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Abstract

Diethylenetriaminepentaacetic acid (DTPA) is a non-toxic chemical agent with strong actinide chelation properties that
has been approved for decorporation of internalized radioactive nuclides such as plutonium and americium. However,
DTPA exhibits poor inhalation delivery efficacy for emergency treatment due to short retention in the lungs. Chitosan
(CS) is a biodegradable, biocompatible and hydrophilic polymer that adheres to biological mucosa. CS nanoparticles
encapsulating DTPA were prepared by the ionic gelation method using sodium tripolyphosphate (TPP). The CS-
DTPA/TPP nanoparticles have been characterized for reversible unfolding in a simulated lung fluid. Extended release of
the agent, for improved efficacy of actinide decorporation, was monitored by liquid chromatography-mass spectrometry.
The in vitro release profile exhibits an initial burst, followed by a sustained release to reach finally a stable level. More
importantly lysozyme, a protein in respiratory tract secretions, exhibits no negative impact on the extended release of

DTPA from the CS-DTPA/TPP nanoparticles.
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Introduction

Nuclear energy is considered as a clean and cost-
effective power resource that has gained world-wide
popularity over the past 5 decades. However globally
there have been recorded nuclear accidents (that either
resulted in the loss of human life or more than US$50,000
of property damage), including ten accidents in Canada
from 1952 to 2011 [1]. Radionuclides can be released into
the environment during nuclear accidents, such as the
reactors at Chernobyl [2] and Fukushima [3], with the
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potential to pose risks to human health through external
exposure or internal contamination (inhalation, ingestion
or wound). Internalized radionuclides can be transported
by the blood and deposit in the target organs such as
bones, kidneys and liver [4]. Effective treatments vary for
different radionuclides and are related to intake
pathways, the level of contamination, the chemical form of
each radionuclide, as well as the time interval between
contamination and treatments [5-7]. For internal
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contamination with actinides such as plutonium and
americium, timely administration of decorporation agents
is crucial for effective treatment. The U.S. Project
BioShield Act of 2004 authorized the Department of
Health and Human Services (DHHS) to treat, identify or
prevent harm from any biological, chemical, radiological,
or nuclear agent that may cause a public health
emergency affecting national security [8]. Consistent with
this authority, the National Institute of Allergy and
Infectious Diseases (NIAID) focused on the development
of novel radionuclide chelation and decorporation agents.
These agents chelate with actinides and form soluble
stable complexes that can be excreted from the body.

Diethylenetriaminepentaacetic acid (DTPA) is an
effective decorporation agentto remove tetravalent
actinides [9]. It is currently still the only commercially
available chelating drug that can be wused for
decorporation of internalized plutonium and americium
[10]. Pu DTPA- and Pu(OH)DTPAZ- are the two stable
species of plutonium present in blood [11]. Injectable
formulations of DTPA have been approved by the FDA,
and a diethyl ester prodrug of DTPA is being investigated
as an oral decorporation agent [12]. Calcium and zinc
diethylenetriaminepentaacetates (Ca-DTPA and Zn-
DTPA) are the most common forms used for radionuclide
decorporation. Ca-DTPA chelates transuranic metals
(americium, californium, curium, neptunium, plutonium),
rare earth metals (cerium, lanthanum, yttrium) and
transition metals (niobium, zirconium) [13]. Zn-DTPA is
regarded as an effective decorporation agent for the
treatment of internal contamination by Pu and Am with
less toxic effect than Ca-DTPA [14]. These two
pentaacetate salts are most effective if the actinides to be
chelated are in soluble forms [15]. However, as more than
90% of the administered DTPA is excreted within
24hours, repeated doses are often necessary to achieve
the required decorporation efficacy [16]. Direct lung
delivery of the chelating agent to the alveolar region may
increase its local concentration as compared to systemic
delivery and therefore increase the extent of
decorporation [17].

