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Abstract
Background & Aims: The aim of the current study was to 

evaluate in vitro the anti-tumor efficacy of gold nanoparticles 
(GNPs) conjugated with conventional chemotherapy drugs 
for the treatment of liver cancer. This approach based on 
gold proposes a novel platform therapy with minimal toxicity 
and increased efficacy profiles for the destruction of hepatic 
cancer cells. methods. GNPs, stabilized with a monolayer of 
L-aspartate and additional cytostatic drugs, were successfully 
used as a complex tumor-targeting drug-delivery system. 
The drugs (doxorubicin, cisplatin, and capecitabine) were 
non-covalently conjugated onto the hydrophilic assemblies 
of GNPs-L-Aspartate nanostructure. Transmission electron 
microscopy was used to characterize the morphological and 
structural properties of these drug-metallic nanostructures. 
Results. The cellular proliferation rates in the presence of the 
anti-cancer drugs delivered by the GNPs were found to be 
statistically lower than those of cells exposed to the cytostatic 
drugs alone, indicating that GNPs facilitated an increased 
susceptibility of cancer cells to cisplatin, doxorubicin, and 
capecitabine plus ribavirin. Conclusion. This approach could 
offer a new chemotherapy strategy for patients diagnosed 
with unresectable hepatocellular carcinoma (HCC). 
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Introduction
According to GLOBOCAN 2000, “Hepatocellular 

carcinoma (HCC) is the fifth most common solid tumor 
worldwide and the fourth leading cause of cancer-related 
death,” with an estimated death rate of more than 500,000 
per year [1]. The disease is usually detected when the tumor 
is in an advanced stage and surgical resection is in most 
cases no longer feasible. Liver transplantation is normally 
the best option, as long as the patient still falls within the 
Milan criteria [2]. Without surgical intervention, survival 
depends on the amount of healthy liver tissue remaining in 
comparison with cirrhotic or malignant tissue (Child-Pugh 
grade and tumor stage). Existing liver cancer treatments, 
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including loco-regional or systemic chemotherapy, fail 
largely due to the chemoresistance properties of cancer cells, 
as well as their ability to stimulate neoangiogenesis [3]. The 
most successful form of treatment comprises the combination 
chemotherapy of doxorubicin, cisplatin, and 5-fluorouracil 
plus interferon α-2b [4]. The original protocol of Yeo at al 
was later slightly modified by replacing fluorouracil with 
capecitabine [5], or even antiviral therapy using ribavirin, 
in the cases of hepatocellular carcinomas that appear after a 
chronic hepatitis C infection and cirrhosis [6,7]. However, 
high doses of drugs lead to systemic toxicity resulting in 
nausea, vomiting, renal failure, peripheral neuropathy, 
asthenia, and/or cytotoxicity [8]. The multitude of unwanted 
adverse reactions to classical anticancer drugs, their lack 
of availability at the tumor site, poor tumor intake of drugs 
and rapid elimination are some of the primary difficulties 
involved in treating any form of cancer [9].

Since tumors are believed to develop resistance to 
chemotherapy shortly after the first chemotherapy regimens 
[10], new approaches are required that can specifically kill 
at the level of the individual cancer cell in order to control 
and reduce the progression and spreading of these cells in 
the body. Engineered nanostructured materials have recently 
been proposed as components of multifunctional cancer 
treatment platforms given their ability to deliver drugs and 
genes, as well as to induce heat-hyperthermia. In particular, 
gold nanoparticles (GNPs) could provide a significant 
opportunity for novel medical treatments due to their facile 
preparation, low toxicity, and anti-angiogenic properties, as 
well as their ability to bind with various target bio-chemical 
molecules [11].

Developments in nanotechnology could offer novel 
approaches capable of detecting cancer and delivering 
antineoplastic drugs to individual cancer cells [12]. During 
the course of the past ten years, a variety of nanomaterials 
- polymers, dendrimers, liposomes, nanotubes, and nanorods 
have been used as the basis for drug-delivery vehicles [13]. 
The payloads can vary from small drug molecules to large 
biomolecules like proteins, DNA, or RNA [14-23]. 

