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Introduction
	 During radiological accidents, inhalation of radioactive mate-
rials could be the main route of internal contamination [1]. During 
the radioactive decay harmful ionizing radiation, such as alpha par-
ticles, beta particles, and gamma rays are emitted [2]. The quantity 
of radionuclides inhaled, the type of radiation, and the proximity of 
contamination to organs in the human body determine the degree of 
hazard. Cellular exposure to ionizing radiation leads to the generation 
of Reactive Oxygen Species (ROS) that can damage biological macro-
molecules via the radiolysis of intracellular H2O [3-5].

	 To reduce the ionization radiation damage to the human body 
systems, chelation therapy may be required. Chelation, also called 
decorporation, is referring to the removal of internal radioactive 
contaminants from the body following a radiological incident. Dieth-
ylenetriaminepentaacetic Acid (DTPA) is recognized as a chelating 
agent that accelerates the excretion of actinides. It works best when 
given shortly after radioactive isotopes enter the body. DTPA comes in 
three forms: calcium DTPA, zinc DTPA and sodium DTPA. All forms 
are very effective in enhancing the elimination of actinides such as  

plutonium and americium [6]. DTPA catches these radionuclides in 
the body and turns them into a stable coordination complex form that 
can be excreted in the urine [7]. The efficacy of DTPA as a decorpora-
tion agent is limited by several factors. DTPA exhibits low distribution 
in tissues due to its low solubility. Therefore, it can only chelate con-
taminants that are still in the blood or extracellular fluid. Moreover, 
it has a residence time as short as 90 minutes in humans due to fast 
clearance mechanisms [8]. Therefore repeated daily doses over several 
weeks may be required to achieve the desired decorporation. Howev-
er, such a frequent dosage of DTPA can cause severe toxic effects by 
the depletion of essential elements such as magnesium, manganese 
and even calcium or zinc [9].

	 Systemic delivery of DTPA has traditionally been used for the 
decorporation of radioactive contaminants. However, due to its low 
local concentration in the lungs, the clinical application remains 
largely unsatisfactory for treating contamination via inhalation [10]. 
Achieving a sustained presence of the chelating agent in the lungs is 
very challenging [11]. Drug delivery to the lungs through inhalation 
is considered to be particularly advantageous due to a high-localized 
concentration of the agent and relatively low side effects [12].

	 Nanoparticles, also known as ultrafine particles, come together to 
compose what is known as Nanomaterials (NMs). The physicochem-
ical properties of nanoparticles are dependent on their particle size, 
chemical composition, electronic charge, surface structure, crystalline 
phase, solubility, shape and aggregation [13]. Nanotechnology has 
emerged as a highly valuable, useful and versatile technology. It has 
found application in catalysis, cosmetics, drug carriers, food additives  
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Abstract
	 Titanium dioxide (TiO2) nanoparticles have been used widely 
as a nanocarrier in drug delivery systems due to their high delivery 
efficiency and controlled release of therapeutic drugs. Diethylene-
triaminepentaacetic Acid (DTPA) is an attractive decorporationa-
gent that can enhance the excretion of radioactive actinides such 
as uranium, plutonium and americium after a radiological incident. 
However, DTPA is excreted in a short period of time after admin-
istration. In this project, biocompatible Polyethylene Glycol (PEG) 
functionalized TiO2 nanoparticles was used to load DTPA to increase 
its residence time in the human body. The prepared DTPA-loaded 
PEG-functionalized TiO2 nanoparticles were characterized by trans-
mission electron microscopy, Fourier transform infrared spectrosco-
py and dynamic light scattering. The prolonged retention of DTPA 
from PEG-functionalized TiO2 nanoparticles were also evaluated via 
dialysis experiments. Liquid chromatography-mass spectrometry 
analysis of the dialysates showed an extended release of DTPA into 
simulated lung fluid.This approach was used for the first time to sus-
tain the release of DTPA in an in vitro study.
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and sunscreen. Complimentary to the development of nanotechnolo-
gy, Drug Delivery Nanosystems (DDNSs) is gaining more attention by 
researchers and scientists worldwide [14-16]. Among NMs, Titanium 
dioxide Nanoparticles (TiO2 NPs) are one of the most used drug deliv-
ery Nanosystems [17]. TiO2 has been used as a drug carrier for various 
drugs such as daunorubicin, sodium phenytoin, temozolomide and 
valproic acid. TiO2 showed high delivery efficiency and sustained drug 
release over days, weeks, or months. This can decrease the exposure 
time to the drug which lead to less side effect [18-21].

