEM; Quanta 200, FEI, Hillsboro, USA) in two 
independent samples. Zeta potential was determined with 
a Nano-ZS90 Zetasizer (Malvern Instruments, Malvern, 
UK) in triplicate.

To determine the functional groups of ND, the Fourier 
transform infrared (FTIR) spectra were studied using 
a Perkin Elmer System 2000 instrument (MA, USA) oper-
ated by Pegrams software. All steps were performed 
according to Sosnowska et al.11 Spectra were presented 
as transmittance (dependent variable) against wavenumber 
(independent variable) in the range of 500–4000 cm−1. At 
least 25 scans per sample were completed.

Raman Spectroscopy measurements of nanodiamond 
powder were performed using a Horiba Jobin Yvon 
T64000 spectrometer equipped with a single grating and 
an automated 3-axis stage with a 100-nm spatial resolu-
tion. The excitation source was a Kimmon Koha He–Cd 
dual-mode (325 nm/422 nm) laser. The 422 nm 

wavelength laser light and satellite lines were removed 
with a series of optical filters. The laser light with 
a power of 23 mW was focused on the nanodiamond 
powder using an Olympus MPFLN objective with 50x 
magnification. The analysis of the Raman spectra was 
conducted using the OriginPro 2020 (64-bit) SR1 
9.7.0.188 software.

Characterization of Diamond Nanofilm
ND aqueous solution at a concentration of 1000 mg/L was 
used to form a nanofilm. Colloids were dried under sterile 
conditions. Then, 104 µg of ND solution was placed on 
a 1 cm2 surface. Nanofilms were adhered perfectly to the 
bottom of the plastic wells and formed a thin surface. 
Roughness parameters were measured using atomic force 
microscopy (AFM) (Nanosurf, Liestal, Switzerland). AFM 
images were taken of two independent samples at the edge 
and the centre of nfND. AFM was also performed on 
uncoated polystyrene plates (control).

Cell cultures
A non-cancer bone marrow stromal cell line (HS-5, CRL- 
11882) and liver cancer cell lines (HepG2, HB-8065; C3A, 
CRL-10741) were purchased from the American Type 
Culture Collection (ATCC). The cell cultures were main-
tained at 37°C, under 5% CO2, in Dulbecco’s Modified 
Eagle Medium, Low Glucose (DMEM, Gibco, Thermo 
Fisher Scientific, Waltham, MA, USA). DMEM media 
were supplemented with 10% foetal bovine serum (FBS, 
Life Technologies), penicillin (100 U/mL) and streptomy-
cin (100 mg/mL, Life Technologies). HS-5, HepG2 and 
C3A cells were seeded on 6-well plates, 96-well plates and 
2-well culture inserts at a concentration of 1.5 × 105, 
1×104 and 4×104 per well, respectively. Experiments 
were conducted according to the following scheme: 1. 
HS-5 cell control; 2. HS-5 cells on nfND; 3. HepG2 cell 
control; 4. HepG2 cells on nfND; 5. C3A cell control; 
C3A cells on nfND.

Scanning Electron Microscopy
To assess the morphological changes in cells grown on 
6-well plates uncoated and coated with ND nanofilm, 
scanning electron microscopy (SEM) was used (Quanta 
200). Cells were maintained on nfND for 7 days without 
medium changes, then rinsed in phosphate-buffered saline 
(PBS, pH 7.2) and fixed in 2.5% glutaraldehyde (G5882, 
Sigma-Aldrich). Subsequent steps were performed using 
osmium tetroxide and carbohydrazide. Contrasted cells 
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were dehydrated through a hexylene glycol series (Sigma- 
Aldrich) using a point dryer (Polaron CPD 7501, Quorum 
Technologies, Laughton, UK). Finally, samples were 
placed on aluminium SEM, and four independent images 
were taken for each sample.

XTT Assay
Cell viability was determined with the XTT assay kit 
(No. 11465015001, Roche, Mannheim, Germany). Cells 
were transferred to a 96-well plate with nfND (or without 
as a control) and cultured for 24 and 48 h. XTT reagent 
(50 µL) was added to the culture medium (100 µL). Then, 
cells were incubated at 37°C for 1 h. Before viability 
changes were read, the culture medium was transferred 
to a new plate (without nanofilm). The results were mea-
sured using a Tecan Infinite 200 microplate reader (Tecan, 
Durham, NC, USA) at 475 nm and a reference wavelength 
of 650 nm. Cell viability is expressed as the percentage of 
ODtest/ODcontrol, where ODtest is the optical density of 
cells seeded on nfND, and ODcontrol is the optical density 
of the control sample. All study groups were evaluated in 
six repetitions.

BrdU Assay
Cell proliferation studies were based on the measurement 
of BrdU incorporation during DNA synthesis. Cells were 
seeded on 96-well microplates according to the scheme as 
described in the section ‘Cell cultures’. After a 24-h incu-
bation, BrdU labelling solution was added to a final con-
centration of 20 µM in each well. Cells were labelled for 
24 h at 37°C. The next steps were carried out according to 
the protocol (No. 11647229001, Roche). The reaction pro-
duct was quantified by measuring the absorbance at 450 
nm and a reference wavelength of 690 nm using a Tecan 
Infinite 200 microplate reader. Before the changes in pro-
liferation were read, the liquid was transferred to a new 
plate (without nanofilms). Cell proliferation was expressed 
as the percentage of ODtest/ODcontrol. All study groups 
were evaluated in six repetitions.

Scratch Wound Closure Assay
Cell migration was observed using a 2-well culture insert 
(No. 80209, Animalab, Germany). The inserts were placed in 
6-well plates uncoated and completely coated with nfND. 
Colloids were dried under sterile conditions, and then inserts 
were placed in 6-well plates coated by nfND. Cells were 
cultivated in a 2-well culture insert in 70 µL of DMEM to 
achieve a monolayer. According to the manufacturer's infor-
mation, the growth area in the culture insert was 0.22 cm2 per 

well and the cell-free gap was 500 µm ± 100 µm. After 24 
h of incubation and removal of the insert, the cell layer was 
washed with PBS to remove any non-adherent cells. The 
6-well plate was filled with 2 mL of DMEM in each well. 
The cultivation time was adjusted to nearly complete cell 
coverage of the free gap, ie 72 h for HS-5 cells and 7 days for 
C3A and HepG2 cells. After incubation, cells were stained 
with haematoxylin-eosin (H+E). Images were acquired in the 
same area at 10× magnification of the free gap using a digital 
camera (Leica MC190 HD) mounted on an inverted micro-
scope with LAS V4.10 software (Leica, Wetzlar, Germany). 
The wound-closure rate was assessed on the basis of extra-
cellular spaces (%) of a 1-mm2 area using ImageJ® 1.48v. 
software (National Institutes of Health, Bethesda, 
MD, USA).

