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Abstract
 Many chemotherapeutics used for cancer treatments show systemic toxicity during distribution 
to the normal tissues. Using nanoparticles (NPs) improves drug delivery efficiency and decreases the side 
effects of anticancer drugs. The aim of this study was to load doxorubicin (DOX) on TiO2 NPs for their 
potential role in enhancing the anticancer efficacy of DOX while reducing its side effects. At first, for im-
proving the dispersibility of TiO2 NPs in water, the polyethylene glycol (PEG) with two MWs (1000 and 
4000 kDa) was used for wrapping the surface of TiO2 NPs. DOX was loaded on the TiO2 NPs by forming 
complexes with titanium, to construct TiO2-PEG-DOX NPs. The effects of various weight ratios of DOX 
to TiO2 on the loading efficiencies of NPs were assessed. The stability of these NPs in two different pH 
values (7.4 and 5) was evaluated. At the end, the cytotoxicity of TiO2-PEG-DOX was compared with free 
DOX against MCF-7 cell line. The formation of a thin layer of PEG around the TiO2 NPs was confirmed 
through thermo gravimetric analysis and transmission electron microscopy techniques. Fluorescence scan-
ning results showed the complex formation between DOX and TiO2-PEG. The loading efficiency of DOX 
in TiO2-PEG1000 was 74% and in TiO2-PEG4000 was up to 85%. These complexes were stable at dif-
ferent pH values for a long period (one month). The viability percent of cancerous cells exposed to TiO2-
PEG-DOX was lower than free DOX after 48 hr. The characteristics of TiO2-PEG-DOX showed that this 
drug delivery system is a promising strategy for future clinical practice.
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1. Introduction
 The advent of nanoparticles (NPs) in bio-
medical, bioengineering, and pharmacological 
fields made a revolution in delivering drugs. Na-
no-scale sizes of NPs enhance their potential to be 
attached and transported to cells (1, 2). Drug de-
livery by means of NPs promises a new technique 
to treat cancer cells efficiently without any major 
limitation and side effects (1, 2). Thus far, a vari-
ety of nano-structures such as mesoporous silica, 

graphene oxide, iron oxide (3), gold NPs (4), silver 
NPs (5, 6), and carbon nanotubes (7) have been 
successfully developed in drug delivery method. 
A desirable candidate for this method is titanium 
dioxide (TiO2) NPs (8).
 Concurrently, TiO2 has shown some spe-
cific characteristics in pharmaceutical, and cos-
metic industries and attracted a growing deal of 
interest to itself (9, 10). It is commonly considered  
to be biologically inert (11). TiO2 is bio-friendly 
and has exceptional properties, such as good photo 
catalytic activity, high refractive index, and mag-
netic property (12-14). These characteristics of 
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TiO2 derive from the spontaneous formation of an 
oxide layer on the titanium surface (15). TiO2 can 
damage viruses, fungi, bacteria, and cancer cells 
(16) and can operate as an potent catalyzer for 
treating malignant cells (17, 18). Drug delivery, 
cell imaging, biosensors for biological assay, and 
genetic engineering are some types of biomedical 
application of TiO2 NPs (2). TiO2 NPs could be a 
good choice for biomedical applications as agents 
in dispensing drugs in drug delivery system, due to 
their availability (19), low-toxicity, good thermal 
conductivity, good optical absorption and chemi-
cal and thermal stability (2). TiO2 nano-structures 
have been utilized in drug delivery systems for 
different anti-cancer drugs, such as temozolomide, 
doxorubicin, daunorubicin, and cisplatin (20-22). 
Biocompatibility of TiO2 NPs could be increased 
by attaching polyethylene glycol (PEG) to their 
surfaces. PEGylation could help NPs to escape the 
Reticulo-Endothelial System (RES) and increase 
their half-life in blood circulation for passive tar-
geting of the anticancer drugs to the tumor cells 
(16, 18).
 Up to now, doxorubicin (DOX) is one 
of the effective anticancer drugs in treating can-
cers including ovarian carcinoma, lymphoblastic 
leukemia, breast carcinoma, and hepatocellular 
carcinoma (23). One of the greatest challenges 
for DOX is that “how to deliver this drug to the 
desirable spots”. Therefore, a new delivery tech-
nique have been developed to reduce its side ef-
fects, which could change its bio-distribution and 
enhance its deposition at the tumor sites (3, 23). 
Chen et al. constructed a TiO2-DOX NP as a drug 
delivery system, and the results showed that the 
anti-cancer efficacy of the drug per dose was pro-
ductively increased in human SMMC-7721 hepato 
carcinoma cells (23). Besides, Ren et al. reported 
an enhanced DOX transport to breast cancer cells 
via TiO2 nano-carriers (21).
 In the present study, TiO2 NPs were evalu-
ated as potent agents for drug delivery system. To 
enhance the dispersibility of TiO2 NPs, a layer of 
PEG coated the mentioned NPs. After DOX load-
ing on the TiO2-PEG NPs, the efficacy of TiO2-
PEG-DOX NPs against cancerous cell line was 
assessed.