	 Many industries make use of TiO2 NPs and can be found in food 
products, various medicines and as well as cosmetics [22-24]. TiO2 
NPs efficacy can be attributed to their ability to reach various parts of 
the body. This can be accomplished through exposure routes, which 
include inhalation, ingestion and gastrointestinal tract absorption 
[25]. DDNSs have a unique potential to not only enhance drug bio-
availability, but also to extend the period of drug release and enhance 
the drug targeting [26].

	 Polyethylene Glycol (PEG) is a polyether compound with many 
medical applications due to its biocompatible and biodegradable 
properties [27]. The attachment of PEG to the surface of nanoparti-
cles increases their biocompatibility [28]. Jugan et al., and Yaling et al., 
performed a study on the influence of TiO2 nanoparticles on human 
lung cells and mouse liver cells [29]. This study confirmed that the 
toxicity of TiO2 is reduced when functionalized with polymers [30]. 
Nanoparticles that are not functionalized with PEG are recognized as 
foreign products and ejected from the blood circulation by macro-
phage cells that exist within the reticuloendothelial system. The TiO2 
nanocarrier has been used successfully for the controlled release of 
anticancer drugs such as paclitaxel [31,32].

	 In this study, we loaded DTPA onto PEG-functionalized TiO2 
nanoparticles in order to achieve effective delivery and sustained 
release of this agent into the lungs. The prepared DTPA-loaded 
PEG-functionalized TiO2 NPs were characterized by different analyti-
cal techniques. To confirm our hypothesis of extended release, DTPA 
released from the PEG-TiO2 into simulated lung fluid was monitored 
via dialysis experiments. The loading capacity of DTPA on PEG-func-
tionalized TiO2 NPs was determined by LC-MS analysis.

Materials and Methods

	 Titanium dioxide nanoparticles (20 nm), polyethylene glycol 
(molecular weight or degree of polymerization Mn6000), Diethylene-
triaminepentaacetic Acid (DTPA-H5), penta sodium salt of diethylen-
etriaminepentaacetic Acid (DTPA-Na5), calcium chloride, iron (III) 
chloride hexahydrate, magnesium chloride, potassium chloride, sodi-
um chloride, sodium citrate dehydrate, sodium hydrogen carbonate, 
sodium sulfate, dihydrate sodium acetate, disodium hydrogen phos-
phate, D-mannitol and formic acid were purchased from Sigma-Al-
drich and are ACS grade or greater. Regenerated cellulose dialysis 
membranes (MWCO 3500 D) were purchased from Thermo Fisher 
Scientific.

Absorption Test of DTPA-Na5/DT-
PA-H5 into PEG Functionalized TiO2 
NPs
	 A solution of DTPA-Na5 (1 mL, 1000 mg/L) was mixed with 
different concentrations of PEG-functionalized TiO2 nanoparti-
cles (0.0.0058, 0.0233, 0.0583 and 0.175 g/mL) and adjusted to final 
volumes of 1.5 mL. Also, another solution of DTPA-H5 (1 mL, 1000 
mg/L) was mixed with a new batch of PEG-functionalized TiO2 
nanoparticles in the same aforementioned concentrations [33]. The 
mixtures were left overnight to interact followed by centrifugation at 
4500 rpm for 1 h at 18°C. Liquid Chromatography-Mass Spectrometry 
(LC-MS) analysis of the supernatants was performed to determine any 
free DTPA.

