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Abstract

In response to the lack of therapeutics for internal bleeding following a traumatic event, we 

synthesized hemostatic dexamethasone nanoparticles (hDNP) to help alleviate internal 

hemorrhaging. hDNP consist of a block copolymer, poly(lactic-co-glycolic acid)-poly(l-lysine)-

poly(ethylene glycol) conjugated to a peptide, glycine-arginine-glycine-aspartic acid-serine 

(GRGDS). These particles were evaluated as treatment for primary blast lung injury in a rodent 

model. Animals were randomly placed into test and control groups, exposed to blast and given 

immediate injection. Recovery was assessed using physiological parameters and 

immunohistochemistry. We found that dexamethasone-loaded hemostatic nanoparticles alleviate 

physiological deprivation caused by blast injury and reduce lung injury damage.
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Primary blast lung injury (PBLI) is a significant cause of death due to internal hemorrhage 

following detonation of improvised explosive devices (IEDs)1. Explosions cause the 

majority of injuries in the current conflicts, accounting for 79% of combat related injuries2. 

The need for a readily assessable treatment to decrease mortality of those who suffer from 

closed-chest lung trauma is obvious. Moreover, it is vital that treatment must occur within 

the first hours following injury to increase survival. Our blast trauma rodent model can be 

utilized as a tool to assess the novel nanotherapeutics3. There is a clear call for therapeutic 

intervention for treating severe lung injury, as well as internal hemorrhage, immediately 

after blast exposure4,5.

Several physiological parameters change following lung injury. Hypoxemia, monitored by a 

reduction in PAO2, was seen following PBLI. Reduced heart rate and presence of 

hypotension are also well-documented during pulmonary hemorrhage leading to a 

ventilation-perfusion mismatch6,7. It has been reported that blast injury can cause infiltration 

of red blood cells (RBCs) in the alveolar spaces, as well as biochemical changes in the 

lungs8. Inflammatory cytokines, such as TNF-α and IL-6, have been reported following 

PBLI. Knoferl, et al.6 demonstrated that levels of TNF-α and IL-6 were elevated three hours 

post-blast in blood plasma due to thoracic trauma. As such, these documented biological 

parameters can be used to confirm injury and monitor injury mediation following treatment.

Due to the lack of therapies that specialize in mitigating internal hemorrhage after trauma, 

our efforts focused on synthesizing functionalized nanoparticles to target and assist clotting 

to reduce internal bleeding. The functionalized nanoparticles were composed of a block 

copolymer, poly(lactic-co-glycolic acid)-poly(l-lysine)-poly(ethylene glycol) (a detailed 

description of the synthesis is described in the Supplementary Information). We conjugated 

the polymer with a peptide, glycine-arginine-glycine-aspartic acid-serine (GRGDS), to 

enable binding with the glycoprotein IIb/IIIa receptor found on activated platelets. (A 

control formulation conjugated of the peptide GRADSP was used to confirm the activity of 

these particles). These particles have proven to mitigate internal bleeding in several models 

of bleeding9–11. In a model of blast polytrauma, hemostatic nanoparticles (hNP) were shown 

to increase survival and reduce lung injury11. Because these particles are based on PLGA, 

they lend themselves to application as a drug delivery vehicle that leverages their entrapment 

in the clots for local delivery.

We determined that dexamethasone would be a suitable steroid-link for this hNP treatment 

due to its anti-inflammatory properties and non-effect on coagulation. It is a corticosteroid 

that has been shown to reduce programmed cellular death, or apoptosis, due to hemorrhage 

in the brain while also inhibiting inflammation after injury12. In lung injury models, 

dexamethasone in conjunction with targeting nanogels, has been shown to alleviate 

pulmonary inflammation one day after administration13. Sustained delivery of 

dexamethasone from coated nanoparticles has been shown to be necessary to elicit 

biological effects14. By reducing the effects of pro-inflammatory cytokines responsible for 

tissue damage after injury, dexamethasone is an attractive option for treatment of PBLI, and 

the drug lends itself to encapsulation in a hemostatic nanoparticle formulation to aid 

recovery following injury. This study focused on how well the fabricated nanoparticles 
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reduced the initial hemorrhage within the lungs as well as the effectiveness of the local 

dexamethasone delivery at seven days following injury.