Mass Spectrometry
The cells were cultivated on a 6-well plate for 7 days as 
described in the section, “Cell cultures”. Following incu-
bation, cells were detached, harvested and centrifuged at 
1200 rpm for 10 min. Whole-cell protein extract was 
prepared with a TissueLyser LT instrument (Qiagen, 
Hilden, Germany) using 50 µL of ice-cold radioimmuno-
precipitation assay (RIPA) buffer for each biological sam-
ple. RIPA buffer was supplemented with protease 
inhibitors (Sigma-Aldrich, St. Louis, MO, USA) at 
a ratio of 100:1. The homogenate was centrifuged at 
12,000 rpm for 30 min, and the supernatant was trans-
ferred to new tubes. The supernatant was also lysed with 
M-Per buffer (Thermo Fisher Scientific) and sonicated. 
The buffer was added in excess to obtain the clearest 
solution possible. Proteins (100 µg) were precipitated 
using chloroform/methanol protocol. The protein pellets 
of each sample were solubilized in 100 µL of 100 mM 
TEAB, 8 M urea, 5 µL of TCEP mM, sonicated and 
alkylated with 5 µL of MMTS for 30 min with sonication. 
The protein mixture was digested with a mixture of pro-
teases LysC/Trypsin (Promega V5073, Madison, WI, 
USA) in 8 M urea and 100 mM TEAB, added in 1:50 
ratio (enzyme:proteins). After 4 h of digestion with shak-
ing at 37°C, samples were diluted to achieve a urea con-
centration of 1 M and digested overnight. The peptide 
mixture was purified with HL 10 mg cartridges and eva-
porated to dryness in a rotary evaporator. The pellet was 
dissolved with 2% acetonitrile in the presence of 0.1% 
TFA. MS analysis was performed by LC-MS in the 
Laboratory of Mass Spectrometry (IBB PAS, Warsaw) 
using a NanoAcquity UPLC System (Waters) coupled to 
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a QExactive Orbitrap Mass Spectrometer (Thermo Fisher 
Scientific). The mass spectrometer was operated in the 
data-dependent MS2 mode, and data were acquired in 
the m/z range of 200–2000. Peptides were separated by 
a 180-min linear gradient of 95% solution A (0.1% formic 
acid in water) to 45% solution B (acetonitrile and 0.1% 
formic acid). Each sample measurement was preceded by 
three washing runs to avoid cross-contamination. Data 
were analysed with the MaxQuant 1.6.1.3 platform, 
searched against the UniProt human reference proteome 
downloaded on 01.12.2020, with MMTS as the fixed mod-
ification, and oxidation M and acetyl as the variable ones. 
Heat-maps were performed using GraphPad Prism soft-
ware version 8.1.2 (GraphPad Software Inc., La Jolla, 
CA, USA). The protein–protein interaction network was 
visualized using inBio Discover™.37

Flow Cytometry
Flow cytometry was used for cell cycle analysis. Cells were 
seeded on uncoated or nfND-coated 6-well plates. After 7 
days’ incubation, cells were harvested and washed. All the 
following steps were performed according to a previous 
study.10 Briefly, cells were dispersed in 1 mL phosphate 
buffered saline without Ca2+ and Mg2+, and then the cell 
suspension was slowly added to 9 mL of ice-cold 70% 
ethanol. Fixation was performed at −20°C overnight. Cells 
were washed to remove residual ethanol, and each sample 
was stained with 500 µL of staining solution at room tem-
perature for 30 min. The staining solution contained RNAse 
A (2 µL, Thermo Fisher Scientific, Waltham, MA, USA), 
propidium iodide (PI; 20 µL, Thermo Fisher Scientific, 
Waltham, MA, USA), Tween 20 (0.5 µL) and PBS (477.5 
µL). The final concentration of PI in the staining solution was 
20 µg/mL. Cells were analysed by flow cytometry 
(FACSCalibur, Becton Dickinson, Franklin Lakes, NJ, 
USA), measuring the fluorescence emission at 530 nm and 
575 nm (or equivalent), using excitation at 488 nm.

Statistical Analysis
The data were analysed by t-test using Statgraphics Plus 4.1 
(StatPoint Technologies, Warrenton, VA, USA) and Scaffold 4 
Q+S software. Different letters (a, b) indicate significant dif-
ferences between the control and nfND treatments (p ≤ 0.05).

Results
Characterization of Diamond Nanocolloid
The diamond used was fine powder, well dispersed in 
water. The NDs were rounded and regular, ranging from 

2 to 13 nm. However, ND showed a tendency to agglom-
erate after drying (Figure 1). The zeta potential of the 
hydrocolloid was 9.5 ± 0.66 mV.

The diamond spectrum consists of five distinct spectral 
regions containing one to four bands. Starting from the high-
est wavenumbers, a broad and intense band generated by OH 
and COOH group stretching was observed. This band with 
maximum transmission at 3475 cm−1 and the shoulder band 
located at 1730 cm−1 (C=O stretching) confirmed the pre-
sence of at least some oxygen attached to carbon. A series of 
weak bands at 2959, 2817, 2730 and 2642 cm−1 generated by 
stretching of C-H bonds together with the previously men-
tioned band at 3275 cm−1 confirmed the presence of hydro-
gen. Another series of weak bands generated by 
C-H bending, ie rocking and wagging as well as C-C and 
C-O stretching, was present at 1363, 11,250 (C-H), 1185 
(C-C) and 1112 (C-O) cm−1. A distinct band located at 
1603 cm−1 was generated, most probably by C=C stretching, 
which was unexpected. Two bands located at 2364 and 
2333 cm−1 were due to vibrations of CO2.