Preparation of DTPA-H5-PEG Func-
tionalized TiO2

	 TiO2 nanoparticles (20 nm) were mixed with 1% Polyethylene 
Glycol (PEG) solution in distilled deionized water, and the mixture 
was magnetically stirred overnight. The resulting PEG-functionalized 
TiO2 were collected by centrifugation at 4500 rpm for 1 h at 18°C, and 
washed with water [31,32]. Similarly, Polyethylenimine (PEI)-func-
tionalized TiO2 nanoparticles were prepared. An aqueous solution of 
DTPA at 1 mg/mL was added into the PEG-functionalized TiO2 and 
the mixture was magnetically stirred overnight. The DTPA loaded 
PEG functionalized TiO2 nanoparticles were separated by centrifu-
gation at 4500 rpm for 1 h at 18°C, washed with distilled water for 
freeze-drying [31,32]. A pre-frozen solution of DTPA loaded PEG 
functionalized TiO2 was mixed with a 5% solution of D-mannitol be-
fore freeze-drying in a Labconco model 7753020 freeze dryer oper-
ating at a temperature of -530C7. Mannitol was used as a dispersant 
to prevent the aggregation of DTPA loaded PEG functionalized TiO2 
during the freeze-drying process. DTPA-loaded PEG-functionalized 
TiO2 nanoparticles were obtained as dry powders.

Characterization of Nanoparticles by 
Transmission Electron Microscopy
	 Transmission Electron Microscopy (TEM) was used to charac-
terize the TiO2 nanoparticles, before and after functionalization with 
PEG and loading of DTPA on a FEI Tecnai G2 F20 microscope oper-
ating at 200 kV.

Characterization of Nanoparticles by 
Fourier Transforms Infrared Spectros-
copy
	 The chemical structures of TiO2 nanoparticles and surface modi-
fied nanoparticles were characterized using an ABB (Bomem MB se-
ries, Quebec, Canada) Fourier Transform Infrared (FTIR) spectrom-
eter. Disc samples were prepared by grinding 2 mg of nanoparticles 
with 200 mg of spectrophotometric-grade KBr. All FTIR spectra were 
obtained in the spectral region of 600-4000 cm-1.
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Characterization of Nanoparticles by 
Dynamic Light Scattering
	 Dynamic Light Scattering (DLS) was used to measure the hydro-
dynamic size distribution of TiO2 nanoparticles and DTPA loaded 
PEG-TiO2 nanoparticles suspended in 10 mM potassium nitrate buf-
fer. DLS analysis of each suspension was performed using a Brookhav-
en Instruments nano DLS particle size analyzer (Holtsville, NY, USA). 
Each suspension was measured in ten replicates of 10 s each for higher 
accuracy [7,34].

Loading Capacity of PEG-Functional-
ized TiO2

	 The prepared PEG-functionalized TiO2 nanoparticles at different 
concentrations 0.0084, 0.0168, 0.0252, 0.0336, 0.042, 0.084, 0.126 and 
0.168 g/mL were mixed with 1 mL of DTPA-H5 at 1000 mg/L. The 
mixtures were left overnight to interact followed by centrifugation. 
LC-MS analysis of the supernatants was performed to determine the 
PEG-TiO2 capacity. The capacity of polyethylenimine functionalized 
TiO2 nanoparticles (PEI-TiO2) was determined following the same 
procedure [33].

In vitro Release of DTPA Loaded 
PEG-Functionalized TiO2 Nanoparti-
cles
	 Simulated Lung Fluid (SLF) was prepared with pH 7.4 for in vitro 
release tests based on Marques et al., description (Gamble’s solution) 
[35]. DTPA loaded PEG-functionalized TiO2 nanoparticles were dis-
persed in 10mL of SLF, followed by transferring to dialysis membrane 
tubing (MWCO 3500). Then, the dialysis tubing was immersed in a 
beaker containing 50 mL of lung fluid.The dialysis processwas per-
formed at 37±1ºC under magnetic stirring. At appropriate time inter-
vals, a dialysate sample was taken and replaced by the same volume 
of SLF to keep the dialysis volume constant. The in vitro release test 
was conducted for 28-50 hours. Finally, all the dialysate samples were 
analyzed by LC-MS/MS to determine the concentration of released 
DTPA versus the dialysis time.