Chitosan, a linear polymer of B-linked 2-amino-2-
deoxy-D-glucose residues, is a deacetylated form of chitin,
the most abundant natural polymer after cellulose.
Chitosan can be prepared from chitin (poly B-(1-4)-N-
acetyl-D-glucosamine) by chemical N-deacetylation up to
50% [18,19]. Chitosan is a non-toxic, biodegradable and
biocompatible polymer. It shows biological, physiological
and pharmacological properties that are different from
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cellulose.  These  biological properties include
antimicrobial activity, eliciting biological responses,
mucoadhesion, hypolipidemic activity, immune
enhancement, hemostatic activity, and promotion of
wound healing [18]. Chitosan has been proposed to be
applied in mucosal drug delivery owing to its
mucoadhesion activity [20]. It has been used as a drug
carrier for peptide drugs in the nasal and peroral delivery,
in order to improve drug absorption [21,22]. The cationic
polyelectrolyte property of chitosan allows interaction
with a negatively charged mucosal surface [23].

Lysozyme existing in serum can degrade chitosan [24].
The degree of N-deacetylation and molecular weight of
chitosan can affect lysozyme degradation behavior [25].
The degradation process is very slow for the chitosan
with a relatively high deacetylation degree while those
with a low deacetylation degree experience faster
degradation process [26]. The chitosan with lower
molecular weight will be degraded faster in lysozyme
than the chitosan with higher molecular weight [25]. The
in vitro lysozyme degradation under the physiological
conditions (pH=7.4, 37°C) indicates that the cumulative
mass loss reaches approximately 46% for the porous
Chitosan (deacetylation degree= 89%) membrane after 7
days [25].

The purpose of this work was to combine the
biochemical properties of chitosan and DTPA to improve
the efficacy of decorporation therapy. lonic gelation
method was applied in preparing chitosan nanoparticles
with encapsulated DTPA, using sodium tripolyphosphate
(TPP) as a cross-linker. The synthesized CS-DTPA/TPP
nanoparticles were characterized by several instrumental
analysis techniques. In vitro release was studied to
determine the release profile of CS-DTPA/TPP
nanoparticles. Lysozyme was assessed for its effect on the
DTPA release behavior due to degradation of chitosan.

Materials and Methods

Materials

Chitosan (low molecular weight),
diethylenetriaminepentaacetic acid pentasodium salt
solution (40% in H:0),D-mannitol (Bioultra 299.0%),
formic acid, iron(Ill) chloride hexahydrate, magnesium
chloride hexahydrate, sodium acetate, sodium hydroxide,
sodium tripolyphosphate pentabasic, and lysozyme (from
chicken egg white, lyophilized powder, protein=90%,
240,000 units/mg protein) were purchased from Sigma-
Aldrich. Acetic acid (glacial) was purchased from EMD
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Chemicals. Regenerated cellulose dialysis membranes
(MWCO 3500) were purchased from Thermo Fisher
Scientific.

Preparation of CS-DTPA complex

The CS-DTPA complex was synthesized according to a
previously reported method [27]. First, chitosan was
dissolved in 1% acetic acid in order to obtain positively

charged chitosan at the concentration of 1mg/mL. Next,
40% DTPA-Na salt solution was added into the chitosan-
acetic acid solution at different weight ratios between
DTPA and chitosan. Negatively charged DTPA was
allowed to react with positively charged chitosan
overnight to form the CS-DTPA complex, following the
equation in Scheme 1.
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Scheme 1 Chemical synthesis of CS-DTPA complex.
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Preparation of CS-DTPA/TPP nanoparticles

Nanoparticles were prepared from the CS-DTPA
complex solution by the ionic gelation method, a
reversible physical cross-linking process that relies on
electrostatic attraction instead of chemical bonds [28].
The CS-DTPA complex solution was adjusted to pH 4.5
using 2 M NaOH solution. An aqueous solution of sodium
TPP was prepared at a concentration of 0.5mg/mL. Under
mild magnetic stirring at room temperature, the TPP
solution was added drop wise to the CS-DTPA complex
solution to attain different CS/TPP weight ratios. The
mixture was stirred continuously for 1 hour to form CS-
DTPA/TPP nanoparticles in aqueous suspension.