The Raman spectrum for ND is shown in Figure 1E. 
Three peaks (1176 cm−1, 1335 cm−1 and 1492 cm−1) were 
recorded in the Raman spectrum. The weak peak at around 
1335 cm−1 is associated with a disorder due to the forma-
tion of sp3 bonds.38 A distinct Raman peak around 
1140 cm−1 is often taken as a simple criterion for 
a nanocrystalline diamond phase in diamond films.39 

However, the observation that this mode is always accom-
panied by a mode around 1480 cm−1 (seen around 
1490 cm−1 as a shoulder of the G-mode) shows (similar) 
dispersions, while the diamond mode around 1332 cm−1 

does not. As reported several times in the literature,40,41 

the two modes around 1140 and 1490 cm−1 not only 
appear together. The observed spectrum is characteristic 
of diamond powders with sizes below 5 nm.42,43

Characterization of Diamond Nanofilm
All topography parameters of the ND-coated plate were 
much higher than those of the plastic plate (Table 1). AFM 
analysis showed that use of the ND-coated plate increased 
the average roughness 2-fold from 7.2 nm to 15.3 nm. The 
average maximum height of the roughness and average 
maximum roughness valley depth increased approximately 
2-fold and were less than 100 nm, which qualifies the 
multilayer to be called a nanofilm. The AFM profile 
showed one peak for the control and many peaks for 
nfND, which is related to the irregular and corrugated 
ND surface with valleys and peaks (Figure 2).
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Analysis of Cell Morphology
HS-5 cells, independent of the treatment group, did not 
take on a spherical form and grew separately, retaining 
the natural physiology of connective tissue. In the 
control group, lamellipodia ended with many tiny 

filopodia, which was not observed on the modified 
surface. The morphological picture of non-tumour 
HS-5 cells after 7 days of incubation on ND nanofilm 
indicated some morphological changes related to the 
limited contact of cells with diamond (Figure 3). 

Figure 1 Characterization of diamond nanoparticles (ND). 
Notes: Morphology of ND using scanning electron microscopy (A and B) and transmission electron microscopy (C). Scale bars: 500 nm (A), 100 nm (B) and 10 µm (C). 
Infrared spectrum of ND registered in the middle region (500–4000 cm-1) (D). Raman spectrum of ND collected at an excitation wavelength of 514 nm (E).
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Cells growing on the nfND were extended and pos-
sessed shrunken cell bodies and protrusions extending 
far beyond the cell body.

HepG2 and C3A liver cancer cells formed cell clus-
ters, which were observed in all groups. After 7 days of 
culture on the nfND, the tumour cell clusters were 
smaller and more relaxed. Thus, the total number of 
cells that formed clusters was reduced on the modified 
surface. Moreover, a large number of single, round 
(Figure 4) or oval (Figure 5) cells were observed on 
nfND.

Evaluation of the Biocompatibility of Diamond 
Nanofilm
Cell viability was measured by using a test based on the 
bioreduction of tetrazolium salts to formazan. The 
nfND, at a concentration of 1000 µg/mL, resulted in 
cell viabilities of 44.0% ± 12.5 in normal cells and 
78.6% ± 8.9 in hepatoma HepG2 cells. C3A cells grow-
ing on nfND retained almost their entire metabolic 
activity (Figure 6 and Figure S1). Hepatocytes, as 
highly metabolically active and detoxifying cells, were 
more resistant than bone marrow stromal cells after 24 
and 48 h treatment.

Similar results were obtained from the second spectro-
photometric test, BrdU. Figure 7 shows that nanofilm 
decreased the proliferation of the HS-5 cell line by almost 
2-fold (46% ± 6.2). nfND also slightly reduced the pro-
liferation of HepG2 and C3A cancer cells by less than 
20%. These results allowed us to demonstrate the biocom-
patibility of nfND, particularly for cancer cells, which 
prompted the use of nanofilm as an ECM mimic in the 
following experiments.

Analysis of Cell Invasion
A wound-healing assay was performed to evaluate the 
migration and proliferation of cells on the ND-coated 
plate. HS-5 cells migrated faster than liver cancer cells 

Table 1 Comparison of the AFM Parameters Between Ordinary 
Polystyrene Plate and Plate Coated with Diamond Nanofilm 
(nfND)

AFM Parameter (nm) Control nfND

Roughness average 7.2 15.3

Root mean square roughness 13.3 20.25
Maximum height of the roughness 155.4 156.2

Maximum roughness valley depth 57.8 91.85

Average maximum height of the profile 69.4 96.8
Average maximum height of the roughness 55.4 89.1

Average maximum roughness valley depth 23.9 45.7
Average maximum roughness peak height 31.6 43.4

Average third highest peak to third lowest 

valley height

39.8 93.8

Figure 2 Topographical image of polystyrene plate (A); scale bar: 10 µm x 10 µm x 260 nm) and polystyrene plate diamond coated (B); scale bar: 5 µm x 5 µm x 1300 nm). 
Images present two- and three-dimensional atomic force microscopy images and profiles.
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and almost completely covered the free gap after 72 
h. The distance of the wound closure was strongly corre-
lated with the incubation time. Two-dimensional cell 
migration provided information about inhibition of HS- 
5 cell invasion on nfND after 6, 12, 24 and 72 h. Single- 
cell migration was the most inhibited after 24 and 72 h of 
cultivation on the modified surface (Figure 8).

The results obtained with the wound-healing assay indi-
cate that the inhibition of collective migration in liver cancer 
cells was related to the use of nfND. Figure 9 shows that cells 
grown on nfND exhibited a clear reduction in cell migration. 
As early as 72 h after the removal of the insert from the plate, 
the wound width was 82.0 ± 3.2%, while the control cells 
migrated intensively, reducing the wound width to 66.5 ± 

Figure 3 HS-5 cell morphology after 7 days of culture. (A) cultured on a standard polystyrene plate, (B) cultured on diamond nanofilm. 
Notes: Scanning electron microscopy. The larger red frames (scale bar: 20 µm) indicate magnified parts of the main images (marked by smaller red frames, scale bar: 100 
µm).

