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ABSTRACT: Intravenously infusible nanoparticles to control
bleeding have shown promise in rodents, but translation into
preclinical models has been challenging as many of these
nanoparticle approaches have resulted in infusion responses
and adverse outcomes in large animal trauma models. We
developed a hemostatic nanoparticle technology that was
screened to avoid one component of the infusion response:
complement activation. We administered these hemostatic
nanoparticles, control nanoparticles, or saline volume controls
in a porcine polytrauma model. While the hemostatic nanoparticles promoted clotting as marked by a decrease in
prothrombin time and both the hemostatic nanoparticles and
controls did not active complement, in a subset of the animals,
hard thrombi were found in uninjured tissues in both the hemostatic and control nanoparticle groups. Using data science
methods that allow one to work across heterogeneous data sets, we found that the presence of these thrombi correlated with
changes in IL-6, INF-alpha, lymphocytes, and neutrophils. While these findings might suggest that this formulation would not
be a safe one for translation for trauma, they provide guidance for developing screening tools to make nanoparticle
formulations in the complex milieux of trauma as well as for therapeutic interventions more broadly. This is important as we
look to translate intravenously administered nanoparticle formulations for therapies, particularly considering the vascular
changes seen in a subset of patients following COVID-19. We need to understand adverse events like thrombi more
completely and screen for these events early to make nanomaterials as safe and effective as possible.
KEYWORDS: hemorrhage, inflammation, IL-6, neutrophils, lymphocytes, TNF-alpha, hemostasis
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While many agents have shown promise in small animal
models, translating the work to large animal models has proven
exceptionally difficult in great part because of complement
activation to intravenously infused agents, including both cell-

raumatic injury is the leading cause of death in men,
women, and children between the ages of 1 and 46
worldwide,1 and blood loss is the primary cause of
death at acute time points postinjury in both civilian2 and
battlefield trauma.3 While rapid intervention to achieve
hemostasis is imperative to minimize mortality associated
with severe trauma,4,5 pressure dressings and absorbent topical
agents are currently the only hemostats available for field use.
We need therapies that can be administered in the field to
control bleeding for noncompressible junctional and torso
internal injuries.6 To address this need, many groups have
developed intravenously infusible nanomaterials.7−11
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derived and nanomaterial systems.12−16 Complement activation is extremely rapid and triggers vasodilation, which
significantly hinders the hemostatic effect of any technology.
Unfortunately, approximately 10% of humans exhibit the same
significant response during infusions of the liposomal
formulation of doxorubicin (DOXIL)17 as well as infusions
of biologics.18 These complement responses have been
observed by us and others and are particularly challenging in
the context of infusible treatments for trauma given the
urgency and time-sensitive nature of hemostatic treatments.
Slow infusions can reduce infusion responses,19,20 but a slow
infusion rate would risk unmitigated hemorrhage before the
hemostatic agent is delivered in patients with major
hemorrhage.
We have been developing and testing hemostatic nanoparticles that can be infused intravenously to stop bleeding and
improve survival in several of rodent models of trauma.21−25
However, in a porcine model of trauma, we saw that these
particles triggered complement activation and vasodilation,
leading to a rapid drop in blood pressure, blood gas changes,
and, ultimately, increased bleeding.26 We found that by
modulating the charge on these hemostatic nanoparticles, we
could reduce this complement response and halt bleeding in
the large animal model, but at the highest doses, we still saw
exacerbation of bleeding.26 This motivated us to develop a
screening assay for complement activation with nanoparticles
that was more sensitive than the ones most commonly
described in the field.27 Using this assay, we identified a
hemostatic nanoparticle formulation with two molecular
weights of poly(ethylene oxide) (PEG) that led to no
measurable complement activation in vitro.28 On this basis,
we sought to determine the safety and efficacy of these
hemostatic nanoparticles in a large animal model of trauma, a
critical step in translating nanoparticles for trauma applications.
In this work, we tested these hemostatic nanoparticles,
control nanoparticles, or saline in a porcine liver injury model
and assessed their impact on bleeding, survival, and immune
responses following administration. We also tested the
̈ uninjured animals to
nanoparticles and controls in naive
parse out the impact of the nanoparticles from the trauma as
trauma independently leads to significant changes in
inflammatory markers. We applied data science methods to
look for correlations between outcomes and biological
parameters, including physiological data, cytokines, and
immune cells, to understand the impact of the infusion of
nanoparticles on immune responses beyond complement
responses. This work provides a foundation for understanding
the complex role of infusion responses and approaches to
mitigate their effect.
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binds with the glycoprotein IIb/IIIa receptor on activated
platelets, and this binding can be inhibited by blocking the
glycoprotein IIb/IIIa receptor which, in turn, blocks the
hemostatic capacity of the PLA−PEG−GRGDS system.21
Therefore, we have two nanoparticles in this work: control
nanoparticles based on PLA−PEG and hemostatic nanoparticles based on PLA−PEG with GRGDS conjugated
following the nanoparticle fabrication procedure.
Each batch of nanoparticles was characterized for size, ζpotential, and peptide content. The average values across
batches are in Figure 1, and the detailed values for each batch
are in Supplementary Tables 1 and 2.