In this study, we present the synthesis and characterization 
of GNPs-L-Aspartate nanostructures functionalized with 
chemotherapeutic drugs used for successful HCC therapy. 
Differentiated cancer cells derived from human HCC 
(HepG2 cell line), chemotherapy-resistant cancer cells 
isolated from hepatocellular carcinoma (CSC), and normal 
non-cancer liver cells (LIV) were exposed in vitro to GNP-
conjugated anticancer drugs. By providing new anticancer 
therapies to hepatocellular carcinoma, this approach could 
represent a novel form of cancer treatment and, in particular, 
decrease the chemoresistance developed by cancer cells to 
commonly used cytostatic drugs. 

materials and methods

GNPs-L- Aspartate nanostructures
Tetrachloroauric acid (HAuCl4) cisplatin, capecitabine, 

and doxorubicin were purchased from Fluka (Sigma-Aldrich 

Inc.) and L-Aspartate from Merck. HAuCl4 and L-Aspartic 
acid solutions were prepared in concentrations (C) of 
0.5x10-3M and 1.5x10-3M, respectively. The synthesis of 
gold nanostructures commenced by mixing stoichiometric 
volumes of [HAuCl4]/[Acid aspartic] of 1/1, as follows: 
over 50 ml boiled solution of HAuCl4, C=0.5x10-3M, a 
solution of 15 ml C=1.5x10-3 M aspartic acid was added. A 
change of color from yellow to red occurred, after which the 
solution was allowed to rest at room temperature for 24h. The 
resulting product was twice centrifuged at 15,000 rpm for 
45 minutes, washed with double distilled water, and finally 
redispersed in phosphate buffered saline (PBS) to a final 
concentration of 3 nM. Further, the aspartic nanostructures 
were functionalized with the desired drugs (cisplatine, 
capecitabine, doxorubicin). In an ice bath and vigorous 
mixing conditions, over 10 ml gold nanostructures solution 
were added 500 µl of drug, C=(50 µg/ml). The solution was 
mixed for 1 hour. The resulting compound was centrifuged 
three times at 15,000 rpm for 1 hour and washed with PBS. 
After centrifugation, the compound was redispersed in 
PBS to a final concentration of 5 μg/ml. The morphology 
of the GNPs-nanostructures and that of drug delivery was 
investigated by transmission electron microscopy (TEM). 
Droplets of 30µL suspension were pipetted on copper 
grids (3 mm diameter, 300 meshes) previously covered 
with parlodion and carbon films. After 2 minutes, the extra 
liquid was absorbed with filter paper. Examination of the 
sample containing grids was performed on a Jeol JEM 1010 
transmission electron microscope (Jeol, Tokyo, Japan). 
The images were captured using a Mega VIEW III camera 
(Olympus, Soft Imaging System, Münster, Germany) and 
introduced in a database using the Soft Imaging System 
software (Soft Imaging System, Münster, Germany). The 
diameter of nanoparticles was analyzed using the CellD 
software (Olympus Soft Imaging Solutions GMBH, Münster, 
Germany). 