A representative scanning electron microscope (SEM) image of the particles (Figure 1A) 

shows that the treatment is a spherical nanoparticle of approximately 500 nm in size. This 

sizing measurement is confirmed by dynamic light scattering (DLS) measurement (Figure 

1B).

Nuclear magnetic resonance (NMR) data indicated that the poly(ethylene glycol) (PEG) 

arms form a corona when suspended in aqueous solution, indicated by in increased size of 

the PEG peak (δ = 3.21) in deuterated water (D2O) in relation to other peaks. In addition the 

dexamethasone peaks were visible in deuterated chloroform (CDCl3) indicating that the 

dexamethasone is encapsulated by the particles. Total loading of the dexamethasone is 22 

ug/mg. Release data showed that the majority (65%) of the dexamethasone is released within 

the first 24 hours of incubation (Figure 2B). After 63 days, 95% of the loaded 

dexamethasone has been released.

We found that treatment with hDNP improved outcomes in acute measures of injury. 

Reduced levels of oxygen saturation after lung trauma are harmful to survival as well as 

tissue health. There was a significant difference between the hDNP and the other blast 

groups (cDNP, LR, and IO) in terms of minimum oxygen saturation during the one-hour 

post-blast monitoring period (p-value < 0.05). (Figure 3A) This suggests that animals treated 

with hDNP experience a more immediate level of recovery in terms of lung functionality in 

supplying oxygen to the body. Characterization of the particles shows that they can deliver a 

burst of dexamethasone at an injury site during the few hours after injury, which may also 

reduce the longer-term effects of PBLI (see particle biodistribution in Supporting 

Information; Figure S2). As commented on in Brown, et al.15, the compensatory response 

during lung contusion of the undamaged areas of the lung plays an important role in 

combating hypotension and apnea after initial trauma16. When evaluating the acute heart 

rate response following injury, similar trends were observed as the hDNP group was higher 

when compared to the cDNP group. (Figure 3B)

Previously, a PBLI model was shown to produce lesions in the left lobe as well as bilateral 

traumatic pulmonary hemorrhage17. Contusion and hemorrhaging in the left lobe has been 

correlated with a higher incidence of lethal outcomes in preliminary studies3. Figure 4A–E 

displays representative images of each group and the staining of RBCs in the lung cross-

section. Figure 4F demonstrates that the hDNP treatment, as well as the uninjured sham 

group, had significance when compared to the cDNP and LR groups, which may also help 

account for a better outcome in oxygen saturation. Although percent injury in the IO group 

was higher than the hDNP group, there was not a significant difference. This could be due to 

variability in injury sustained from the blast, which can be influenced by factors including 

inhalation/respiration status. One mechanism of lung injury progression suggests that the 

amount of free actin in the circulation from dying cells that can obstruct circulation in the 

lungs and destroy pulmonary endothelium18. This mechanism could pose a delayed response 

of apoptosis in the lungs and can show how assuaging the injury in the acute stages can 
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alleviate ensuing cellular degradation. Delayed pulmonary injury is indirectly due to 

extravasated blood components15,19.

Apoptotic markers, such as terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) and cleaved caspase-3, were measured to provide a representation of various 

stages within the apoptosis cascade. Lee, et al. has shown that apoptosis is elevated in low 

oxygen environments20. As described in Seitz, et al.21, apoptosis of alveolar type-2 cells 

contributed to the loss of epithelial cells following lung contusion. Figure 5A–E shows 

representative images from the TUNEL assay on the lung tissue. The hDNP group had a 

significantly lower amount of late stage apoptosis compared to the other blast groups (cDNP, 

LR, and IO) at the seven day time point after injury (p<0.05). (Figure 5F)

Figure S3A–E (found in Supporting Information) shows representative images from cleaved 

caspase-3 immunofluorescence on the left lobe. The hDNP group, also, had a lower, though 

insignificant, amount of early stage apoptosis compared to the other blast groups (cDNP, LR, 

and IO) at the seven day time point after injury (Figure S3F; Supporting Information). 

Knowing that apoptosis of epithelial cells are a result of many post-injury mechanisms, 

decreased levels of early and late stage apoptotic signals with the hDNP group is a 

promising result, indicating that this treatment may have a protective effect on surviving 

cells after trauma.