Preparation of CS-DTPA/TPP dry powders

Freezing drying was used to prepare CS-DTPA/TPP dry
powders from the above suspension. An aqueous solution
of 5% mannitol was prepared to act as dispersant that
prevented the aggregation of CS-DTPA/TPP nanoparticles
during the freeze drying process. The aqueous suspension
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of CS-DTPA/TPP nanoparticles was added into the
mannitol solution. The final CS-DTPA/TPP mannitol
complex was pre-frozen overnight. Dry powders of CS-
DTPA/TPP/mannitol were finally obtained in a Labconco
model 7753020 freeze dryer operating at a temperature
of -53°C.

Characterization of nanoparticles by
transmission electron microscopy

Transmission electron microscopy (TEM) was used to
characterize the CS-DTPA/TPP nanoparticles on a FEI
Tecnai G2 F20 microscope operating at 200 kV. The TEM
analysis offered a point resolution of 0.27 nm and a
magnification ranging from 21x to 700,000x.

Characterization of nanoparticles by Fourier
transform infrared spectroscopy

The molecular structure of CS-DTPA/TPP dry powders
(with different weight ratios of chitosan to DTPA) were
characterized using an ABB Bomem MB Series Fourier
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transform infrared (FTIR) spectrometer. Disc samples
were prepared by grinding and compressing a small
amount of sample (~2mg) with spectro photometric-
grade KBr (~200 mg). All FTIR spectra were obtained in
the spectral region of 600-4000 cm-1.

Characterization of nanoparticles by dynamic
light scattering

Dynamic light scattering (DLS) was used to measure
the  hydrodynamic  size  distribution of CS-
DTPA/TPP/mannitol dry powders dispersed in a buffer
solution that was prepared by dissolving 1mmol of
sodium acetate in 1% (v/v) acetic acid solution. Each
dispersion was ultra-sonicated for 5 minutes before DLS
analysis using a Brookhaven Instruments nano DLS
particle size analyzer (Holtsville, NY, USA). Ten replicate
measurements of 10 s each were performed to ensure
high accuracy.

In vitro release of DTPA from CS-DTPA/TPP
nanoparticles

Gamble's solution was prepared as the simulated lung
fluid (SLF) with pH 7.4 for in vitro release tests because it
represents the interstitial fluid deep inside the lungs
down to the alveoli [29]. The CS-DTPA/TPP/mannitol dry
powders were dissolved in the SLF at a concentration of
10mg/mL. Lysozyme could be added to reach a
concentration of 10 mg/mL. The suspension of recovered
CS-DTPA/TPP nanoparticles in SLF was placed in a
dialysis tube. The dialysis tube was then immersed to a
beaker of 50mL SLF kept at 37+1°C under stirring. At
appropriate time intervals, a sample of dialysate was
withdrawn. Meanwhile, an equal volume of fresh SLF was
added in the dialysis beaker to keep the volume of SLF
constant. The release test was continued for seven days
and the last dialysate sample was collected at 168 hours
after the beginning.

Determination of DTPA concentration by liquid
chromatography-tandem mass spectrometry

The dialysate samples collected from the release tests
(in the absence and presence of lysozyme) were analyzed
by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) to determine their DTPA concentrations.
Fe(I1I) ions were added into all DTPA standard solutions
and dialysate samples; DTPA chelated with Fe(III) ions to
form stable[M - 4H*+ Fe3+]-cluster ions. All Fe(III)-DTPA
standards and dialysate samples were diluted with 0.1%
formic acid before the analysis. LC was carried out on
aC18 column (50mm x 2.1mm) maintained at room
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temperature using two solvents: 0.1% formic acid in
ultrapure water (A) and 0.1% formic acid in acetonitrile
(B). The mobile phase was prepared by mixing 98% A and
2% B. Formic acid could increase the electrospray
ionization (ESI) sensitivity by forming protonated ions.
The flow rate was set at 0.400mL/min. Mass
spectrometry analysis was performed using an Agilent
Technologies model 6460 triple quad MS/MS system
which was equipped with an ESI source operating in the
negative mode. The operating parameters were: gas flow
rate = 9.8 L/min, gas temperature = 300°C, nebulizer
pressure = 15 psi, capillary voltage = 4000V, fragment or
voltage = 135V, and cell accelerator voltage = 7V. Single
ion monitoring was set up to record the peak at m/z =
445.

