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Effects of a Modified Chitosan Compound Combined with Lung
Lavage after Inhalation of Depleted Uranium Dust

Yao Xiao,1 Feng Zeng,1 Weilin Fu,1 Yi Zhang,1 Xiangyu Chen,1 Yi Liang,2 Rong Li,3 and Minghua Liu1
Abstract—When exposed to depleted uranium (DU), the respiratory
tract is the main route for DU to enter the body. At present, lung
lavage is considered to be amethod for removing DU from the lung.
However, there is still room for improvement in the efficiency of
lung lavage. In this work, amodel of DUdust inhalation injurywas es-
tablished inbeagle dogs so that chitosan-diethylenetriaminepentaacetic
nanoparticles (CS-DTPA NP) could be synthesized. The purpose
of this work was to evaluate the removal efficiency of CS-DTPA
NP combinedwith lung lavage in dogs. Results showed that 7 d af-
ter DU exposure, the diethylenetriaminepentaacetic (DTPA) and
CS-DTPA NP groups showed lower U content in kidney tissue
compared with the normal saline (NS) group. In the left lung tis-
sue (lavage fluid and recovery rate of lavage fluid), the U content
in the CS-DTPA NP group was higher than in the NS and DTPA
groups. In terms of blood levels, the CS-DPTA NP group increased
over time at 1, 3 and 7 d of DU exposure without lavage; however,
the U levels in the 3 and 7 d lavage groups were significantly lower
than in the non-lavage groups. IL-1 in the lavage fluid of the
CS-DPTA NP and CS NPs group were lower than in the NS
group. In summary, after respiratory exposure to DU, early inha-
lation of CS-DPTA NP may block insoluble DU particles in the
lung, and if combined with lung lavage, the clearance efficiency
of DU from lung tissue improves.
Health Phys. 122(6):663–672; 2022
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INTRODUCTION

NATURAL URANIUM consists of three radioisotopes: 238U, 235U
and 234U. Depleted uranium (DU) is a byproduct of the re-
action of natural uranium into nuclear fuel. In contrast to
natural uranium, DU has 70% less of 235U but 99.8% of 238U
content, indicating lower radioactivity. Due to its high den-
sity and low radioactivity, it is widely used in heavy tank ar-
mors, armor-penetrating shells, missiles, and some civilian
devices. DU has radiotoxicity and chemical toxicity effects
in the human body, with the latter as the main effect. When
DU weapons explode, a large amount of DU dust and aero-
sol particles would be produced. If this occurs at extremely
high temperatures, uranium metal will oxidize into a series
of composite oxides, including triuranium octaoxide (U3O8),
uranium dioxide (UO2), and uranium trioxide (UO3) (Fulco
et al. 2000; Priest 2001; Craft et al. 2004).

DU enters the body through skin shrapnel residue, inges-
tion, and inhalation, among which the respiratory tract is the
main exposure route (Miller et al. 2017). The body absorption
of DU varies according to concentration, shape, and particle
size. Petitot et al. (2013) found that DU nanoparticles smaller
than 100 nm could be rapidly absorbed and deposited in the
respiratory tract of rats. A portion of DU entering the respira-
tory tract is flushed through the mucosal cilia and swallowed
into the gastrointestinal tract before being excreted. It can also
deposit in the lungs, especially in the insoluble form, and re-
main in the alveolar area before slowly dissolving (Craft et al.
2004; Yue et al. 2018). Therefore, accelerating the removal of
insoluble DU aerosols, shortening the retention time, and re-
ducing the concentration of DU aerosols in lung tissues will
exert beneficial effects to human bodies (Gu et al. 2012).

Currently, chelating agents are used for the acute and
chronic treatment ofmetal poisoning (Andersen 1999), among
which diethylenetriaminepentaacetic acid (DTPA) is a broad-
spectrum chelating agent recommended by the FDA for the
decontamination or treatment of individuals exposed to radio-
active elements and lanthanides (USFDA 2004; Cao et al.
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2014; Yue et al. 2018). However, according to the results of
actinide biodynamic experiments, the chelating agent must
be able to pass through the cell membrane and reach where
the radionuclide was distributed. Unfortunately, DTPA hardly
passes through the cell membrane and can only target free
radionuclides in the blood (Taylor 1983).