2. Material and methods
 The TiO2 NPs were purchased from Nano-
sany Company, Iran. The particle size of these NPs 
was reported 10-25 nm. Their purity was >99%, 
and their phase was anatase. PEG was obtained 
from Sigma-Aldrich, USA. DOX was obtained 
EBEWE Pharma, Austria. All other reagents were 
of analytical grade. The breast cancer cell line 
MCF-7 cells were provided by the National Cell 
Bank of Pasteur Institute (Tehran, Iran).

2.1. Preparation and characterization of TiO2-
PEG NPs
 In order to improve the dispresibility and 
stability of TiO2 NPs, polyethylene glycol (PEG, 
with three different molecular weights: 400, 1000, 
4000) was used to enwrap the NPs. 25 mg TiO2 
NPs was suspended in 25 mL deionized water. 
After 30 min sonication, 250 mg PEG was added 
to the TiO2 NPs suspension. The suspension was 
ultrasonicated for 30 minutes, and then stirred at 
room temperature overnight (5, 8). After being 
stirred, the suspension was centrifuged at 4000 
rpm for 15 minutes to separate the unreacted TiO2 
NPs, and the supernatant was collected (5, 7). The 
formation of a polymer layer around the TiO2 NPs 
was confirmed by the transmission electron mi-
croscopic image (TEM) (Philips Electron Optics, 
the Netherlands). Thermal analysis techniques  
including: Thermo-Gravimetric Analysis (TGA)
and Differential Scattering Calorimetry (DSC), 
were carried out on these NPs by (METTLER TO-
LEDO, Swiss) under dynamic atmosphere of an 
inert gas (N2) at 30 ml/min.

2.2. Preparation of TiO2-PEG-DOX NPs
 DOX loading on the TiO2 NPs was per-
formed through adsorption. For optimization 
drug loading, the effects of three factors were  
assessed: order of adding materials together, drug-
carrier incubation duration time, and drug: carrier 
weight ratio.

2.2.1. Effect of order of adding substances on the 
drug loading
 For evaluating the effect of PEG layer on 
the adsorption of DOX on the surface of TiO2 NPs, 
the materials were added in two different orders. 
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In Method 1, TiO2 NPs suspension in deionized 
water was sonicated for 30 minutes. Then PEG 
solution was added and sonicated for 30 minutes, 
again. After stirring for 24 hr, DOX solution was 
added to the TiO2-PEG NPs and the final mixture 
was stirred overnight at ambient temperature. Drug 
loaded on the NPs were separated from the free 
drug molecules through centrifugation at 15000 
rpm for 15 min at 4 °C and washed twice by deion-
ized water to remove the unloaded drug molecules 
from TiO2-PEG-DOX NPs. The amount of free 
DOX in the supernatant was analyzed by HPLC 
method (24-27). 
 For DOX analysis, the chromatographic 
system consists of a Hichrom C18 column (250×4 
mm, UK) and a Cecil instrument (Adept series and 
CE 4200 UV/Vis Detector, England) was used. The 
mobile phase consisted of acetonitrile: distilled 
water (30:70 v/v) and the pH of the mobile phase 
adjusted to 3 using phosphoric acid. The flow rate 
was set to 1 mL/min and DOX was quantified at 
233 nm. Validation of the HPLC assay demonstrat-
ed that this methodology was linear (r2=0.9989) in 
the range of 0.312-5 µg/ mL of DOX. CV% was 
less than 8% and the accuracy was more than 92% 
within this range of concentrations (0.312-5 µg/ 
mL). The specificity was tested in presence of the 
NPs components.
 In Method 2, similar first method, TiO2 
NPs suspension in deionized water was sonicated 
for 30 minutes. Then DOX was added and soni-
cated. At the end, PEG solution was added to the 
mixture. After sonicating for 30 min, the final mix-
ture was stirred overnight at ambient temperature. 
Drug loaded on the NPs were analyzed as previous 
method. 