Determination of DTPA Concentration 
by Liquid Chromatography-tandem 
Mass Spectrometry
	 Liquid Chromatography-tandem Mass Spectrometry (LC-MS/
MS) was used to determine the DTPA concentration released during 
the dialysis experiments. DTPA standard solutions and dialysate sam-
ples were mixed with Fe3+ ions to form a stable [M-4H+ + Fe3+]− cluster 
ion. All Fe-DTPA standards and dialysate samples were diluted with 
1:1 ratio of 0.1% formic acid before the analysis. A C18 column was 
used in LC (50 mm x 2.1 mm) maintained at room temperature. The 
mobile phase was prepared by mixing 98% A and 2% B at a flow rate of 
0.4 mL/min: (A) 0.1% formic acid in ultrapure water and (B) 0.1% for-
mic acid in acetonitrile. Formic acid facilitated the formation of pro-
tonated ions for higher MS detection sensitivity. Mass spectrometric  

analysis was performed using an Agilent Technologies model 6460 tri-
ple quad MS/MS system that was equipped with an ESI source operat-
ing in the negative mode. The operating parameters were: nitrogen gas 
flow rate = 9.8 L/min, gas temperature = 300°C, nebulizer pressure = 
15 psi, capillary voltage = 4000 V, fragmentor voltage = 135 V, and cell 
accelerator voltage = 7 V. Single ion monitoring was set up to record 
the peak at m/z = 445.

Results and Discussion
	 When a solution of DTPA-Na5 or DTPA-H5 was added into two 
batches of PEG-functionalized TiO2 NPs, most of the DTPA-H5 was 
absorbed into the nanoparticles as indicated by decreases in the DTPA 
concentration that remained in the supernatant liquid (Figure 1). 
However, all the DTPA-Na5 was found to remain in the supernatant 
liquid as illustrated in Figure 2. No change in the DTPA concentration 
was observed even with 1 week of contact time with varying amounts 
of functionalized NPs. Samples prepared with the addition of DT-
PA-H5 to the functionalized TiO2 NPs showed a significant decrease in 
the DTPA peak area as the concentration of PEG-TiO2 nanoparticles 
increased. The latter result suggested strong binding of DTPA-H5 with 
PEG-functionalized TiO2 NPs compared to DTPA-Na5. The formation 
of hydrogen bonds was a key factor for the interaction between DT-
PA-H5 and PEG. The ability of DTPA-H5 to act as a hydrogen donor 
allows the formation of hydrogen bonds between its carboxylic acid 
groups and the hydroxyl groups of PEG. This can explain the higher 
absorption of DTPA-H5 into the PEG-functionalized TiO2 compared 
to DTPA-Na5. Moreover, the low absorption of DTPA-Na5 could 
be due to the high affinity of DTPA5- toward Na+ ions compared to 
PEG. Kubota et al., found that DTPA in its acidic form was retained 
in the blood circulation for a longer time compared to its salt forms 
which were excreted very fast via urine [36]. Based on this result; DT-
PA-H5has been used for further experiments.

	 The TEM images in Figure 3 show an average particle size 
of 17-21 nm for TiO2 nanoparticles and 37 nm for DTPA loaded 
PEG-functionalized TiO2. This increase in size could be attributed to 
DTPA loading and PEG fictionalization of TiO2 NPs. Energy Disper-
sion x-ray (EDX) has been used to confirm our results. The atomic  

Figure 1: Absorption test of  DTPA-H5 into PEG-functionalized TiO2 nanoparticles 
by monitoring the concentration of  DTPA remaining in the supernatant liquid.

Figure 2: Absorption test of  DTPA-Na5 into PEG-functionalized TiO2 nanoparticles 
by monitoring the concentration of  DTPA remaining in the supernatant liquid.
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percentage of C increased in the DTPA loaded PEG-functionalized 
TiO2 nanoparticles when compared to the PEG-functionalized TiO2 
nanoparticles before DTPA loading.