Figure 4 HepG2 cell morphology after 7 days of culture. (A) cultured on standard polystyrene plate, (B) cultured on diamond nanofilm. 
Notes: Scanning electron microscopy. The larger red frames (scale bar: 20 µm) indicate magnified parts of the main images (marked by smaller red frames, scale bar: 300 
µm).
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2.3%. After 7 days of growth on nfND, the migration capa-
city of the HepG2 cells was weakened approximately 2-fold 
compared with the control.

Scratch closure progressed in untreated control C3A 
cells from 6 h (75.9 ± 1.1%) to complete closure after 7 
days (25±1.8%). In nfND group, the wound was still open 
after 7 days’ incubation (Figure 10).

Cell Cycle
To investigate if mechanical induction of cells with dia-
mond would affect the cell cycle phase distribution, flow 
cytometry was used. As shown in Figure 11, the G2/M 
peak of HS-5 cells decreased from 25.2 ± 0.7% (control) 

to 18.5 ± 3.5% (nfND). Simultaneously, an accumulation 
of cells in the G0/G1 and S phases was observed under the 
influence of nfND.

Cell growth on nfND caused deregulation of the cell cycle 
phase distribution in cancer cells. This effect was more rele-
vant in C3A cells than in HepG2 cells. We observed that nfND 
caused an accumulation of C3A cells in the S and G2/M 
phases. Seven days after growth on nfND, 71.6 ± 6.4% of 
the C3A cells were in G1 phase, 5.3 ± 1.7% were in S phase, 
and 23.1 ± 4.7% were in G2/M phase, compared with control 
cells, of which 84.9 ± 0.9% were in G1 phase, 3.1 ± 0.3% in 
S phase and 12.0 ± 1.1% in G2/M phase. Our results indicated 
that the anti-proliferative effect of nfND is correlated with the 
accumulation of cancer cells in G2/M phase.

Figure 5 C3A cell morphology after 7 days of culture. (A) cultured on standard polystyrene plate, (B) cultured on diamond nanofilm. 
Notes: Scanning electron microscopy. The larger red frames (scale bar: 20 µm) indicate magnified parts of the main images (marked by smaller red frames, scale bar: 300 
µm).

Figure 6 Analysis of HS-5, HepG2 and C3A cell viability after 24 h of cultivation on 
uncoated (control) and diamond-coated plates (nfND) using the XTT assay. 
Notes: Different letters indicate significant differences control vs nfND (p ≤ 0.05, 
t-test).

Figure 7 Analysis of HS-5, HepG2 and C3A cell proliferation after 48 h of cultiva-
tion on uncoated (control) and diamond-coated plates (nfND) using the BrdU test. 
Notes: Different letters indicate significant differences control vs nfND (p ≤ 0.05, 
t-test).
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Impact of Diamond on Protein Expression
Mass spectrometry was used to confirm changes in adhe-
sion, migration and the cell cycle. We compared the 

Figure 8 Analysis of HS-5 cell invasion and migration after 0, 6, 12, 24 and 72 h of 
cultivation on a polystyrene plate (control) and a diamond coated polystyrene plate 
(nfND). 
Notes: Scratch wound closure assay. The top micrographs: light microscopy. The 
down micrographs: quantitative data. Different letters indicate significant differences 
control vs nfND (p ≤ 0.05, t-test).

Figure 9 Analysis of HepG2 cell invasion and migration after 0, 6, 12, 24, 72 and 
168 h of cultivation on polystyrene plate (control) and diamond coated polystyrene 
plates (nfND). 
Notes: Scratch wound closure assay. The top micrographs: light microscopy. The 
bottom micrographs: quantitative data. Different letters indicate significant differ-
ences control vs nfND (p ≤ 0.05, t-test).
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proteome of cancer cells cultivated on the ordinary plate and 
diamond-coated plate (t-test), and identified a set of 3798 
proteins represented in HepG2 and/or C3A cells.

In HepG2 cells, 3036 proteins were identified in the 
control group and 2426 in the study group. Of all proteins 
in HepG2 cells, 189 showed statistically significant 
changes in expression, and most of them were overex-
pressed (150) after cultivation on nfND (Figure 12A–C). 
Next, we performed gene annotation enrichment analysis 
and observed that cytoplasmic and plasma membrane pro-
teins were the most abundant categories of proteins with 
altered expression (Figure 12D).

Proteome analysis of C3A cells confirmed the results 
obtained for HepG2 cells regarding the loss of expression 

Figure 10 Analysis of C3A cell invasion and migration after 0, 6, 12, 24, 72 and 
168 h of cultivation on polystyrene plate (control) and diamond coated polystyrene 
plate (nfND). 
Notes: Scratch wound closure assay. The top micrographs: light microscopy. The 
bottom micrographs: quantitative data. Different letters indicate significant differ-
ences control vs nfND (p ≤ 0.05, t-test).

Figure 11 Effect of diamond nanofilm (nfND) on the number (percentage) of HS-5, 
HepG2 and C3A cells in G0/G1, S and G2/M phases after 7 days’ cultivation. 
Notes: Propidium iodide (PI) 488 assay. Different letters indicate significant differ-
ences control vs nfND (p ≤ 0.05, t-test).

Nanotechnology, Science and Applications 2021:14                                                                            https://doi.org/10.2147/NSA.S322766                                                                                                                                                                                                                       

DovePress                                                                                                                         
125

Dovepress                                                                                                                                                     Sosnowska et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


of some proteins on nfND. In C3A cells, 3029 proteins 
were identified in the control group, while in the nfND 
group only 2158 proteins were identified. Among all iden-
tified proteins in C3A cells, the expression of 172 proteins 
was changed on nanofilm (Figure 13A–C). Moreover, the 

most numerous groups were cytoplasmic and nuclear pro-
teins (Figure 13D), and most of them (135) were 
downregulated.