Cell culture
Cancer cells (CSC) isolated from a hepatocellular 

carcinoma biopsy, as previously described, expressed 
specific markers including CD133, CD90, Oct ¾, Nanog, 
ABCG2, or GAPDH. The primary cultures represented by 
CSC and normal liver cells (LIV) were maintained in Ham’s 
F-12 and Dulbecco’s Modified Essential Medium at 1:1 ratio, 
supplemented with 15% fetal calf serum (FCS), 100 U/mL 
penicillin, and 100 μg/mL streptomycin, 1% non-essential 
aminoacids, 2mM glutamine, 55µM beta-mercaptoethanol, 
1mM natrium piruvate in a 37°C humidified incubator with 
a mixture of 95% air and 5% carbon dioxide. The classic 
tumor cell line HepG2 was cultivated in RPMI medium with 
10% fetal calf serum (FCS), 100U/mL penicillin, 100μg/mL 
streptomycin, and 2mM L-glutamine. All reagents were 
purchased from Sigma Aldrich, St Louis, MO, USA. All 
experiments were performed on exponentially growing cells, 
with a doubling time of approximately 24 to 36 hours. For the 
passage, the medium was discarded, and cells were washed 
with phosphate buffer solution and afterwards detached with 
trypsin/ 0.25% EDTA.
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Microscopy images (both white light microscopy and 
fluorescence microscopy at 488 nm) were taken using a 
Zeiss Axiovert inverted phase microscope, equipped with 
soft image analysis Axiovision Rel 4.6. Image acquisition 
was performed with an AxioCam MRC camera. 

Transmission Electron Microscopy (TEM) of the cells 
After 1 h of incubation with the functionalized drugs, the 

cells were fixed by the addition of 4% paraformaldehyde/2.5% 
glutaraldehyde in phosphate buffer (0.7 ml) for 1 h. The cells 
were next rinsed with PBS buffer and post-fixed using 1% 
aqueous solution of OsO4 (0.5 ml) for 1 h. Subsequently, the 
cells were washed with milli-Q H20, 30% ethanol solution 
and stained with 0.5% uranyl acetate (0.5 ml, in 30% ethanol) 
for 1 h. Cells were then gradually dehydrated using a series of 
ethanol solutions (30, 60, 70, 80, and 100%) and embedded 
in epoxy resin. The resin was polymerized at 60˚C for 48 h. 
Ultra-thin sections (70-100 nm) were cut using a diamond 
knife on a Leica Ultramicrotome and mounted on Formvar-
coated copper grids. The sections were then post-stained 
with 5% uranyl acetate in 50% ethanol and 2% aqueous lead 
citrate solution and imaged with FEI Tecnai Spirit TEM at 
100 kV using AnalySIS software (Soft Imaging Systems). 

Proliferation assay
Cell survival was assessed using the MTT assay. For 3-

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assays, CSC, LIV, and HepG2 cells in monolayer 
culture were cultivated at subconfluence in DMEM:F-12 
media supplemented with 15% FCS, 100 U/mL penicillin, 
and 100μg/mL streptomycin complete media before being 
washed twice with phosphate buffer solution (PBS). Cells 
were then incubated with trypsin-EDTA, resuspended in 
culture medium with FCS, counted, and plated in 100 μL 
media at 15 x 103 cells/well in 96-well microliter plates. 
After 24 hours, the cells were washed and treated with 
cytostatic drugs. Doxorubicin was added at a concentration 
of 0.5 μg/ml, cisplatin at 0.25 μg/ml, and capecitabine 
at 30 μg/ml [4,5]. The concentrations that were used are 
in conjugation with GNPs, after extensive pilot projects 
(data not shown in this paper) have been completed and 
having established the best concentrations of drugs that 
should be used. Drug-capped GNPs were compared with 
the corresponding conventional cytostatics at identical 
concentrations. Absorbance of the MTT was measured at 
492 nm using a BioTek Synergy 2 fluorescence microplate 
reader (Winooski, VT, USA). 