As one of the most abundant natural polysaccharides,
chitosan (CS), or polyglucosamine (1–4) -2-amino-B-Dglucose
has many advantages, including its lack of toxicity, biocom-
patibility, biodegradability, and bioactivity (Zhuang et al.
2020; Mikušová and Mikuš 2021). Due to the large number
of amino and hydroxyl groups in chitosan, it can chelate
heavy metal ions and is widely used as a biosorbent for pol-
luted water (Zhang et al. 2017). Liu et al. (2012) linked
water-soluble lowmolecular weight chitosan (WSC) to DTPA
using a N-acetylation reaction and created WSC-DTPA nano-
particles, indicating that these nanoparticles enter cells through
their membranewithin 2 h.Hu et al. (2013) showed thatWSC-
DTPA nanoparticles promoted the excretion of DU in vivo,
and the accumulation of DU in tissue cells was reduced by in-
travenously injecting uranyl nitrate into rats.

Chelating agents could be directly delivered to the lungs
for better elimination of deposited radionuclides in the lungs.
Inhalation therapy not only avoids first-pass metabolism by
the liver but also shows high local drug concentrations and
few systemic adverse effects (Bosquillon et al. 2001; Wang
2011). In addition, Ran et al. (2020) suggested that after ex-
posure to DU, soluble uranium could be removed from the
body using chelating agents, while the insoluble fraction of
uranium could be removed using lung lavage. Dean et al.
(1997) also suggested that lung lavage can be used to remove
radionuclides. As a safe and relatively non-invasive method,
lung lavage could be used to distinguish the deposited radio-
nuclides from infections, diseases, and malignancies in lungs
(Walters and Gardiner 1991). For insoluble radionuclide par-
ticles in the respiratory system, we have also demonstrated
the effectiveness of lung lavage previously (Fu 2021).

However, there are no reports using nanoparticles in
combination with lung lavage to treat respiratory exposure.
Based on this, we synthesized CS-DPTA NP in this study
based on the methods in prior studies (Hu 2013). ADU con-
tamination model in beagle dogs was established using a
modified microfiber bronchoscopy-guided spray bronchial
device (Patent. No: CN201921851213.X). CS-DPTA NP
was directly inhaled into the lung. Lung lavage was used to
investigate the effects of CS-DPTA NP on the removal of in-
soluble DU particles in contaminated lungs.
MATERIALS AND METHODS

Synthesis and characterization of CS-DTPA
The CS-DTPA was prepared as described in previous

studies (Hu 2013). Briefly, CS (DD = 92.3%, Mv = 3000,
www.health-phy
purchased from Nantong Xingcheng Biological Products
Factory, Jiangsu, China) was added to 1% hydrochloric acid
solution. The flask was mixed to fully dissolve the CS.
DTPA (Shanghai Xinyu BiotechnologyCo., Shanghai, China)
wasweighed at 20:1 and added into the CS solution andmixed
usingmagnetic stirring. The pH of the solutionwas adjusted to
5–6 by NaOH solution. 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC; Aladdin) and
N-hydroxysuccinimide (NHS, Aladdin) were added to the
solution. Then, the solution was subjected to magnetic stir-
ring for 24 h at 30 °C. At the end of the reaction, the solution
was placed into dialysis bags and repeatedly purified with
deionized water and sodium hydroxide solution for 3 d. Fi-
nally, the product was prepared by vacuum freeze-drying
and stored at −20 °C.

Dried CS-DTPA were compressed into tablets using a
KBr press. Fourier transform infrared spectroscopy (FTIR)
was acquired using an iS10 FT-IR spectrometer within the
scan range of 400–4,000 cm−1. The spectrometer had a resolu-
tion of 4 cm−1, signal-to-voltage ratio of 505:1, and 64 scans.
The 1H nuclear magnetic resonance (NMR) spectra of CS-
DTPA were recorded on Agilent 600 MHz NMR (Agilent
Technologies, Lexington, MA) spectrometer using deuterium
oxide (D2O).

Preparation of CS-DPTA NP
CS-DTPA nanoparticles were prepared using the ionic

gelation method (López-León et al. 2005; Jhaveri et al.
2021). The appropriate amount of CS-DTPA was added to
1% acetic acid solution under magnetic stirring overnight.
The concentration of CS-DTPA solution was 5mgmL−1, with
the pH of the solution adjusted to 5–6 by 0.1 mol L−1 NaOH
solution. Sodium tripolyphoshate (STPP) solution was added
to the CS-DTPA solution under 800 ± 10 rpm stirring at room
temperature for 30 min. The mass ratio of STPP solution to
CS-DTPA solution was 3:1.