Proteomic data was used to generate a graphic repre-
sentation of known protein–protein interactions, the 

Figure 12 Mass spectrometric analysis results identifying changes in intracellular protein expression of HepG2 after culture on nfND. 
Notes: (A) Volcano plot (t-test, p < 0.00250, Benjamini-Hochberg, n = 5 per group) showing the abundance of identified proteins (3798 proteins) on the nfND-coated plate 
compared with the ordinary plate. The red line defines the cut-off for statistical significance. Proteins with altered expression are depicted in green. Left side: 
downregulation. Right side: upregulation. (B and C) Heat-map of protein expression identified and quantified by mass spectrometry in proteomic analysis. Heat-map 
shows proteins with statistically altered expression (n = 189). (B) Each column of the heat-map represents a study group (C – control, nfND) and each row represents 
a protein with significant differences in expression. The results are presented as log10 values. (C) Each column of heat-map represents a log10FC values, and each row 
represents proteins with significant differences in expression. The black line defines an infinite change. (D) Data set shows the number of nuclear, membrane, extracellular 
region and cytoplasmic proteins among all identified up or downregulated proteins. 
Abbreviation: FC, fold change.
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Figure 13 Mass spectrometric analysis results identifying changes in intracellular proteins expression of C3A after culture on nfND. 
Notes: (A) Volcano plot (t-test, p < 0.00226, Benjamini-Hochberg, n = 5 per group) showing the abundance of identified proteins (3798 proteins) on an nfND-coated plate 
compared with an ordinary plate. The red line defines the cut-off for statistical significance. Proteins with altered expression are depicted in green. Left side: downregulation. 
Right side: upregulation. (B and C) Heat-map of protein expression identified and quantified by mass spectrometry in proteomic analysis. Heat-map shows proteins with 
statistically altered expression (n = 172). (B) Each column of the heat-map represents a study group (C – control, nfND), and each row represents proteins with significant 
differences in expression. The results are presented as log10 values. (C) Each column of the heat-map represents log10FC values, and each row represents proteins with 
significant differences in expression. The black line defines an infinite change. (D) Data set shows the number of nuclear, membrane, extracellular region and cytoplasmic 
proteins among all identified up or downregulated proteins. 
Abbreviation: FC, fold change.
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Figure 14 The protein–protein interaction network in HepG2 cells. 
Notes: (A) The top 44 proteins selected from 189 proteins with altered expression after cultivation on nfND. The top 44 proteins are marked in red font and divided into 
protein types. In the network, neighbouring proteins are marked in black font. (B) Some proteins were enriched with signalling annotations.
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Figure 15 The protein–protein interaction network in C3A cells. 
Notes: (A) The top 44 proteins selected from 172 proteins with altered expression after cultivation on nfND. The top 44 proteins are marked in red font and divided into 
protein types. In the network, neighbouring proteins are marked in black font. (B) Some proteins were enriched with signalling annotations.
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expression of which was significantly changed (top pro-
teins) (Figures 14A and 15A). The networks contained 
proteins involved in respiratory electron transport, ECM 
organization, cell-cell communication, the cell cycle, 
MAPK family signalling cascades, PI3K/AKT signalling 
in cancer and MTOR signalling (Figures 14B and 15B). 
The most abundant subnetworks were involved in respira-
tory electron transport (HepG2) and the cell cycle (C3A). 
Detailed data are presented in Tables S1 and S2.

Discussion
The treatment of cancer by repairing/modelling its envir-
onment, especially the ECM, appears promising.44 

However, the condition after tumour resection seems par-
ticularly critical, where damaged tissue from the tumour 
environment may promote its recurrence. Therefore, we 
decided to investigate whether a thin nanodiamond film 
(created by a simple application by spraying the area after 
tumour resection) can create a niche—a microenviron-
ment, the mechano-chemical action of which will induce 
the non-cancerous nature of proliferating cells. We con-
ducted in vitro model studies on liver cancer cells vs 
normal cells, using standard plastic dishes with 
a nanofilm made of ND. The animal model could be 
more appropriate; however, the cellular model also reflects 
a moment after tumour resection. Tumour resection 
removes a large part of the tissue but single, scattered, 
marginal neoplastic cells remain. In our study, these single 
cells are cells of the HepG2 and C3A lines, ie, cells 
derived from the primary tumour. The work used the 
invasion test as a test resembling the moment before 
resection and the moment after resection. It was previously 
demonstrated that diamond nanoparticles repeatedly 
injected into the peritoneal cavity of rats located at the 
injection site in the form of visible aggregates for 12 
weeks but do not cause pathological changes in organs, 
including the liver.45 It follows that spraying the liver after 
resection with a diamond colloid will form a thin layer of 
nanofilm that will persist for a long time at the injection 
site.

In previous studies, we found that mechanical and 
chemical stimuli, induced by the graphene surface and 
the addition of chicken embryo liver extract, change the 
signalling pathways of HepG2 and C3A liver cancer cells 
towards reducing the neoplastic potential.11 However, the 
graphene oxide surface alone did not produce the desired 
effect. Therefore, the presented research aimed to deter-
mine to what extent the modification of the substrate, by 

creating a nfND and the mechano-chemical signals flow-
ing from it, will “heal” the external environment of the cell 
and reduce its carcinogenic potential.

In the present research, we created a more delicate, 
though rough, film by applying ND to the bottom of the 
culture plate. Our results showed that spherical, very small 
NDs (2–13 nm), which were suspended in water (0.1% 
concentration), and then dropped onto the surface of the 
plate, forming a surface unique in its shape after drying. 
On the one hand, the surface was varied and rough, and on 
the other, it was devoid of sharp edges (characteristic of 
graphene oxide) because it was made of rounded ND. In 
vivo, ECM components also form a nano-patterned 
mosaic.46

An essential feature of the mechano-chemical interac-
tion at the surface is the hybridization of carbon orbitals 
and the number of defects occurring in the layers.47 

Graphene oxide has the advantage of sp2 orbitals, and 
diamond sp3.11,48 The nano-diamond used in our experi-
ments had a sp3/sp2 orbitals ratio of 0.34. Thus, the 
uniqueness of the surface created by ND was the forma-
tion of a kind of mosaic of domains rich in sp3 hybridiza-
tion (the greater part) and domains also containing sp2 

bonds. Thus, the obtained structure was varied in terms 
of roughness and activity due to functional groups exposed 
to the surface of the formed nfND.49

In this study, it was shown that the nfND was the 
source of oxygen, hydroxyl and carboxyl groups that 
were not present on a regular polystyrene plate, as found 
in previous experiments.10 Chen et al20 and Chong et al50 

reported that the surface oxygen groups available on the 
diamond surface are the binding sites for laminin and 
fibronectin while acting as a proadhesive motif for integ-
rin. In addition, the presence of oxygen groups increases 
the hydrophilicity of the diamond layer, which is asso-
ciated with its high biocompatibility.23–28 Cells adhere 
preferentially to diamond’s oxygen domains compared 
with hydrogen-exposing sites. Moreover, oxygen-exposed 
diamond supports the formation of ECM.27 Another 
important feature of the nfND is its positive charge (zeta 
potential), imitating the charge of ECM components, such 
as nidogen and perlecan.51 In conclusion, it can be 
expected that the physicochemical features of nfND 
should be compatible with the cells that inhabit them.