Apoptosis measurement using Annexin/PI flow 
cytometry analysis 

To further investigate the role of the GNPs in enhancing 
the drug activity in various cell lines, CSC and LIV were 
grown at subconfluence in 6-well plates and were exposed 
for 24 hours to a combination of chemotherapeutic drugs 
conjugated or unconjugated with GNPs (doxorubicin 0.5 
μg/ml+ cisplatin of 0.25 μg/ml+ capecitabine at 30 μg/ml) 
corresponding to the PIAF clinical protocol, apart from 
pegylated interferon [4]. Apoptosis was evaluated with FITC 
annexin V and propidium iodide (PI) kit for flow cytometry 

(Invitrogen, Molecular probes). After the incubation period, 
cells were harvested by trypsinisation; the cell suspensions 
were washed with cold PBS and centrifuged at 1000 rpm for 
5 min. Cells were counted and resuspended in 100 μl binding 
buffer; 5μl FITC Annexin V and 1μl of PI were added to each 
sample. Samples were then incubated at room temperature 
in the dark for 15 min. After the incubation period, 400 μl of 
binding buffer were added, and samples were kept on ice until 
they were analyzed by a flow cytometer (BD FACSCanto™ 
II system) measuring the fluorescence emission at 530 nm 
and 575 nm using 488 nm excitation. For this technique, the 
cells that are negative to both PI and annexin V staining are 
the alive ones, the cells PI - negative and annexin V-positive 
staining are considered to be early apoptotic ones, and the 
cells PI - positive and annexin V-positive staining are those 
in the latest stages of apoptosis or dead. 

Data analysis
Statistical significance values were obtained by a one-

way analysis of variance (ANOVA) with a 95% confidence 
level using GraphPad Prism 5 statistics program (La Jolla, 
CA, USA). Data were analyzed using one-way ANOVA 
with the Dunnett`s multiple comparison test. Statistical 
significance was set at p < 0.05, and all experiments were 
performed in triplicate.

Results

Synthesis and characterization of the GNP based 
delivery system

GNPs-L-Aspartate nanostructures were prepared by 
a one-step synthesis based on the reduction of HAuCl4 
in the presence of L-Aspartate (Asp). Discrete networks 
were observed to form due to the nanoparticles’ fusion, as 
seen in Fig.1. In the synthesis, Asp was both the reducing 
and the capping agent. In order to obtain these types 
of nanostructures, we used low concentrations of gold, 
C=0.5x10-3M and C=1.5x10-3 M, respectively. 

Aspartate molecules serve competitively both reduction 
and capping functions and are responsible for generating 
isotropy (after nucleation, growth is produced over all 
faces, spherical nanoparticles being formed) and a random 
attachment. This mechanism of growth and attachment leads 
to nanostructures as presented in Fig. 1. The formation of 
GNPs in solution was highlighted by color change, first 
pink (suggesting the beginning of the reduction process), 
then slowly changing to red due to the formation of peanut-
shaped particles which further followed a linear aggregation 
into chains. Drug-delivery systems should be synthesized 
so much so that both the internalization and transport of 
the drug are highly efficient. The drug was loaded into 
the nanocarrier vectors (GNPs-Aspartate nanostructures) 
through noncovalent interactions between the aspartate 
molecules and functional groups of the drug. The formation 
of complexes between drug molecules and nanocarriers is 
more advantageous than the covalent conjugation approach 
due to the ease of fabrication and controllable loading 
efficiency.
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The morphology of the deliveries was revealed by using 
Transmission Electron Microscopy (TEM) (Fig. 2). It can 
be clearly seen that the GNPs-Aspartate structure has been 
rearranged by the presence of the drugs but maintains a 
nanometric size. 

After binding the drug to the GNP, the broad band in the 
range of 3200–3700 cm−1 is due to the presence of surface-
bound –H3-N, –OH functionalities on the nanoparticle 
surface. This band overlaps with the –OH stretching 
vibration of the drug. The peaks that change position from 
2980 to 2978 cm-1 represent the stretching vibration of C-
H bonds from the rings. Also, the appearance of hydrogen 
bonds between the cytostatic and the carrier can be attributed 
to the bending vibration of N-H and stretching vibration of 
C=O, C-H, O-H. Their corresponding bands appear changed 
in frequency from 1722 to 1721 cm−1. The band at about 

1580 cm−1 is related to the ring breathing and appears in the 
spectrum unmodified. Carboxylate vibrations are visible for 
doxorubicin, for example, in the range of 1400–1445 cm−1 
together with C–O–C asymmetric stretch at around 1284 
cm−1. Another change in position from 1076 cm−1 to 1073 
cm−1 is attributed to the aliphatic CHX. 