Characterization of CS-DPTA NP
The particle size ofNPswas determined using a Zetasizer

Nano (Malvern Panalytical, Ltd., 2000, Malvern, UK) at 25 °
C. Transmission electronmicroscopy (TEM) analysis was per-
formed using a transmission electronic microscope (JEM-
F200, Franklin, MA).

Animals
Thirty-two adult beagle dogs (50% male and 50% fe-

male), weighing 10.0 ± 1.8 kg, were provided by the Insti-
tute of Experimental Animals of Chongqing Academy of
Traditional Chinese Medicine [Chongqing, China; Animal
Certificate license No.: scxk (Su) 2018-0007]. All experi-
ments were implemented in accordance with animal protec-
tion guidelines and approved by the Animal Ethics Commit-
tee of the Third Military Medical University.
sics.com
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Fig. 1. Schematic illustration of model and treatment of lung contamination in beagle dogs.
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Establishment of a model for acute lung injury by DU
exposure and four intervention treatments

DU oxide powder (U3O8; National Munitions Corpora-
tion, Beijing, China) with a geometric diameter of 1–6 mm
(average, 2.7 mm) was grounded, passed through a 500-mesh
sieve, accurately weighed, sterilized under high pressure, mixed
with normal saline into a 50 mg mL−1 suspension and con-
tinuously stirred at low speed using a magnetic agitator
(MS7-H550-Pro, Yongli Instrument Co. LTD, Suzhou,
China) (Zhang et al. 2011).

A model of DU dust inhalation injury in beagle dogs
was established based on the literature (Fu et al. 2021)
(Fig. 1). Each groupwas fasted for 12 h before the experiment.
An intramuscular injection of serazine hydrochloride (ap-
proximately 1.5 mL) was administered to each dog based
on their weight before DU exposure. Dogs were sent to
the laboratory when anesthesia took effect. Dogs were placed
in the supine position, with heads tilted back and limbs
bound and fixed on the experiment table, followed by the in-
sertion of a hand-held laryngoscope through the oral cavity.
After provoking the epiglottis, a double-lumen bronchial in-
tubation tube (32 Fr LEFT) was inserted into the left main
bronchus through the laryngoscope. Under the guidance of
an ultrafine fiberoptic bronchoscope, the front end of the
catheter of the spray staining device designed by the research
group was placed at the bifurcation of pulmonary lobar bron-
chi. The left chest of the dog was patted and injected with the
DU suspension at a dose of 10 mg kgI�1. After completion,
the animals were quickly turned up and down for 3 min to
make the DU suspension evenly distributed in the left lung
tissue. After 30 min of exposure to DU, the four groups were
treated with normal saline, DTPA, CS NPs, and CS-DPTA
NP (30 mg kg�1) through ultrasonic aerosol inhalation for
30 min. The endotracheal tube was removed once the dog
woke up. All experiments were conducted in animal operating
rooms with aseptic techniques.

The lung lavage procedure
The lung lavage procedure was performed consistently

with that of the previous studies (Fu et al. 2021). Dogs were
www.health-phy
placed on operating tables and treated with lung lavage 24 h
after DU exposure, with anesthesia induced through intra-
muscular injection of 3% pentobarbital sodium solution
(0.8 mL kg−1) during lung lavage. Aventilator [mode, inter-
mittent positive-pressure ventilation (IPPV); fraction of in-
spired oxygen, 100%; tidal volume, 300–500 mL; respira-
tory frequency, 12–20 beats min−1; inspiratory/expiratory
ratio, 1:2] was connected to control the dog’s ventilation
mechanically for 5 min. The status of dogs was observed.
If nothing unusual was observed, both lungs were ventilated
with pure oxygen for 10 min to reserve oxygen.

Then, lung lavage treatment was performed on the left
lung. The joint of the ventilation lung was connected to the
catheter of the ventilator, while that of the endotracheal tube
in the lavage lung was connected to a three-way lavage cath-
eter. During each lavage, 20 mL kg−1 NS (maintained at a
temperature of 37 °C) was perfused at a rate of 80 mLmin−1

and retained in the lung for 1 min before being withdrawn at
a rate of 160 mL min−1. To increase the collected recovery
of lavage fluid and reduce residual fluid in the lungs, dogs
required chest clapping and negative pressure aspirators.
An ultrafine fiberoptic bronchoscope was used to observe
and quickly evaluate the lavage procedure to prevent the lat-
eral leakage of lavage fluid caused by catheter movement
during lung lavage. After the third lavage, the lung was ven-
tilated for 3 min using an artificial balloon and then con-
nected to a ventilator for 10min of controlled ventilation with
pure oxygen. After the dogs awoke, they were observed for
reexpansion of both lungs and evidence that their vital signs
(e.g., heart rate and respiration) were stable. Dogs were re-
turned to the animal room after the lung lavage procedure.