2.2.2. Effect of DOX: TiO2-PEG NPs incubation 
duration time on the drug loading
 In order to investigate the interaction of 
DOX with TiO2-PEG NPs, the fluorescence spectra 
of DOX and DOX-loaded TiO2 NPs was studied. 
An aqueous dispersion of 10mg TiO2 NPs, 100mg 
PEG4000 and 8mg DOX was sonicated and stirred 
on the magnetic stirrer. The fluorescence and UV 
spectra were then recorded at different reaction 
time intervals (0, 1, 2, 4 and 24 hr) using Hitachi F 
2500 fluorescence spectrophotometer.

2.2.3. Effect of DOX: TiO2 NPs weight ratio on the 
drug loading
 Different amounts of DOX and TiO2 NPs 
were added together in the presence of PEG1000 or 
PEG4000 according to the Method 2. Drug loaded 
on the NPs were separated from the free drug mol-
ecule. The amount of free DOX in the supernatant 
was analyzed by HPLC method. Each formulation 
was repeated in the triplicate. The loading amount 
and loading efficiency were determined.
 The loading efficiency (LE) was calculat-
ed by equation 1:

LE%=((T-F)/T)*100 (28)      (Eq. 1)
 And drug loading amounts (LA) were de-
termined using equation 2: 

LA%=((T-F)/W)*100                    (Eq. 2)
 Where F is the free amount of drug in the 
supernatant, T is the total amount of drug added 
into the TiO2-PEG NPs, and W is the weight of 
TiO2-PEG-DOX NPs.

2.3. Characterization of TiO2-PEG-DOX NPs
 Particle size distribution and zeta poten-
tial of TiO2-PEG-DOX NPs were analyzed using 
a laser diffraction particle size zeta potential ana-
lyzer (Microtrac, Nano-flex 180 °, USA) at room 
temperature. TiO2-PEG-DOX NPs were prepared 
using PEG1000 or PEG4000 to investigate the ef-
fect of molecular weight of PEG on the dispersion 
of NPs.
 For the analysis of drug release, TiO2-
PEG-DOX NPs were dispersed in 1.5 ml of buf-
fer solution whose pH value was 7.4 or 5.0 in the 
micro-tubes. The tubes were put into shaker incu-
bator (BIOER Mixing Block MB-102, China) and 
temperature was set to 37 °C. At scheduled time 
points, the NPs were separated by centrifugation 
at 10000 rpm for 10 min and the released drug in 
the supernatant was measured by HPLC method as 
described earlier. Following supernatant decanta-
tion, the same volume of fresh pre-warmed buf-
fer solution was replaced. All measurements were 
performed in triplicate. The release percentage at 
each time was calculated and cumulative released 
curves were depicted.
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2.4. Cytotoxicity assay
 To verify the cytotoxicity of TiO2-PEG-
DOX, the cytotoxicity of TiO2-PEG, DOX, and 
TiO2-PEG-DOX was assessed by the standard 
MTT assay. Human breast cancer cell line (MCF-
7) was purchased from the National Cell Bank of 
Pasteur Institute (Tehran, Iran). MCF-7 cells were 
cultured in CM10 medium supplemented with 
10% fetal bovine serum and 1% penicillin strepto-
mycin at 37 °C in a humidified incubator with 5% 
CO2. Cells in the exponential growth phase were 
seeded in 96-well plates at a density of 1×104 vi-
able cells/well. After overnight incubation, cells 
were exposed to different concentrations of TiO2-
PEG, DOX, and TiO2-PEG-DOX. After 24 or 48 
hr, 20 μL of MTT (5 mg/mL) and 100 μL of me-
dium were introduced. The plates were incubated 
for 3-4 hr. The formazan crystals in each well were 
dissolved in 100 µL of dimethyl sulfoxide. After 
complete solubilization of the dye, plates were 
read at 570 nm against 690 nm on an ELISA read-
er. The percentage of cell viability was calculated. 
The cell viability was estimated as the reduction 
of values from a dimethyl sulfoxide control, and 
the values were the mean of three different experi-
ments.