Cellular uptake of the drug
Since the cellular uptake efficiency of drug-loaded 

GNPs may affect the therapeutic benefits, confirmation of 
the presence of the cytostatic-loaded nanostructures is very 
important. Cells incubated with different drug combinations 
were studied, before optical microscopy images (white light 
microscopy and the corresponding images in fluorescence 
microscopy at 488 nm) were taken using a Zeiss Axiovert 
inverted phase microscope. Image acquisition was performed 
with an AxioCam MRC optical camera (Fig. 3 a-f). 

fig 1. Mechanism of functionalization of gold nanostructure with the drugs 
(cisplatin/ capecitabine, and doxorubicin).

fig 2. TEM images of gold nanostructure (a), gold nanostructure functionalized 
with cisplatin (b), capecitabine (c), doxorubicin (d).
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In order to elucidate the mechanism of cell killing and to 
understand the efficiency of the delivery of the drugs to the 
CSC line, the cells were subsequently inspected by TEM. 
The TEM micrographs (after 1h of incubation) of the GNPs-
drugs nanostructures in CSC cells are presented in Fig. 4. The 
route of uptake is a caveolin-dependent endocytosis followed 
by the release of the conjugated drugs from endosoms/
lysosoms into the cells, where the reaction between cisplatin/ 
doxorubicin/capecitabine and DNA occurs.

Figure 5 presents the visual differences between CSC, 
LIV, and HepG2 cells. It can be clearly seen that, in the case 
of HepG2 cells and CSC cells, the drug is more efficiently 
absorbed. If we analyze the different proliferation rates 

of the three cell types, we can observe the difference 
even macroscopically - a fact that may have great impact 
in the clinical management of liver cancer. Thus, after 
chemotherapy, according to our results, the normal liver 
parenchyma should be able to regenerate and substitute 
the tumor mass lyzed by the cytostatic regimen due to the 
surviving normal cancer cell population found in the canals 
of Hering [19]. The liver mass is not exclusively formed 
by hepatic progenitor cells, but also more differentiated 
hepatic cancer cells that may also divide and lead to clinical 
relapse. Nevertheless, the progenitor compartment is the 
most aggressive and definitely the most important target for 
future research in the field. The drugs’ effects on different 

fig 3. Drug-loaded nanoparticle intracellular accumulation on cancer cells 
(X100). Cisplatin: a) white light microscopy and b) fluorescence microscopy; 
doxorubicin: c) white light microscopy and d) fluorescence microscopy; 
capecitabine: e) white light microscopy and f) fluorescence microscopy.

Fig 4. TEM micrographs of the drugs in CCS cells after 1 h of incubation: (a, b) 
GNPs-cisplatin, (c, d) GNPs -capecitabine (e, f) GNPs- doxorubicin.
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Fig 5. Visual observations of the differences in the MTT 
staining intensity values between CSC, LIV, and HepG2 
cells; especially in the case of HepG2 cells and CSC 
cells, the drug  was more efficient and induced visible 
changes in the intensity of the staining. The macrosopic 
visualization observations were confirmed by the MTT 
optical density values.

cells lines can be observed (after 24 hours) macroscopically 
on the culture flask, a difference also confirmed by the MTT 
assay. 