The cell is a micrometric structure, but the protein 
apparatus that determines all its functions is organized at 
the nanometric level. The variety of the nfND surface on 
a nanometric scale corresponds to the perception of cell 
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receptors. The analysis of a wide range of proteins with 
altered expression under the influence of a surface change 
(nfND) allowed us to monitor changes in the structure, 
function or metabolism of the cell and to determine the 
observed mechanisms.

From a physical point of view, the roughness of the 
surface is decisive for cell adhesion.52 Integrin receptors 
are the nano-structure of the cell—the link between the 
ECM and the cell and the source of the signalling cascade 
that determines the ultimate behaviour of the cell. The 
integrin family is made up of 18 α and 8 β subunits linked 
into 24 different heterodimers. Our study found that cul-
turing liver cancer cells in a diamond niche increased the 
expression of the β1 subunit—the one most commonly 
found in heterodimers.53 High expression of one subunit 
causes a change at the level of the entire dimer.54 Thus, 
a change in the expression of the β1 subunit could affect 
the recognition and signal transduction of collagen (α1β1, 
α2β1, α10β1 and α11β1), fibronectin (α5β1, αVβ1, α4β1 
and α9β1), vitronectin (α8β1) and laminin (α3β1 and 
α7β1).55 Thus, nfND could effectively mimic the charac-
teristics of the listed components of the natural ECM. 
However, an increase in β1 integrin expression is asso-
ciated with a worse prognosis in lung, breast and liver 
cancers.56 On the other hand, recent studies report the key 
role of β1 integrin in shaping the liver microstructure and 
regulating the secretion of transforming growth factor β.57 

Moreover, the complete loss of β1 integrin expression is 
associated with impaired liver regeneration and liver 
necrosis and severely impairs hepatocyte proliferation.58 

The cytoplasmic domain of integrin β1 binds to filamin 
A,59 which competes for the binding site with talin and is 
an integrin inactivator.60 Diamond nanofilm decreased 
filamin expression. It can be assumed that this was related 
to the increase in β1 integrin expression observed by us. 
This mechanism could be the first step towards the nor-
malization of ECM-cell communication observed in 
healthy liver tissue.61

The nanodiamond niche reduced the expression of 
major proteins involved in intercellular junctions, such as 
desmoplakin and α-catenin. Desmoplakin is an important 
component of desmosomal plaques, and downregulation of 
desmoplakin is associated with activation of Wnt/β-catenin 
signalling and the epithelial-mesenchymal (EMT) 
transition.62,63 Thus, signalling from the nfND weakened 
the keratin-desmosomal junctions and the E-cadherin-α 
catenin junctions and finally relaxed the C3A lineage inter-
cellular junctions. This phenomenon was confirmed by the 

observation of cell morphology in SEM, where many more 
individual cells than clusters could be seen on the nanofilm 
surface.

The process of adhesion and migration is based on 
repeated cycles of stretching and contracting cells and is 
made possible by actin and myosin, as well as polymer-
ization and depolymerization processes. In our study, an 
increase in the expression of the actin-depolymerizing 
factor protein was observed, which means that the pool 
of actin monomers for the reassembly of cytoskeleton 
filaments was larger. Moreover, it can be assumed that 
this conferred protection against the accumulation of 
abnormal F-actin structures.64 In general, however, the 
surface of the diamond lowered the expression of most 
cytoskeletal proteins, and as found in most types of cancer, 
including liver cancer, the levels of proteins involved in 
actin remodelling were elevated.65–67 The expression of 
non-muscle myosin (MYH9)—a motor protein involved in 
HCC cell motility and cytokinesis—was reduced, which, 
according to Lin et al,68 is a positive prognostic of treat-
ment. Diamond nanofilm also decreased the expression of 
actin-binding proteins, ie TWF1 (twinfilin 1), ezrin and 
LIM domain only protein 7. The decrease in TWF1 
expression is associated with increased effectiveness of 
chemotherapy and inhibition of the growth of pancreatic 
cancer and lung adenocarcinoma.69,70 Moreover, the 
decrease in the amount of TWF1 in the cell is accompa-
nied by a reduction in the size of the tumour, as well as the 
acquisition of the characteristics of the epithelial (static) 
phenotype.70 TWF1, as well as esrin, shape cell polarity 
and are involved in cell–ECM adhesion. According to 
some authors, a decrease in ezrin expression results in 
inhibition of cell invasiveness.71

We observed that nfND decreased the expression of 
proteins with the LIM domain, proteins with the LIM and 
PDZ domains and septins, which can be associated with 
the slowing down of cytoskeletal reorganization and pro-
tein–protein interactions.66,72 Moreover, HCC is character-
ized by collective, rather than single, cell migration, which 
is caused by the cytoskeleton linker plectin.73 The reduc-
tion in plectin expression, observed under the influence of 
nfND, could be associated with a reduction in the tendency 
toward migration, especially collective migration. Plectin 
is also considered to be a factor promoting the migration 
and invasiveness of cancer cells.74 Undoubtedly, the 
reduction of plectin expression proves that the nanodia-
mond niche plane induces changes in the behaviour of the 
cell towards reducing its neoplastic character. 

Nanotechnology, Science and Applications 2021:14                                                                            https://doi.org/10.2147/NSA.S322766                                                                                                                                                                                                                       

DovePress                                                                                                                         
131

Dovepress                                                                                                                                                     Sosnowska et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Furthermore, the invasiveness test (wound healing), as 
well as the visualization of cells under an electron micro-
scope, confirmed that nfND does not promote migration of 
liver cancer cells. These results confirm the observations 
of Guo et al75 that diamond-derived mechanical-chemical 
stimuli induce a change in the expression of proteins 
responsible for arranging the cytoskeleton, increase adhe-
sion and inhibit migration of liver cancer cells.