Effect of CS-DPTA NP and lung lavage on U content
For U analysis, venous blood was collected from each

group at 1, 3, and 7 d of DU exposure. Lavage fluid was re-
covered and fixed where 1.0–2.0 mL was taken to determine
U content. This was then separated using a high-capacity
centrifuge at 1,000 rpm (TDZ4-WS, Xiangyi Centrifuge In-
strument Co. LTD, Changsha, China) for 5 min. Sediments
were collected to determine U content in the lavage fluid.
sics.com
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In addition, dogs in each group were sacrificed after 7 d by
injecting 10% Kcl solution into the heart cavity. The lung
and kidneys were removed and fixed using a meat grinder
(S18-LA527; Jiu Yang Co., Shangdong, China). Then, 1.0–
2.0 g of lung tissues and kidney tissues were sent to deter-
mine U content. Determination of Uwas performed using in-
ductively coupled plasmamass spectrometry (ICP-MS, ELE-
MENT XR, Thermo Fisher Scientific, Bremen, Germany).

L-1, TNF-a, and IL-10 levels in lavage fluid
A total of 5 mL of the recovered lavage fluid was cen-

trifuged at 1,000 rpm for 5 min, and the supernatant was
collected. The IL-1, TNF-a, and IL-10 levels in the lavage
fluid were detected using an enzyme-linked immunosorbent
assay, according to the manufacture’s protocol (ELISA
Shanghai EnzymeLinkBiotechnologyCo., Shanghai, China).

Pathological examination
Dogs were sacrificed 7 d after DU exposure. Lung tissue

was fixed in 4% formaldehyde to prepare pathological sec-
tions following routine procedures. The specimens were
stained with hematoxylin-eosin (H&E) and Masson staining
before being examined using an optical microscope (He
2014). To evaluate tissue damage, inflammatory cell infiltra-
tion was semi-quantitatively scored by assessing random
areas. The scoring criteria and methods were performed fol-
lowing previous work (Inal et al. 2014): 0 = No damage
Fig. 2. Structures and synthesis route of chitosan-diethylenetriaminepentaa
acid; (c) CS-DTPA.

www.health-phy
observed, 1 = 1 ~ 25%, 2 = 26 ~ 50%, 3 = 51 ~ 75%,
4 = 76 ~ 100%. The scoring was blinded and measured by a
single pathologist using an Olympus BX51 microscope
(Olympus, Tokyo, Japan). The mean scores (five areas per
specimen)were averaged toyield a final score for each animal.

Statistical analysis
All experimental data were expressed as mean ± stan-

dard deviation (SD). The data of this study were processed
using SPSS 25.0. One-way ANOVA followed by Dunnett’s
multiple comparisons test was performed using GraphPad
Prism version 8.0.0 for Windows (GraphPad Software,
San Diego, CA, www.graphpad.com., statistical software).
The threshold P value was set at 0.05.
RESULTS

Characterization of CS-DTPA and CS-DPTA NP
As shown in Fig. 2, CS-DTPA was chemically synthe-

sized using CS and DTPA. The successful synthesis of these
conjugates was characterized by FTIR and 1HNMR. In the
FTIR for CS-DTPA (Fig. 3a), 1,631 cm−1 was the character-
istic peak of the amide bond connected by n-acylation be-
tween −NH2 on CS and − COOH on DTPA, while
3,427 cm−1 and 1,391 cm−1 were the characteristic peaks
of −CH2− and −COO− in CS-DTPA products, respectively.
In summary, a CS-DTPA polymer was successfully prepared.
cetic acid (CS-DTPA). (a) chitosan; (b) diethylenetriaminepentaacetic

sics.com
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Fig. 3. (a) FTIR spectra of CS-DTPA; (b) 1H nuclear magnetic resonance (NMR) of CS-DTPA.
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Based on 1H-NMR (Fig. 3b), d4.8 was the solvent peak and
d2.5 was the H peak in −NH2 on CS. Compared to the 1H-
NMR of CS, the peak between d1.0 and 2.0 was the n-
acylated amide bond between −NH2 on CS and − COOH
on DTPA. This indicated that DTPA was successfully
grafted onto CS.