Cytotoxicity assay
The cytotoxicity level induced by the various drug 

combinations was measured using the MTT assay, a very 
common method of evaluating the effects of different 
substances in cell cultures that is used to measure the 
cellular mitochondrial function of the cells in the culture 
dish. The concentrations of the different anticancer drugs 
used in this study were chosen in such a way that they 
would be readily and safely achievable in human patients, 

a statement that is supported by other studies previously 
cited in this manuscript and which first tested various drugs 
that belong to the PIAF protocol first in vitro and then in 
vivo, on either animal models or human subjects, with no 
or minimal side effects. Chemotherapy-resistant cells, in 
comparison with HepG2 cells, are resistant to the tested 
drugs - cisplatin, doxorubicin and capecitabine - but, when 
GNP-coated drugs are added to the culture media, the results 
show a significantly lower survival rate of the tumor cells 
at 48 hours. Using Dunnett’s Multiple Comparison Test, 
statistically significant variations (P<0.05) as shown in Table 
I were found. Cell proliferation assays clearly demonstrate 
the differences between conventional chemotherapy and 
drug-loaded GNPs (Fig. 6).

Apoptosis flow cytometry analysis 
Apoptosis-mediated cell death of LIV adult mesenchymal 

cells and CSC cells were examined by a double-staining 
method using FITC-labeled Annexin V/PI apoptosis 
detection kit and analyzed by flow cytometry. The cells 
were analyzed after 24 hours of exposure to a combination 
of drugs conjugated or unconjugated with GNP: doxorubicin 
+ cisplatin + capecitabine, corresponding to the clinical 
chemotherapeutic PIAF protocol (Planning-, Information- and 
Analysis-System for Field Trials) (Cisplatin, Doxorubicin, 
5-FU and Interferon) [4]. Apoptosis and cell death were 
high even in the control groups, possibly because of cell 
manipulation in the course of trypsinisation and transport 
on ice (Table II).

The percentage of total apoptotic cells (early apoptotic 
cells positive only for V annexin + late apoptotic and dead 

Table I. Results of the statistical analysis of the experiment for the MTT assays in different 
conditions for the three cells lines investigated CSC, LIV, and HepG2

CSC No treatment vs. CSC GNP + Cisplatin 95% CI 0.07133 to 0.4533

CSC No treatment vs. CSC GNP + Doxorubicin 95% CI 0.08833 to 0.4703

CSC No treatment vs. CSC GNP + Capacitabine 95% CI 0.1380 to 0.5200

CSC No treatment vs GNP 95% CI -0.08267 to 0.2993

CSC. No treatment  vs. CSC Cisplatin 95%CI -0.02167 to 0.3603

CSC No treatment vs. CSC Doxorubicin 95% CI -0.1020 to 0.2800

CSC No treatment vs. CSC Capacitabine 95% CI -0.07567 to 0.3063

HepG2 No treatment vs. HepG2 GNP + Cisplatin 95% CI 0.3246 to 0.5894

HepG2 No treatment vs. HepG2 GNP + Doxorubicin 95% CI 0.4462 to 0.7111

HepG2 No treatment vs. HepG2 GNP + Capacitabine 95% CI 0.3569 to 0.6218

HepG2 No treatment vs. HepG2 GNP 95% CI -0.02976 to 0.2351

HepG2. No treatment vs. HepG2 Cisplatin 95% CI 0.3769 to 0.6418

HepG2 No treatment vs.. HepG2  Doxorubicin 95% CI 0.1582 to 0.4231

HepG2 No treatment vs. . HepG2  Capacitabine 95% CI 0.1576 to 0.4224

LIV No treatment vs. LIV GNP + Cisplatin 95% CI 0.1221 to 0.3932

LIV No treatment vs. LIV GNP + Doxorubicin 95% CI 0.1055 to 0.3765

LIV No treatment vs LIV GNP + Capecitabine 95% CI 0.08213 to 0.3532

LIV No treatment vs  LIV GNP 95% CI -0.09554 to 0.1755

LIV No treatment vs LIV +Cisplatin 95% CI 0.09180 to 0.3629

LIV No treatment vs LIV + Doxorubicin 95% CI 0.02913 to 0.3002

LIV No treatment vs LIV+ Capecitabin 95% CI 0.08546 to 0.3565
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Fig 6. Experimental results of the MTT proliferation assay indicating the higher activity 
of the anticancer drugs in the presence of gold nanomaterials and various cancer lines.  