The signal from the cytoskeleton is in effect transferred 
to the envelope and the nuclear lamina. The nuclear lamina 
is formed by type A and B lamins and prelamin-A/C, 
which control the mechanical properties and integrity of 
the cell nucleus and chromatin organization.76 In our 
experiment, a signal from a nanodiamond niche reduced 
the expression of four proteins involved in the organiza-
tion of nuclear pore complexes; lamins B1 and B2, nucleo-
proteins TPR and prelamin-A/C in C3A cells. In the 
context of the studies by Lim et al,77 this result shows 
that high expression of lamin B as a prognostic indicator 
of liver cirrhosis and cancer can be considered very pro-
mising. Moreover, in many cancers, the high content of 
lamin-A/C generates a predisposition to the generation of 
distant lung metastases.78 Thus, mechano-chemical stimu-
lation induced by nfND probably beneficially modified 
nuclear transport by changing the density and distribution 
of nuclear pores.76

Ultimately, the diamond signal was transduced to the 
nucleoplasm, leading, in C3A cells, to a reduction in the 
expression of the core histone macro-H2A1 protein, indi-
cating an optimization of chromatin packing. Complete 
silencing of macro-H2A1 may turn liver cancer cells into 
stem cells.79

Diamond nanofilm also reduced the expression of all 
other significantly altered proteins in C3A cells responsi-
ble for the cell cycle and proliferation, such as DNA 
replication licensing factor MCM2, probable 28S rRNA 
(cytosine (4447)-C (5))-methyltransferase, regulation of 
nuclear pre-mRNA domain-containing protein 1B and 
ATP-dependent RNA helicase A. Analysis of the cell 
cycle results obtained by flow cytometry determined that 
the C3A cell population in the G0/G1 phase decreased, 
and in the S and G2/M phase it increased due to contact 
with the nanofilm diamond. Thus, the population of cells 
entering pre-division—the G1 phase—decreased, which 
undoubtedly means a decrease in the proliferation rate of 
C3A cells and correlates with the results of the BrdU 
proliferation assay. The reduction in the number of cells 
in the G0/G1 phase should be associated with altered 

expression of proteins that make up the G1 signalling 
network, which coordinate cell growth, proliferation and 
survival and, above all, play the role of key markers in the 
discovery of the causes of cancer and the development of 
therapeutic strategies.80 Proteomic studies confirmed our 
hypothesis and showed a reduction in the expression of all 
significantly altered proteins involved in proliferation and 
the cell cycle under the influence of nfND. We also 
observed a decreased expression level of MCM2, the 
protein responsible for the initiation of replication under 
the influence of GO nanofilm in previous studies.11 

Moreover, reduced levels of MCM2 and DHX9 helicases 
and NOP2 methyltransferases inhibit the conversion of 
liver cirrhosis to HCC81 as well as the development of 
lung cancer82 and prostate cancer.83 An important tumour 
marker and cell cycle regulator dependent on cyclin D1 
was the protein RPRD1B,84 the expression of which was 
also reduced by the presence of nfND. The expression of 
other proteins related to mitosis and proliferation activity 
was also decreased DYNC1H1, EML4 and DCTN2. These 
studies clearly showed that the nfND, which is the source 
of the mechano-chemical signal, reduces the proliferation 
of C3A liver cancer cells, reducing the intensity of entry 
into the G1 phase as a result of modified signalling via 
integrins, the cytoskeleton and the cell nucleus.

Analysing the results of the XTT test, we found that 
the diamond surface did not reduce the metabolic activity 
of C3A cells, despite the reduced proliferation of these 
cells (BrdU test). Proliferation is closely related to an 
increase in cell biomass, and mutations regulate metabolic 
pathways in genes involved in proliferation (eg, p53, 
PI3K-mTOR, MAPK).85 This two-way regulation makes 
the G1 phase of the cell cycle dependent on glycolysis, 
while in the G2 phase, normal cells derive energy from 
oxidative phosphorylation.86 Thus, metabolism is also an 
indicator of the neoplastic status of a cell, the effectiveness 
of therapy and cancer development prognosis. In the pre-
sented studies, we observed an increase in COQ9 expres-
sion, responsible for the transfer of electrons from NADH 
to ubiquinone in the mitochondrial respiratory chain, as 
well as ATP5ME, which determines the transport of pro-
tons across the mitochondrial membrane to produce an 
electrochemical gradient that synthesizes ATP.87,88 

Upregulation of ATP synthase in various types of cancer 
is the key to lowering their proliferation and drug 
resistance.87 The last and decisive evidence for the nor-
malization of cell metabolism was the decrease in the 
expression of delta-1- pyrroline-5-carboxylate 
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dehydrogenase (ALDH4) on nfND. ALDH is 
a mitochondrial matrix enzyme that catalyses the conver-
sion of proline into L-glutamate, an important source of 
energy for the cancer cell. Its increased level is observed in 
HCC.89 It can be assumed that the availability of oxygen 
containing groups from the diamond niche could also 
favour oxygen transformation in the mitochondria, which 
could prevent acidification and hypoxia, but this requires 
further research.

Another question, important from the point of view of 
the possibility of rebuilding by proliferating cells of the 
optimal (non-cancerous) cell matrix, built on a nfND 
niche, concerns the potential formation of ECM. 
Proteomic analysis allowed us to determine changes in 
the expression of proteins secreted by cells under the 
influence of nfND in order to reorganize the ECM. The 
nfND induced an increase in the expression of several 
proteins involved in ECM structure: type I collagen, 
alpha-2-antiplasmin, H3 heavy chain inter-alpha-trypsin 
inhibitor and alpha-fetoprotein. Elevated levels of type 
I collagen are observed in liver fibrosis and cancer.90 