Results and Discussion

Characterization of  morphology, size
distribution and molecular structure

The CS-DTPA/TPP nanoparticles, synthesized by ionic
gelation of CS-DTPA with TPP, were characterized by
several instrumental methods to determine their
morphology, size distribution and molecular structure.
Firstt TEM was wused to examine CS-DTPA/TPP
nanoparticles with two different chitosan to DTPA weight
ratios. (Figure 1a) shows the spherical morphology of CS-
DTPA/TPP nanoparticles prepared using a chitosan to
DTPA weight ratio of 1:2.5. The irregularly shaped
morphology of CS-DTPA/TPP nanoparticles prepared
using a chitosan to DTPA weight ratio of 1:25 can be
observed in (Figure 1b). Obviously these TEM images
show that the synthetic CS-DTPA/TPP nanoparticles are
all smaller than 50 nm, which is good for their nasal
administration down to the lower respiratory tract in
human lungs. Aggregation of nanoparticles, albeit
inevitable in the dried sample for TEM analysis, may not
be detrimental to the efficacy of decorporation therapy as
DTPA can be released from the nanoparticles after
delivery by a jet nebulizer for aerosol deposition into lung
fluid.
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Figure 1: Transmission electron microscopy images of CS-
DTPA/TPP nanoparticles: [a] CS/DTPA=1:2.5and [b]
CS/DTPA=1:25.

Next, the hydrodynamic diameter of CS-DTPA/TPP
nanoparticles was analyzed by DLS. (Figure 2a) presents
the size distribution of nanoparticles synthesized with a
chitosan to DTPA weight ratio of 1:1. Most particles
(72%) are in the size range of 0-50nm while some
particles are larger than 100nm due to aggregation.
(Figure 2b) provides a breakdown of the size distribution
for nanoparticles under 50nm. Approximately 40% of
these nanoparticles are smaller than 15nm. Similar size
distributions were obtained for CS-DTPA/TPP
nanoparticles synthesized with a chitosan to DTPA weight
ratio ranging from 1:2.5 to 1:25. Briefly, 44% - 73% of the
nanoparticles are under 50 nm, and approximately 20% -
50% of these are smaller than 15 nm. Hence, they can
reach the alveolar region in the deep lungs and achieve
systemic drug delivery via blood circulation.
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Figure 2: Particle size distribution of CS-DTPA/TPP
nanoparticles (CS/DTPA=1:1).
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Furthermore, FTIR was applied in analyzing the
chemical structure of CS-DTPA/TPP dried powders to
verify the chemical bond between chitosan and DTPA. In
the preparation of CS-DTPA complex, an acidic aqueous
medium protonated the -NH; functional group of Chitosan
to form -NHs*which then reacted with the-COO-functional
group of DTPA-NaviaN-acetylation. The FTIR spectra of
CS-DTPA/TPP dried powders synthesized with different
chitosan to DTPA weight ratios are shown in Figure 3.
Both O-H and C-H stretching vibrations appear in the
range between 3700 and 2500 cm. The -CH»- and -CH-
vibrations are found at 2939.3 and 2910.4cm!. The peaks
at 1633.6, 1571.9 and 1417.6 cm! correspond to the
stretching vibration of C=0 (amide I), bending vibration of
N-H (amide II), and stretching vibration of C-N (amide III),
respectively [24]. The existence of amide bond is hence
verified, proving that chitosan has successfully
encapsulated DTPA in the nanoparticles. By increasing the
weight ratio of DTPA to chitosan, the amide peaks become
stronger because more -NH; functional groups of chitosan
react with the ~-COOH functional groups of DTPA to form -
CONH-. Moreover, two peaks at 1282.6 and 1207.4 cm-!
involve the stretching vibration of C-0O. Last, the peaks at
1083.9 and 1020.3 cm-1 are assigned to mannitol [30].
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Figure3:  FTIR spectra of CS-DTPA/TPP dried

powders synthesized with different chitosan to DTPA
weight ratios (1.25:1, 1:1, 1:2.5, 1:25).
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In vitro Release of DTPA from CS-DTPA/TPP
nanoparticles