2.5. Statistical analysis
 Data are expressed as mean±SD. Signifi-
cant differences of the values were statistically 
tested using paired-sample t-test in each group. 
The statistical analyses were performed by SPSS® 
statistical software, version 20.0 (SPSS Inc., Chi-
cago, IL, USA) for Windows®. A P-value of less 

than 0.05 was regarded as significant.

3. Result and Discussion
3.1. Characteristics of TiO2-PEG NPs
 In this study, PEG with molecular weights 
of 400, 1000, and 4000 were used for coating the 
surface of TiO2 NPs in order to improve the sur-
face hydrophilicity, increase the half-life, and de-
lay the clearance of these NPs. Among these three 
molecular weights, TiO2 NPs coated with PEGs 
having molecular weight of 400 remained unstable 
and underwent agglomeration, and was excluded 
from the study because of sedimentation. Howev-
er, TiO2 NPs coated with PEGs having molecular 
weights of 1000 and 4000 were stable and pro-
duced a homogeneous and stable nano-suspension.
 In order to investigate the TiO2-PEG prop-
erties, TEM, DSC and TGA methods were used 
here. Based on the TEM results, the shape of all 
particles was almost uniform, and the formation of 
polymer layer around the TiO2 NPs was obvious 
(Figure 1). 
 As shown in Figure 2a, in the DSC ther-
mo-gram of PEG and TiO2 physical mixture, an 
endothermic peak is observed at 92.62 °C, which 
is related to the PEG melting point. For TiO2-PEG 
complex, this peak is shifted to 84.67 °C and be-
comes larger, which is related to the melting point 
of PEG and the evaporation of the water content of 
TiO2. For PEG and TiO2 physical mixture, three 
distinct exothermic peaks are observed at 237.47 
°C, 173 °C, and 341.72 °C; the first two peaks are 
due to the phase change of TiO2 from amorphous 
to anatase, and TiO2 surface degradation and oxi-

Figure 1. A TEM micrograph of TiO2 NPs coated with PEG4000 (the arrow shows the PEG layer around 
the TiO2 NPs).
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dation; because the thermal behavior of TiO2 de-
pends on the chemical composition, preparation 
conditions, and phase. The 341.72 °C peak can 
be related to the chemical decomposition of PEG 
chains. When thermal behavior of TiO2-PEG was 
examined, these distinct exothermic peaks were 
not observed; instead, a continuous peak started 
at 166 °C. Due to the presence of PEG chains on 
the surface of TiO2, the phase change of these NPs 
is significantly reduced. Therefore, TiO2 phase 
change peaks disappear after the PEG adsorption 
on the surface of these NPs. Thermal behavior af-
ter 300 °C in TiO2-PEG refers to chemical decom-
position of the polymeric chains on the surface of 
NPs.
 In the TGA thermo-gram of PEG and 
TiO2 physical mixture (figure 2b), weight loss oc-
curs at two points. The first point is at 218.19 °C 
with a weight loss of 23%, and the second point 
is at 309 °C with a weight loss of 38%; these two 
phases correspond to the surface degradation of 
TiO2 along with the loss of intermolecular water 
and eventually PEG decomposition. In the TiO2-
PEG thermo-gram, total weight loss is performed 
in a single stage at 312.23 °C, which is related to 
the chemical degradation of PEG chains. Finally, 

6.5% of the material remains, indicating the TiO2 
NPs core.