	 Figure 4 exhibits the FTIR of TiO2, DTPA, PEG and DTPA loaded 
PEG functionalized TiO2. The presence of characteristic absorption 
peaks of the TiO2, PEG and DTPA in the DTPA loaded PEG function-
alized TiO2 suggested the loading of DTPA into the PEG functional-
ized NPs. The band at 602 cm-1 in the TiO2 (4a) corresponds to TiO2 
stretching vibration, shifted into 707 cm-1 in the DTPA loaded PEG 
functionalized TiO2 (4d). The intense band in the PEG at 2889 cm-1 
(4c) which, corresponds to the C-H stretching vibrations, shifted into 
2866 cm-1 in the DTPA loaded PEG functionalized NPs. The bands in 
the DTPA (4b) that appears at 1733 and1698 cm-1, corresponding to 
the COO- and C=O functional groups respectively, are shifted to 1728 
and 1636 cm-1 in the DTPA loaded PEG functionalized TiO2.

	 Dynamic light scattering of the TiO2NPs exhibited a hydrody-
namic diameter of 66 nm. The DTPA loaded PEG-TiO2 showed a 
significant increase in their hydrodynamic diameter compared to the 
bare TiO2 NPs. This increase confirmed the successful formation of 
DTPA-loaded PEG-functionalized TiO2nanoparticles.

	 The binding capacity experiment in Figure 4 showed a decrease 
in the DTPA peak area as the PEG functionalized TiO2 NPs concen-
tration increased from 0.0056 to 0.028 g/mL.The DTPA concentra-
tions in the supernatant decrease, which means more DTPA, have 
been absorbed into the surface of PEG-TiO2. However, no significant 
change in the absorption was observed when the PEG-functionalized  

TiO2 concentration increased from 0.056, to 0.084 g/mL indicating 
equilibrium has been reached (Figure 5a). The capacity of PEG-func-
tionalized TiO2 nanoparticles was determined to be 21 mg DTPA/g 
of PEG-TiO2 NPs based on LC-MS analysis. The low capacity of the 
functionalized TiO2 is due to the polymer fictionalization into the NPs 
surface. However, the use of coating polymer was essential for the re-
duction of TiO2 nanoparticles toxicity and clearance by macrophage 
system. To increase the loading capacity of PEG-functionalized TiO2 
NPs, TiO2 were functionalized with various 2%, 3% and 4% concen-
trations of PEG. However, the resulted PEG-functionalized TiO2 NPs 
didn’t exhibit higher capacity than the NPs that functionalized with 
1% PEG concentration. In an attempt to improve the loading capac-
ity of functionalized TiO2 nanoparticles, Polyethylenimine (PEI) was 
used to functionalize the TiO2 surface in a similar way to PEG. The-
oretically PEI is a positively charged polymer at neutral pH. There-
fore, electrostatic attractions between PEI and negatively charged 
DTPA could be strong compared to the electrostatic repulsion for 
negatively charged PEG. This can lead to more loading of DTPA into 
the PEI-functionalized TiO2 nanoparticles. However, PEI-function-
alized TiO2 nanoparticles did not exhibit efficient loading of DTPA 
compared to PEG-functionalized TiO2 nanoparticles, as shown in 
Figure 5b. About 50% of the DTPA was initially absorbed into the 
PEI-functionalized TiO2 nanoparticles at 0.0056 g/mL. When more 
PEI-functionalized TiO2 nanoparticles were added from 0.0112 g/mL 
up to 0.084 g/mL, the concentration of DTPA only decreased slightly, 
corresponding to a modest increase in DTPA loading from 21 mg/g to 
25 mg DTPA/g of PEI-functionalized TiO2 nanoparticles. Hence, the 
DTPA encapsulation efficiency of PEI-functionalized TiO2 nanoparti-
cles is not as good as PEG-functionalized TiO2 nanoparticles. Neither 
PEG-TiO2 nor PEI-TiO2 nanoparticles showed any affinity toward 
gadolinium Gd+3, which had previously been used as a model trivalent 
ion. Therefore, decorporation of radioactive actinides will rely totally 
on the loaded DTPA when these functionalized TiO2 nanoparticles 
are introduced to the contaminated lungs [37].