Table II. Normal non-cancerous liver cells (LIV) and chemotherapy-
resistent cancer cells (CSC) cells assessed for apoptosis by flow-
cytometry measurements show an increased percentage of dead and 
apoptotic cells for the samples treated with GNP-conjugated drugs 
(GNP-PIAF) by comparison with the control group and cells treated 
with drugs alone

Sample Early 
Apoptotic 
cells (%)

Late apoptotic 
+death cells 

(%)

Total apoptotic 
cells

LIV control 1.63 21.31 22.94

LIV treated with 
GNP-PIAF

1 60.3 61.3

LIV treated with 
PIAF

3.7 41.2 44.9

CSC control 9.7 6.2 15.9

CSC treated with 
GNP-PIAF

8 27.9 35.9

CSC treated with 
PIAF

0 26.1 26.1

cells positive for both V Annexin and PI) shows a greater 
apoptotic index for LIV cells, even in control samples, a 
slow increase in the proportion of apoptotic cells treated with 
drugs alone (1.1 folds in comparison with control group) 
and a greater increase in apoptotic cells treated with GNP-
conjugated drugs (1.95 folds). CSC cells were therefore more 
sensitive to the chemotherapy treatment: the percentage of 
apoptotic and dead cells increased 1.64 folds in comparison 
with the control sample and 2.25 folds for GNP-conjugated 
drugs (Table II, Fig. 7). The greater apoptotic index of the 
control samples is actually a false-positive greater apoptotic 
index. Some of the cells died during sample manipulation 
stress such as trypsinization, centrifugation and the hypoxia 
conditions that cells were subjected to by transportation from 
the Department of Immunology at the Ion Chiricuta Cancer 
Center to the Laboratory of Cell Cytometry at the University 
of Veterinary Medicine and Agricultural Sciences, where the 
cell cycle analysis was carried out. Nevertheless, to assure 
that no differences existed between the cell subpopulations, 

all tubes were placed on ice and handled at the same time, 
under the exact same conditions. 

Discussion
Medical research using GNP nanostructures is focused 

on biological and biomedical applications, such as imaging 
and drug/gene delivery, to treat various diseases. Most GNP 
conjugates are taken up by a non-specific mechanism, such 
as endocytosis and interaction with serum proteins, and it 
seems that the mechanism is dependent upon their size, 
shape, and surface chemistry [24]. 

Nanomaterials are known for their potential applications 
in various biomedical fields, including diagnostics and 
therapeutics [25,26]. We have shown in our study that GNPs 
can be explored to illustrate the mechanisms of biochemical 
modulation and have potentially a promising use in clinical 
liver cancer treatment. 

Figure 4 shows the GNP conjugate to cisplatin, 
doxorubicin, and capecitabine uptake in live CSC cells 
after 24 hours of exposure to drugs. Phase contrast images 
and the corresponding images in 488nm fluorescence 
evidence perinuclear localization for GNPs-loaded with 
cisplatin and intracytoplasmic localization for GNP-
doxorubicin and GNP-capecitabine conjugates in white light 
microscopy. Fluorescence images do not overlap the white 
light localization of GNPs, and the fluorescence intensity 
increased in the perimembrane space. An explanation can 
be found in the literature in which only GNP clusters of 
less than 4nm exhibited intrinsic fluorescence as previously 
reported [27,28]. 