3.2. Drug Loading
3.2.1. Effect of order of adding substances on the 
drug loading
 In order to load DOX on the TiO2-PEG 
NPs, two methods were tested according to the or-
der of adding substances to each other. The results 
showed that when the drug was added to the TiO2-
PEG NPs, the loading efficiency was not changed 
compared to when the drug and the polymer were 
simultaneously added to the TiO2 NPs. This in-
dicates that PEG polymer does not play a role in 
drug loading of the TiO2 NPs, and the interaction 
between DOX and TiO2 NPs is effective in drug 
loading. 

3.2.2. Effect of incubation duration time on the 
drug loading
 Fluorescence spectroscopy was used to 
determine the incubation duration time effect on 
drug loading and was evaluated in 24 hr. The Fluo-
rescence spectrum of DOX loaded on TiO2-PEG 
NPs was completely different from the free drug. 
As shown in Figure 3, the interaction of DOX 

 

Figure 2. DSC (a) and TGA (b) thermograms of physical mixture of TiO2 NPs and PEG, and TiO2-PEG 
nano-composite.
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with TiO2-PEG was accompanied by a significant  
reduction in the fluorescence absorption of DOX, 
while DOX molecules did not interact with each 
other, and a fluorescence absorption spectrum was 
observed from DOX solution. The results showed 
that by increasing the incubation time, the fluores-
cence absorption decreased until the drug loading 
reached saturation state after 24 hr. 

3.2.3. Effect of DOX: TiO2 NPs weight ratio on the 
drug loading
 According to Figure 4, the loading effi-
ciency increased with increasing drug concentra-
tion, and after the saturation, it decreased PEG 
plays a role in separating TiO2 NPs from each oth-
er and preventing their accumulation. The results 
of loading efficiency confirm this, because it was 
found that the efficiency of drug loaded on TiO2-
PEG4000 NPs was higher than TiO2-PEG1000 
(due to the greater ability of PEG4000 to disperse 
TiO2 NPs and an increase in the available sur-
face for drug loading). According to Figure 4, the 
highest efficiency for TiO2-PEG4000 and TiO2-

PEG1000, was about 84% and 76%, respectively. 
These amounts are different significantly (p<0.05).

3.3. TiO2-PEG-DOX size and Zeta potential
 In the optimum formulations with the high-
est loading efficiency, particle size and Zeta poten-
tial were analyzed. In TiO2-PEG-DOX formula-
tion, where PEG1000 was used to coat TiO2 NPs, 
the mean volume diameter was 264.9 nm, while 
in TiO2-PEG-DOX formulation, where PEG4000 
was used, the mean volume diameter was 76 nm. 
Here, the better performance of PEG4000 in dis-
persing the NPs is confirmed again, and the larger 
size of TiO2-PEG1000 is due to the accumulation 
of NPs. Moreover, the mean volume diameter of 
TiO2-PEG4000 obtained by particle size analyzer 
was consistent with the results obtained from TEM 
technique. 
 The TiO2-PEG-DOX Zeta potential lied in 
the positive range for both PEG molecular weights, 
while TiO2 NPs had negative surface charge due 
to the presence of hydroxyl groups, the presence 
of positively charged DOX on the surface of these 

 

Figure 3. Fluorescence spectra of DOX reacted with TiO2-PEG NPs for different times.
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metal NPs improved its Zeta potential, and the 
Zeta potential within the range appropriate for the 
stability of these particles. The Zeta potential of 
TiO2-PEG1000-DOX is 12.6±0.56 and for TiO2-
PEG4000-DOX is 21.1±0.51. 