In vitro release of DTPA from CS-DTPA/TPP
nanoparticles was conducted in the simulated lung fluid
(pH 7.4) at 37°C to demonstrate the potential for
extended decorporation of radio nuclides. After the CS-
DTPA/TPP/mannitol dry powders were dispersed in the
fluid, mannitol dissolved away quickly from the CS-
DTPA/TPP nanoparticles. The encapsulated DTPA could
then be released continuously over a period of many
hours. The concentration of DTPA in dialysate samples
were determined by LC-MS/MS analysis with reference to
a standard calibration curve. However, DTPA is a
chelating agent that can form stable complexes with
various metal ions such as Ca?*, Cd?+, Co2+, Cu2+*,Mn2* and
Zn2+[31]. The formation of multiple metal complexes was
a challenge for LC-MS/MS determination of DTPA. It was

necessary to convert DTPA to a single metal complex.
Formation constants for metal-DTPA complexes are in the
order of Fe3*> Cu2+>Al3+>Zn?* [32]. Among these essential
metals, Fe3* has the highest binding affinity with DTPA
[33]. Specifically, the complex formation constants are
28.6 and 21.5 for Fe3+-DTPA and Cu?+-DTPA. Therefore,
Fe3* was added into all DTPA standard solutions and
dialysate samples before LC-MS/MS analysis. This
prevented the formation of DTPA complexes with other
metal ions existing in the simulated lung fluid, thus
improving the accuracy of released DTPA determination
by LC-MS/MS. Figure 4a shows an example of a liquid
chromatogram for DTPA and Figure 4b shows the
standard calibration curve that was constructed from the
peak areas of Fe3*-DTPA in the chromatograms obtained
for a series of DTPA standard solutions by LC-MS/MS
analysis at m/z=445.
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Figure 4: [a] Liquid chromatogram of Fe3+-DTPA at a retention time of 0.433 min using selected ion
monitoring at m/z =445. [b] Standard calibration curve of Fe3+-DTPA peak areas versus DTPA
concentrations.

Based on the linear trend line equation, the
concentration of DTPA (C;) in each unknown dialysate
sample i could be calculated. The cumulative amount of
DTPA released (4.) was then calculated using the
following equation:

4=V,5CHV,C,
i=1

Where V. is the volume of each dialysate sample (3mL),
Vyis the volume of simulated lung fluid outside the
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dialysis tube (50mL), and C, represents the concentration
of DTPA in the nth sample.

In vitro release of DTPA from the CS-DTPA/TPP
nanoparticles was conducted in the simulated lung fluid
without adding lysozyme. The cumulative amounts of
DTPA released from CS-DTPA/TPP nanoparticles with
different chitosan to DTPA weight ratios are shown in
Figure 5.
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[a] Cumulative amount of DTPA released from CS-DTPA/TPP nanoparticles in simulated lung
fluid without adding lysozyme; [b] Magnified DTPA release profiles for CS/DTPA=1:2.5 and CS/DTPA=1:1.

For all of the CS-DTPA/TPP nanoparticles (CS/DTPA =
1:1, 1:2.5 and 1:25) prepared in this work, the release
profiles exhibit an initial burst, a slow release in the next
stage and a relatively stable level in the final stage. In the
initial 6 hours, the cumulative amounts of DTPA released
(from 50 mg of dry powders containing 9.5 mg of DTPA)
rapidly reach 0.57, 0.64 and 4.7mg, respectively. In the
next 92 hours, the cumulative DTPA amounts slowly
increase to 0.73, 0.82 and 6.6mg, respectively. After 98 h,
there is no significant increase in the cumulative DTPA
amounts. After 168 hours (7 days), the final cumulative
amounts of DTPA are 0.77, 0.85 and 6.7 mg, respectively.
Hence, initially the CS-DTPA/TPP nanoparticles have
gradually released 70-75% of the final cumulative DTPA
amount over an extended period of 6 hours. This
represents a significant improvement compared with the
conventional administration of DTPA directly into the
lung fluid.