However, in de novo ECM synthesis, the correct synthesis 
of type I collagen determines fibre organization, particu-
larly the size and arrangement of collagen fibrils within an 
ECM. Moreover, its synthesis may reduce cell prolifera-
tion, which was observed in our study, as well as in the 
works of and Lee and Desai (2016).91 An interesting result 
concerned the increase of SERPINF2 expression under the 
influence of nfND. Tumour tissues are deficient in anti-
plasmin and therefore resemble non-healing wounds with 
excessive fibrinolysis and haemostatic plugs.53,92 The 
nfND enhanced the production of antiplasmin and the 
serine protease inhibitor ITIH4, which were deficient in 
HCC, breast, colon and lung cancers.92–94 Upregulation of 
ITIH4 probably stabilized the newly formed diamond 
mimic liver ECM by covalent bonding to hyaluronan and 
increased cell adhesion to such a surface.94

From an analysis of the interaction of C3A liver cancer 
cells with nfND, it can be concluded that a therapy sup-
porting liver tumour resection, by filling the resulting 
postoperative niche with nfND, can induce 
a mechanochemical signal favouring the colonization of 
this area by cells with a reduced tumour potential. 
Diamond nanoparticles can get to the tumour site by 
a simple method based on spraying or washing the post-
operative cavity. In this way, they will form a thin, static 
layer. Our idea is not to couple nanoparticles with anti-
bodies that precisely target malignant tumour cells,95 but 

to create a kind of artificial, immobile ECM in the form of 
a thin nanofilm. The mechanism based on coating the inner 
walls of the resection cavity has already been used in the 
context of glioblastoma. Superparamagnetic iron oxide 
nanoparticles induced hyperthermia upon application of 
an alternating magnetic field. Thus, there is growing inter-
est in local tumour ablation methods based on a strong 
immune response96 or as in our work anti-proliferative 
therapy.

The results obtained in the experiments with HepG2 
cells are surprising and indicate completely different 
mechanisms of interaction between nfND and neoplastic 
cells. Cells of the C3A line are clonal derivatives of 
HepG2 (ATTC). Overall, HepG2 cells produce less albu-
min and AFP and show lower cytochrome P-450 activity 
than C3A cells.97 In addition, HepG2 cells exhibit 
3-hydroxy-3- methylglutaryl-CoA reductase and hepatic 
triglyceride lipase (ATCC) activities.

A key difference in HepG2 vs C3A concerned the cell 
cycle. The cultivation of HepG2 cells on nfND did not 
change the phase of the cell cycle; moreover, proteomic 
analysis confirmed this unfavourable result. The diamond 
surface stimulated the overexpression of several potential 
oncogenes, such as NUP37, USP17L10, PROM1, 
MACROH2A1 and LAMTOR1.79,98–101Overexpression 
of the nuclear pore structural protein NUP37 in the context 
of research by Luo et al98 indicates growth promotion of 
HepG2 cancer cells by altering signal transduction to the 
nucleus. Studies on another protein, USP17, have shown 
that deubiquitination with its participation is a process 
necessary for the progression of the cell cycle and the 
G1/S phase transition of cancer cells.99 Moreover, over-
expression of the LAMTOR (p18) protein is required for 
the activation of mTORC1 on lysosomes and promotes 
cell proliferation.101 Another example that may contradict 
the use of nfND in therapy is the decreased expression of 
the protein responsible for SEPT9 cytokinesis. According 
to Oussalah et al,102 disruption of SEPT9 expression as 
a potential tumour suppressor results in incomplete cell 
division and is a biomarker of liver cirrhosis and HCC.

An interesting result is the increased expression of 
most respiratory-chain proteins in HepG2 cells under the 
influence of nfND; NADH dehydrogenase (NDUFS8, 
NDUFB10, NDUFB5), succinate dehydrogenase 
(SDHB), cytochrome bc1 complex (COX6C, UQCRB) 
and ATP synthase (ATP5PD, ATP5F1B). Undoubtedly, 
the nfND, which has many oxygen groups on the surface, 
could induce a change in metabolism to a more oxidative 
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one. Intensive oxygen metabolism could affect the produc-
tion of reactive oxygen species; however, proteomic ana-
lysis showed no changes in the expression of antioxidant 
enzymes, such as superoxide dismutase, glutathione reduc-
tase and glutathione peroxidase.103

Although the nfND modified metabolism towards oxida-
tive phosphorylation, this was not confirmed by a change in 
the cell cycle phase. However, decreased proliferation 
(BrdU test) and decreased migration and invasiveness were 
observed in the scratch test. Moreover, HepG2 cells grown 
in nfND displayed increased expression of many cell recep-
tors (ITGβ1, ITGα6, ITGα2, EPHA2, Nectin2, ICAM1, 
PLXNB2, FGFR4 and DPP4) in contrast to C3A cells. 
This could indicate signalling changes in many signalling 
pathways, including MAPK and mTOR. The signal from 
ITGβ1 reduced the expression of talin, an important link 
between the membrane and the cytoskeleton. The conse-
quent low level of talin could be associated with reduced 
migration and enhanced adhesion, which could indicate 
a reduction in the metastatic tendency.104 Another piece of 
evidence of decreased cell invasion was an increase in the 
expression of the basement membrane component, nidogen 
(NID1). The integrity of the basement membrane is the key 
to inhibiting metastasis and correcting cell polarity.105,106 An 
interesting, positive manifestation of nfND activity was the 
induction of syndecan (ECM proteoglycan) expression, 
which was not observed in the HepG2 control group. 
Normal, non-cancerous hepatocytes are characterized by 
the presence of syndecan, which silences MAPK signalling 
(TLN1, SPTAN1).107

To summarize, it should be stated that the nfND did not 
unambiguously affect the behaviour of HepG2 cells, on the 
one hand, its pro-tumour potential can be presumed; how-
ever, strong activation of oxidative phosphorylation and 
reduced migration of these cells may indicate the conti-
nuation of research with some modifications to the nfND.

Conclusion
The research presented herein showed the therapeutic pos-
sibilities of an nfND, created by applying a colloidal solu-
tion of ND to the site of liver tumour resection. On the 
other hand, experiments have documented that the 
response of liver tumour cells to mechanochemical stimuli 
is highly individual and can be differentiated even for 
relatively similar cells like HepG2 and its C3A clones. 
Undoubtedly, however, the interaction between the nfND 
and the population of C3A liver cancer cells caused 
a decrease in the rate of proliferation, including collective 

proliferation, an increase in adhesion, activation of ATP 
synthesis, and above all, a decrease in the population of 
C3A cells entering the cell cycle proliferation phase.
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