Injury-induced cytokines are known to contribute to tissue damage15. TNF-α has been 

shown to induce apoptosis leading to cleavage of DNA into fragments. In a study by Liener, 

et al.22, programmed cell death was identified as a cellular mechanism after pulmonary 

contusion. In a brain ischemia-induced lung injury model, TNF-α positive epithelial cells 

were seen in lung tissue three days after injury23. In a model of interleukin-2-induced 

microvascular lung injury, TNF-α was seen elevated in the lung tissue while having 

undetectable levels in blood serum indicating that local mechanisms are responsible for 

inflammation and injury progression24. In other models of lung disease, TNF-α protein 

levels in the tissue were seen at chronic time points (weeks)25. Figure 6A–E shows 

representative images from TNF-α targeting. For percent area of TNF-α fluorescence, the 

hDNP and sham group were significantly reduced compared to the other blast groups 

(cDNP, LR, and IO) at the seven day time point (p<0.05). (Figure 6F)

Decreased TNF-α levels at seven days indicates that the hDNP group is effective at 

mitigating inflammation as well as cellular injury cascades compared to controls after injury.

Multiple administrations of dexamethasone as treatment for lung injury have resulted in 

therapeutic benefits, reducing percent injury of the hemorrhage and anatomical implications 

of emphysema26. These same curative effects can be seen in our study, but with only a single 

administration of hDNP. Targeting activated platelets creates efficiency of dexamethasone’s 

therapeutic effect11. Administration of hDNP has the potential to be a viable option for open 

field trauma care because of its effectiveness in reducing lung damage and improving 

oxygen exchange as well as ease of delivery. Treatment with hDNP significantly decreased 

acute hemorrhaging and alleviated cellular damage of lungs at a subactute stage. The lower 

levels of TNF-α, accompanied by reduced levels of apoptosis in the hDNP group show a 
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therapeutic effect at a delayed time point. Findings of increased oxygen saturation and lower 

cell death in the lungs for the hDNP group demonstrate promising therapeutic roles in 

trauma care.

Results from Elsayed, et al.8 stress the need for initiating treatment within the first hour 

following blast exposure due to oxidative stress, pulmonary hemorrhage, and rupture of 

alveolar walls in the lungs. Due to the absence of therapeutics that target internal 

hemorrhage, we advocate that administered nanoparticles are a venue to produce this rapid 

response in cases of PBLI. The way hDNP affects the interplay between physiological 

parameters, percent hemorrhage, and apoptosis after injury is crucial for survival and 

healing. Examining the effects of nanoparticles on other inflammatory cytokines in the lungs 

and blood plasma as well as factors involved with oxidative stress can further validate their 

performance as a post-injury therapeutic. hDNP administration after traumatic injury can 

mitigate internal bleeding and improve lung pathologic outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) SEM of hemostatic dexamethasone loaded nanoparticles (hDNPs) (B) SEM of control 

dexamethasone loaded nanoparticles (cDNPs) (C) Particle size as measured by SEM and 

DLS.
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Figure 2. 
(A) Molecular structure of nanoparticles as well as dexamethasone. Characterization of the 

nanoparticles by NMR in deuterated chloroform and deuterated water, showing the presence 

of the PEG corona (B) Release of dexamethasone from hemostatic nanoparticles over time.
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Figure 3. 
(A) Oxygen saturation in treatment groups after injury. (B) Minimum heart rate in treatment 

groups after injury. * p-value < 0.05
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Figure 4. 
Representative H&E staining for (A) hDNP (B) cDNP (C) LR (D) IO and (E) Sham. (F) The 

hDNP and sham demonstrated a decreased lung injury level compared to the cDNP and LR 

groups (* p < 0.05) at seven days after blast.
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Figure 5. 
Representative TUNEL staining for (A) hDNP (B) cDNP (C) LR (D) IO and (E) Sham. (F) 

The hDNP group and sham group are significantly different compared to the cDNP, LR, and 

IO groups (* p<0.05) at seven days after injury.
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Figure 6. 
Representative fluorescent images of TNF-α. (A) hDNP (B) cDNP (C) LR (D) IO and (E) 

Sham (F) The average percent area of the TNF-α fluorescence. (* - p<0.05)
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