CS-DPTA NP were successfully prepared by ionotropic
gelation. As for DLS (Fig. 4a), the nanoparticle size was
263.8 ± 54.1 nm, and the polydispersity (PDI) value was
0.157. PDI was less than 1, indicating that the nanoparticles
Fig. 4. (a) Hydrodynamic size distribution of CS-DPTA NP measured by D

www.health-phy
were uniform and dispersed in solution (Hosseini et al.
2018). According to the TEM photograph (Fig. 4b), CS-
DPTA NP showed that the nanoparticles were spherical
with a uniform size and good dispersion, consistent with
DLS results.

Effect of CS-DPTA NP and lung lavage on U content
Results (Fig. 5a) showed that, compared with the other

three groups, the level of DU in the kidney tissues of the
CS-DPTA NP group was significantly lower than the NS
LS and (b) TEM of CS-DPTA NP (scale bar: 500 nm and 200 nm).

sics.com
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Fig. 5. Changes of U content: (a) U content in kidney tissue (n = 4), *P < 0.05 and **P < 0.01 vs. NC group; (b) U content in the lung tissues
(n = 4), *P < 0.05 vs. NS group, ##P < 0.01 vs. DTPA group; (c) U content in the lavage recovery fluid (n = 4), #P < .05 vs. DTPA group,
**P < .01 vs NS group; (d) The efficiency of lavage fluid recovery (n = 4), ##P < 0.01 vs. DTPA group, ***P < 0.001 vs. NS group.

Fig. 6. U content in blood in the CS-DPTA NP group (n = 4),
*P < 0.05.
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group (P < 0.01). Meanwhile, the DU level of the DTPA
group was lower than the NS group (P < 0.05). Under
non-lavage conditions, the U content in left lung tissues in
the CS-DPTA NP group was significantly higher than the
NS and DTPA groups (P < 0.01 and P < 0.05) (Fig. 5b). Af-
ter lung lavage, the level of DU in the lavage fluid was com-
pared among the groups, and the results showed that the
level of DU in the lavage fluid in the CS-DPTA NP group
was significantly higher than the NS and DTPA groups
(Fig. 5c) (P < 0.05 and P < 0.01). The lavage recovery rate
was calculated by DU content in the lavage recovery fluid.
The lavage rate (100%) was calculated by DU content in
the recovered lavage fluid:
U content in the lavage fluid 100%ð Þ

¼
U content in the lavage fluid� total lavage fluid volume 20 mL

kg times½ �animal body weight� 3
� �

� 100%

total DU intake 10 mg� animal body weightð Þ
ð1Þ

The results showed that the recovery rate of lavage fluid
in the CS-DPTANP group was significantly higher than the
NS and DTPA groups (Fig. 5d) (P < 0.001 and P < 0.01).
The blood uranium levels in the CS-DPTA NP group in-
creased over time after exposure to depleted uranium at 1,
3, and 7 d under non-lavage conditions and were significantly
lower in 3- and 7-d lavage groups than in non-lavage group
after treatments (Fig. 6). (P < 0.05).

Effect of CS-DPTA NP on DU induced lung
inflammatory injury

After 7 d of DU exposure, specimens of lung tissue in
the NS and DTPA groups showed diffused pneumonia with
www.health-phy
massive infiltration of inflammatory cells and fibrous de-
posits in the lung septa containing visible nodular plaques.
In contrast, the inflammatory response was milder in the
CS NPs and CS-DPTA NP groups (Fig. 7a). As shown in
Fig. 7b, the pathology score was significantly lower in the
CS-DPTA NP group than the NS group (P < 0.05). Based
on Masson staining, the collagens were stained blue (Fig. 7c).
The IL-1 of CS NPs and CS-DPTANP groups in the lavage
sics.com
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Fig. 7. Pathological changes: (a) Lung H&E staining (scale bar: 100 mm); (b) Masson staining (scale bar: 200 mm); (c) pathological score of H&E
staining, *P < 0.05 vs. NS group, #P < 0.05 vs. DTPA group.
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fluid was significantly lower than those in the NS group
(P < 0.05). In addition, the IL-10 and TNF-a of CS-DPTA
NP were slightly lower than those in the NS and DTPA
groups (Fig. 8) (P > 0.05).
Fig. 8. Cytokine level in lavage recovery fluid: (a) IL-1; (b) TNF-a; (c) IL-

www.health-phy
DISCUSSION

DUweapons were developed by the US Army ever since
the late 1970s (Abu-Qare and Abou-Donia 2002). With the
use of DU weapons, large quantities of very small uranium
10; *P < 0.05 between two groups.