Statistically significant data presented in the results show 
that in in vitro conditions, cytostatic drugs attached to GNPs 
are more efficient than the classic anticancer drugs. This may 
be partially due to the increased uptake of the drugs by the 
initial chemotherapy-resistant tumor cells. In addition, the 
activity of the multidrug resistance pump is slightly different 
in the case of chemotherapy-resistant cells in comparison 



194 Tomuleasa et al

with more differentiated tumor cells, with tremendous 
potential for applications in oncology chemotherapy. 
Systemic chemotherapy for unresectable HCC has had 
a disappointing record of accomplishment, being unable 
to demonstrate a significant survival improvement [29]. 
Monotherapy with doxorubicin produces a response rate of 
10-15% success, and a combination chemotherapy provides 
slightly better results, but without any significant survival 
benefits. The majority of HCC patients also have cirrhosis, 
which renders them unsuitable candidates for chemotherapy 
as the side effects associated with the cytotoxicity of anti-
cancer drugs are likely to be worse [30].

In our study, in vitro cytotoxicity assay and V-
Annexin/PI flow cytometry measurements of the apoptotic 
response of normal and tumor cells to the combination 

of chemotherapeutic drugs, alone or GNP-conjugated, 
revealed an increased toxicity for the regimen combining 
cisplatin, interferon, doxorubicin, and 5-fluorouracil (PIAF-
protocol) GNP-conjugated. In clinical studies, positive 
responses have been reported in patients with HCC for this 
chemotherapeutic combination [31], but it produced more 
neutropenia, thrombocytopenia, and hypokalemia. This 
protocol may be considered for a selected subgroup of HCC 
patients, particularly those with preserved liver function in 
whom down-staging may be desired to facilitate future tumor 
resection [31-33]. Our results also show a different behavior 
between the normal and tumor cells, more evident in the case 
of a GNP-loaded drug. Underlying cirrhosis increases the 
risk of severe adverse effects as many cytostatic drugs are 
metabolized and eliminated via the liver. To improve both 
efficacy and safety, drug-delivery systems should include 
particulate carriers, such as liposomes, polymers, and 
nanoparticles, with the ultimate result being a significant 
increase in tumor drug concentration of up to 10-fold or even 
higher being achieved [34-36]. This approach will ensure 
administration of the same dose of conventional drugs to the 
cancer cells and tumors while leading to a decrease in the 
systemic side effects of present-day chemotherapy.

It is well-known that multidrug resistance, characterized 
by the over-expression of P-gp 170 that acts as an energy-
dependent drug efflux pump and decreases cytotoxic drug 
accumulation, has been a major cause of failure in oncology 
leading to refractory disease and disseminated metastasis. 
As the primary approach to treating HCC is chemotherapy, 
a new strategy to target cancer cells is the administration of 
cytostatics using drug-carrier systems, such as liposomes 
or nanoparticles. Nanomaterials and GNPs, in particular, 
hold great promise in biomedical applications due to their 
high stability, low toxicity, and excellent biocompatibility. 
Therefore, given the additional ability to functionalize their 
surface with various drug molecules and biological vectors, 
as well as their ability to act as strong nanothermolysis 
agents for heat generation under electromagnetic excitations 
[37], GNPs constitute one of the most important engineered 
nanomaterials for bio-medical applications. The use of 
multifunctional nanoparticles as a platform technology to 
alter the chemoresistence of cancer cells to various cytostatic 
drugs could represent a simple yet efficient technique for 
treating inoperable cancers. 

Conclusion
The current study demonstrates that functionalized 

nanoparticles can enable various drugs, cytostatics or 
antiviral drugs, to enter hepatic cancer cells at a higher 
concentration in comparison with differentiated tumor liver 
cells (HepG2 cells) and even in comparison with normal 
liver cells, allowing future therapeutics to effectively target 
the liver tumor and, at the same time, allow normal tissue 
to regenerate. The process must be further investigated 
to fully understand the exact mechanisms by which the 
presence of the GNPs seems to increase the activity of the 

Fig 7. Graphic charts for the information in Table II, 
expressing early apoptotic cells (7A), late apoptotic cell 
death (7B) and total apoptotic cells (7C).
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various drugs and to reduce the chemoresistance of the cells. 
These conjugated nanocomposites have significant potential 
applications in the treatment of hepatocellular carcinoma.
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