3.4. Drug release 
 As shown in Figure 5, the drug release 
process in this study was investigated at two dif-
ferent pH levels. The profile of drug released 
shows that the drug release rate in acidic pH (pH 
5) was higher than neutral pH (pH 7.4), which is 
a positive point for drug delivery to tumor cells 
and release in tumor cell lysosomes, but in general, 
the drug release from TiO2-PEG NPs was insig-
nificant. Despite the placement of NPs at differ-
ent pH levels, the dilution of the release medium 
in order to break down the DOX and TiO2 metal 
complex and also the use of external stress such as 
ultrasound waves, did not significantly change the 
drug release. This shows the stability of the inter-
action of TiO2 with DOX. Nevertheless we found 
that stability cannot negatively affect the efficacy 
of the drug against cancer cells. In a similar study, 
a high release rate of this complex reported, while 
the loading efficiency was negligible and equal to 
1.1% (21).

3.5. Effect of TiO2-PEG-DOX on cancer cell line
 The cell cytotoxicity of TiO2-PEG NPs, 
free DOX and TiO2-PEG-DOX NPs against MCF-
7 cell line was analyzed and present in Figure 6. 
TiO2-PEG NPs alone did not have significant tox-
icity against MCF-7 cells. Comparison of the cyto-
toxicity effect of TiO2-PEG-DOX with free DOX 
shows that after 24 hr’ treatment, the effect of free 
DOX was higher, but after 48 hr, the effect of DOX 
loaded on TiO2-PEG NPs was equivalent to that 
of free DOX and this effect was even greater in 
the concentration of 50 μg/mL of DOX (p<0.05). 
These data show that adsorption of DOX on the 
surface of TiO2-PEG NPs does not eliminate the 
effect of the drug and even increases it to some 
extent, so that IC50 for free DOX was 39.8 μg/mL 
and for DOX loaded on the NPs was 31.6 μg/ml. 
This result indicates a gradual release of the drug 
in cancer cells. Despite the fact that the in vitro 
drug release was very low, the efficacy of the drug 
maintained and slightly increased in the cellular 
environment, due to the increased drug permeabil-
ity in the cell in the presence of NPs. 

4. Conclusion
 It has been reported in previous studies 
that DOX has three potential metal binding sites: 
the nitrogen atom in the sugar moiety, and the 

 

Figure 5. DOX release profile from TiO2-PEG1000 and TiO2-PEG4000 at pH 5 and pH 7.4.
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chelating sites of the quinone, and the phenolic 
oxygens on both sides of the anthracycline aro-
matic moiety (28). It is established that two keto-
phenolate functions are the major sites for making 
complex with some metal ions like Ca2+, Mg2+, 
Zn2+ , Ni2+ (28). Chen et al. indicated that DOX 
can be easily adsorbed onto the surface of TiO2 
NPs via electrostatic interaction (23). In this study, 
the fluorescence spectra of DOX-loaded TiO2 NPs 
indicated this interaction. The fluorescence spectra 
of TiO2-PEG-DOX showed significant differences 
from that of free DOX. The interaction of DOX 
with TiO2 NPs was indicated by a sharp quenching 
of DOX fluorescence in the presence of TiO2 NPs, 
whereas self-quenching of pure DOX was not ob-
served (Figure 3).
 The addition of PEG to the surface of TiO2 
NPs may decrease the interaction of NPs and avoid 
sedimentation of these NPs in the aqueous media. 

In addition, this hydrophilic polymer can avoid the 
rapid clearance of nano-materials by RESs, and 
greatly increases their blood half-life and therefore 
enhances the accumulation of nanoparticles in the 
tumor site (29-31). 
 Cytotoxicity assay was performed against 
MCF-7 cells in the present study. When the cells 
were treated with TiO2 NPs at high concentrations, 
after 48 hr, about 80% of the cells survived (Figure 
6). This result suggests lack of major cytotoxic-
ity for TiO2 NPs, which is consistent with other 
reports. This is an acceptable property for a carrier 
in drug delivery systems. Our results also showed 
a dose-dependent effect of free DOX and DOX 
loaded TiO2 NPs in vitro. We observed that the 
IC50 for free DOX was 39.8 μg/mL and for DOX 
loaded on the NPs was 31.6 μg/mL. TiO2 NPs can 
improve cellular uptake of DOX through the en-
docytosis pathway, which is a positive point in the 

Figure 6. Cell cytotoxicity assay of TiO2-PEG-DOX NPs against MCF-7 cells with different treatments 
for 24 and 48 hr.
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