sics.com
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oxide dust particles were released into the environment, which
can pass through the respiratory tract and reach deeply into the
lungs (Xie et al. 2010). Once DU enters the lungs, it would
reach the whole body. The most common and bioavailable
form is the uranyl particles (UO2+), which are absorbed and
further form soluble complexes with bicarbonate, citrate,
and proteins in the body. These particles could enter the
whole body and form deposits in bones and other organs,
causing long-term damage (Fattal et al. 2015). Cao et al.
(2005) found that rats had to be sacrificed 4 to 14 mo after
DU exposure. A large number of lymphocyte infiltrates
were found in lung tissues aswell as the bronchus. In addition,
mucous epithelial cilia were found to be inverted, and there
was a presence of pulmonary bronchitis, pulmonary hemor-
rhage, and lung abscesses. With an increased inhalation dose
and time of DU aerosol, lung function decreased significantly.
Yang (2002) found that DU was carcinogenic to human bron-
chial epithelial cells immortalized by adenovirus when treated
with insoluble DU oxide. The absorption of DU into the blood
mainly depends on its solubility. This solubility determines
how quickly and efficiently the body absorbs uranium from
the lungs. Soluble chemical forms are absorbed within a
few days, while insoluble forms usually take months to
years to be absorbed (Bleise et al. 2003). Therefore, it is par-
ticularly important to treat DU after early exposure.

In this study, a modified microfiber bronchoscopy-
guided spray bronchial contamination device (Patent. No:
CN201921851213.X) with positive pressure injection of in-
soluble DU was used to establish a simulated inhalation
contamination model of insoluble DU particulate matter.
Leggett (2003) found that alveolar absorption could be di-
vided into two stages. In the first stage, U content rapidly
rose, leading to a peak in plasma uranium levels. In the sec-
ond stage, U content declined, followed by a long period of
steady absorption. In our previous experiments, it has been
confirmed that U content in the blood using this method was
rapidly increased within 3 h of contamination, decreased rap-
idly from 3–8 h of contamination, and slowly decreased from
8 h to 1 d of contamination. The level of contamination was
in a plateau phase during 1–5 d of contamination and contin-
ued to increase during 5–7 d of contamination (Fu 2021).
Therefore, this model provides a good basis to investigate
the effects of DU removal using different interventions.

Insoluble DU particles enter the lungs through inhala-
tion and can remain in the lungs for a long time. These par-
ticles can also slowly dissolve into the blood, while the kid-
ney tissue is the main target organ (Shaki et al. 2012). After
glomerular filtration of uranium, it binds to the anionic site
of the proximal tubular epithelial brush in the form of UO2+.
At the same time, it enters the cell by endocytosis, causing
damage to the kidneys (Leggett 1989). Therefore, the detec-
tion of residual U content in the left lung tissue and the U
content in bilateral kidneys are the most important indexes
www.health-phy
reflecting the pathological injury of the lung and kidney
caused by insoluble U, and also the direct indexes indicating
the intervening effects of atomized inhalation of CS-DPTA
NP. The results of this study showed that the residual amount
of DU under non-lavage lung conditions in lung tissues of
the CS-DPTA NP group was significantly higher than that
of the NS and DTPA groups (P < 0.05), which may be attrib-
uted to the small size and large specific surface area of CS-
DPTA NP, exerting an adsorption effect on DU and making
part of DU remain on the surface of lung tissue so as to pro-
vide more opportunities for later lung lavage treatment to
remove residual DU. Besides, the U content in kidney tis-
sues showed that uranium content in bilateral kidney tissues
of CS-DPTA NP group and DTPA group was lower than
that of the NS group. More specifically, the U content in
the CS-DPTA NP group was significantly lower than the
NS group (P < 0.01), suggesting that CS-DPTA NP could
significantly reduce U accumulation in renal tissues.