Drug Release Profile
	 DTPA has high affinity toward trivalent ions that are present in 
the lung fluid. This can lead to the formation of several DTPA com-
plexes. Therefore, the released DTPA in the dialysate samples was de-
termined by LC-MS upon the formation of a stable Fe-DTPA2- com-
plex due to the highest affinity of DTPA5- towards the Fe3+ metal ion 
compared to various metal ions such as Ca2+, Cd2+, Co2+, Cu2+, Mn2+ 
and Zn2+ [38,39]. As shown in Figure 6a, the Fe-DTPA2- peak appeared 
at a short retention time of 0.555 minutes. A linear trend line equation 
obtained by running a series of Fe-DTPA standard solutions was used 
to determine the unknown DTPA concentration in each dialysate as 
shown in Figure 6b.

Figure 3: TEM images: (a) TiO2 nanoparticles, and (b) DTPA-loaded PEG-function-
alized TiO2 nanoparticles. The TEM instrument offers a point resolution of  0.27 nm 
and a magnification ranging from 21 x to 700,000x.

Figure 4: FTIR spectra: (a) TiO2 nanoparticles, (b) PEG, (c) DTPA, and (d) DT-
PA-loaded PEG-functionalized TiO2 nanoparticles.

Figure 5: DTPA-H5 binding capacities: (a) PEG-functionalized TiO2 nanoparticles; 
(b) PEI-functionalized TiO2 nanoparticles.
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	 The drug release profile of DTPA from PEG functionalized titani-
um dioxide nanoparticles into simulated lung fluid is given in Figure 
7. The drug release profiles exhibit a rapid release of drug in the initial 
stage, followed by a slow, steady and controlled release of drug. Drug 
release profile (27 mg of DTPA in 950 mg of PEG-TiO2) shows 88% 
release of DTPA occurs around 22 hours and time for half release was 
4 hours. The obtained drug release half-life is longer than the biolog-
ical half-life of DTPA reported in the literature, which is 90 minutes. 
In the initial stage, the cumulative amounts of DTPA released rapidly 
reach 12.5 mg/L in the first 3.4 h. The cumulative amounts of DTPA 
increase slowly to reach 20 mg/L within the next 8 h. At 21 h the ac-
cumulative drug released increased from 20 to 25.8 mg/L to reach its 
maximum concentration. After 21 h there was no significant increase 
in the cumulative DTPA amounts. Due to this promising result, drug 
release of DTPA loaded PEG-TiO2 was performed in the presence of 
plain DTPA as a control. The plain drug concentration was equal to 
the concentration of DTPA loaded into the PEG-TiO2. The DTPA re-
leased from PEG-TiO2 showed an extended drug release compared to 
the plain drug. The drug release profile of (70 mg/L of DTPA) shows 
a complete release of DTPA occurs around 22 h as shown in Figure 
8. The 50% of the total DTPA concentration was released from the 
PEG-TiO2 at 210 minutes, while 50% of the plain drug released at 150 
minutes. The half-life of the drug released from PEG-TiO2 NPs is 60 
minutes longer than the plain drugs’ half-life.

	 The initial burst release of the drug could be attributed to the 
DTPA that absorbed into the surface of PEG. Then, the drug mol-
ecules that interact strongly or encapsulated into the PEG-TiO2 are 
released. In order to improve the drug release, it is very important to 
understand factors that affect the drug release such as drug solubility, 
particles size, and polymer-drug interaction [40].

Conclusion
	 Polyethylene glycol functionalized titanium dioxide nanoparticles 
have been developed successfully for use as a drug carrier. The load-
ing capacity of DTPA on the prepared PEG-TiO2 remains lower than 
the desired for application in decorporation. However, the prepared 
DTPA loaded PEG-TiO2 showed a sustained drug release compared 
to DTPA itself, indicating a promising future for further development. 
The use of DTPA loaded PEG-functionalized TiO2 as a decorporation 
Nanosystems for radioactive contaminates will be tested in the future.
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