Effect of lysozyme on DTPA release profiles

Based on the literature, the drug carrier chitosan is a
biodegradable polymer and its chain structure can be
decomposed by lysozyme which is an enzyme existing in
vivo [24]. Could this have a negative impact on the
extended DTPA release profiles? In vitro release testing
was next conducted in the simulated lung fluid after
adding lysozyme. The cumulative amounts of DTPA
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released from CS-DTPA/TPP nanoparticles in the
simulated lung fluid after adding lysozyme are shown in
Figure 6, for comparison with those obtained without
lysozyme. Apparently the presence of lysozyme does not
significantly change the cumulative amount of DTPA
released from the CS-DTPA/TPP nanoparticles. After 168
hours (7 days), the cumulative amounts of DTPA released
from CS-DTPA/TPP nanoparticles of the highest weight
ratio (DTPA/CS=25:1) are 7.03 mg after adding lysozyme
and 6.70 mg without lysozyme. The final cumulative
amounts of DTPA released from CS-DTPA/TPP
nanoparticles of a medium weight ratio (DTPA/CS=2.5:1)
reach 0.87mg and 0.85mg, respectively. Similarly, the final
cumulative amounts of DTPA released from CS-DTPA/TPP
nanoparticles of the lowest weight ratio (DTPA/CS=1:1)
are 0.74 mg and 0.77 mg.

DTPA release mechanism

Agnihotri et al. [28] have previously pointed out that
many factors, such as the density, extent of cross-linking,
morphology and size of the particles, physicochemical
properties of the drug, as well as the presence of
adjuvants, can affect the time profile of drug release from
chitosan-based particles. Furthermore, in vitro release can
also be affected by the pH, ionic strength, and presence of
enzymes in the release medium.
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Three different mechanisms maybe involved in drug
release from chitosan-based particles: (a) release from
particle surface, (b) diffusion through the swollen matrix,
and (c) polymer degradation resulting in the release.
Generally, more than one mechanism is involved in any
drug release system [34]. Chitosan is a hydrophilic
polymer, so mainly mechanisms (a) and (b) could control
the release of DTPA from the CS-DTPA/TPP nanoparticles
studied in the present work. The simulated lung fluid
probably penetrated the nanoparticles and resulted in
swelling of the CS-DTPA-TPP matrix, thus facilitating
DTPA diffusion out of the nanoparticles. Although the
chain structure of chitosan were broken by lysozyme at
the B-(1—4) links, the TPP cross-linkers did not free up the
CS-DTPA quickly to allow for rapid release of DTPA from
the degrading CS-DTPA/TPP nanoparticles. By analogy,
extended release of DTPA can reasonably be expected
despite abundant lysozyme in situ when it comes to
decorporation of internalized plutonium and americium.

Conclusions

The ionic gelation method has been successfully
applied to the preparation of CS-DTPA/TPP nanoparticles,
wherein TPP is the cross-linker that pulls the CS polymer
together to form a spherical morphology with a gel-like
matrix for extended release of the encapsulated
decorporation agent DTPA. Most CS-DTPA/TPP
nanoparticles are smaller than 50 nm, no matter what the
DTPA to chitosan weight ratio is. N-acetylation has
occurred between the -NH; functional groups of chitosan
and the -COOH functional groups of DTPA. Initially the CS-
DTPA/TPP nanoparticles gradually release 70-75% of the
final cumulative DTPA amount over an extended period of
6 hours. This is potentially useful in delivering a
controlled amount of decorporation agent into the blood
stream through the lungs. After 98 hours, the cumulative
amount reaches a steady-state level as dictated by
chemical equilibrium (between the CS-DTPA complex and
dissociated DTPA) and diffusion kinetics (as DTPA moves
down a concentration gradient) through the swollen CS-
TPP matrix for free release at the nanoparticle surface.
Lysozyme, present in the lung fluid, has no negative
impact on the extended release profile or final cumulative
amount of DTPA. To better preserve the nanoparticles,
freeze drying can be applied to produce dried powders
using mannitol as a dispersant to suppress the
aggregation of nanoparticles. The dried powders are easy
for accurate dosing into deployable medication devices
such as a personal inhaler.
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