Lung lavage has been considered to be the most effec-
tive approach for the removal of insoluble DU particles (Fu
et al. 2021). Rump (2016) found that decontamination treat-
ment should be provided quickly after radionuclide expo-
sure. If delayed, an increased dose of drugs as well as longer
treatment would be necessary for decontamination. Delayed
treatment might also result in reduced efficacy and even had
irreparable consequences. In our previous work (Fu et al.
2021), we found that the lung lavage within 3 h after respi-
ratory exposure to radionuclides was the most effective and
efficient treatment, especially when a patient inhaled insol-
uble dust. However, in accidental exposure to nuclear emer-
gencies, a sufficient lung lavage in a short period is usually
impossible for medical personnel. Thus, to extend the time
window and guarantee the efficiency of lung lavage treat-
ment, we propose first giving nebulized CS-DPTA NP and
then performing lung lavage 24 h after exposure. As re-
ported in this study, the insoluble DU particles in the lavage
recovery fluid were significantly more in the CS-DPTA NP
group than those in the NS and DTPA groups (P < 0.05),
which was consistent with the consideration that CS-DPTA
NP may adsorb some DU particles that were beneficial to
lung lavage. Besides, the lavage recovery rates were 0.80%,
1.11%, 1.37%, and 1.90%, in the NS, DTPA, CS NPs, and
CS-DPTANP groups, respectively. The CS-DPTANP group
has significantly higher recovery rate of lavage fluid than the
other three groups (P < 0.05). The lavage efficiency observed
in the NS group was similar to that in a previous study for
24 h lavage, and there is still potential for the improvement
of the lavage efficiency of CS-DPTA NP compared with
the 3 h lavage (Fu et al. 2021). In a follow-up study, we will
focus on improving lavage efficiency and accelerating the
removal of insoluble DU from the lungs.

The DU concentration in blood indirectly reflects that
in organs and tissues, as well as lavage efficiency (Fu 2021).
sics.com
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The blood U level in the CS-DPTA NP group without lavage
showed a slow increasing trend at 1, 3, and 7 d of DU expo-
sure. The insoluble DU is heavily adsorbed but slowly dissolv-
ing and releasing in the lungs. Based on this fact, damage to
renal function caused by DU in the body would be continued
and resulted in a lack of U excretion, showing a slow increasing
trend in late bloodU. The bloodU levels in the lavagegroup at 3
and 7 d ofDUexposurewere significantly lower than that in the
non-lavage group.Wemeasured the blood U level before and
after lavage, and there was no difference observed, proving
that lavage was effective in removing intrapulmonary DU
and that it did not promote the dissolution of insoluble DU.

After inhalation of insoluble DU, the U is mainly retained
in the lungs and bronchial lymph nodes and could be phagocy-
tosed by macrophages (Li 2004). Under normal conditions,
inactivated macrophages have a limited ability to phagocy-
tose and secrete cytokines. Gilberti et al. (2008) found that
mouse lung macrophages engulfed in silica dust were acti-
vated and released various inflammatory mediators, leading
to the accumulation of macrophages, neutrophils, and lym-
phocytes. The lung lavage removed insoluble DU particles
from the lungs and also elicited more inflammatory factors.
Results showed that IL-1 levels in the lavage fluid of the
CS-DPTA NP and CS NPs groups were significantly lower
than that of the NS group (P < 0.05).While IL-10 and TNF-
a levels were not only statistically different among the four
groups, these levels were also lower in the CS-DPTA NP
group compared to the NS group. This may be related to
anti-inflammatory properties of CS. Yoon et al. (2007) found
that chitosan was able to stimulate resting-state macrophages
RAW264.7 to secrete inflammatory factors and NO but also
inhibits lipopolysaccharide (LPS)/IFN-activated macrophage
RAW264.7 inflammatory factors and NO release.

Histopathological observations of the lung showed that
the NS and DTPA groups had a large number of infiltrating
inflammatory cells and septal fibrosis, as well as inflamma-
tory nodules, with a predominance of chronic inflammation.
Masson's trichrome staining revealed that collagen fiber de-
position was present at greater levels in the NS and DTPA
model groups compared to the CS NPs and CS-DPTA NP
groups. This observation was in agreement with lung histo-
pathological findings in lungs and also consistent with the
results of deposited DU content in lung tissues.

In conclusion, we found that when CS-DPTA NPs were
inhaled early during post-respiratory exposure, blocking ef-
fects on inhalation of insoluble DU particles were observed.
Combined with lung lavage, the clearance efficiency of DU
in lung tissues and the prognosis were both improved.
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