Figure 1. Nanoparticle characterization for large animal studies.
(A) Schematic of the PLA−PEG based nanoparticles functionalized with GRGDS for the studies. (B) SEM micrograph of PLA−
PEG nanoparticles. (C) TEM micrograph of PLA−PEG nanoparticle showing the PEG corona. (D) Table of properties of
PLA−PEG control and PLA−PEG-GRGDS hemostatic nanoparticles.

The average hydrodynamic diameter and ζ-potential in a 10
mM KCl solution of each batch were determined using
dynamic light scattering (DLS). The amount of peptide was
quantified using the orthopthaladehyde (OPA) assay. The
presence of the peptide increases the hydrodynamic diameter
of the hNPs versus the cNPs, thus impacting the DLS values
slightly, as has been seen previously.21 However, scanning
electron microscopy (SEM) analysis of both the control and
hemostatic nanoparticles showed no differences in the size of
the core (Figure 1B). Transmission electron microscopy
(TEM) of nanoparticles showed what may be the PEG corona
of the nanoparticles (Figure 1C). We have seen this
previously,28 but only at the highest degrees of PEGylation.
While the nanoparticle formulation was chosen because it
showed no measurable change in complement in vitro,28 we
confirmed the lack of change in each batch before
administration in vivo (Supplementary Figure 1). It should
be noted that there is some batch-to-batch variability in the
size of the nanoparticles (Supplementary Table 1.) However,
we did not see an impact of the size variation on complement
activation or in vivo outcomes, as described in more detail in
the following.
Administration of the Nanoparticles in a Porcine
Model of Trauma. All animal procedures were approved by
the 711th HPW/RHD JBSA-Fort Sam Houston Institutional
Animal Care and Use Committee (IACUC) in compliance
with all applicable Federal regulations governing the protection
of animals in research.
Following sedation, animals were intubated, and sedation
was maintained on 1−3% isoflurane. A midline laparotomy was
performed to expose the spleen and liver. A splenectomy was
performed. Next 30% total blood was collected from a

RESULTS AND DISCUSSION
Nanoparticle Design and Characterization. On the
basis of our previous work screening nanoparticles, we used
poly(lactic acid) (PLA)−PEG nanoparticles consisting of a
blend of PLA−PEG with a PEG molecular weight of 5000 Da
(75 wt %) and a PLA−PEG with a PEG molecular weight of
3400 Da (25 wt %) as the platform for the nanoparticles in this
study. We have previously shown that this blend is highly
PEGylated (92%)28 and leads to no measurable complement
activation in vitro, as marked by changes in C5a.28 To make
these nanoparticles hemostatic, we conjugated the GRGDS
peptide to the PLA−PEG nanoparticles using EDC/NHS
chemistry following our previous work.21 The GRGDS peptide
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Figure 2. (A) Timeline for trauma model. The key parts include the hemorrhage followed by treatment or controls at T0, whole blood
infusions between T30 and T60 to maintain blood pressure, and closure at T60 (error bars = SD, n = 6 per group). (B) Average cumulative
blood loss across the groups, saline, control nanoparticles (cNPs), and hemostatic nanoparticles (hNPs). There are no significant differences
in blood loss over the time period studied for any of the groups. (C) In our previous work, we found the first 10 min postadministration
were critical for complement activation, which typically presents as greater blood loss because of the release of the vasodilators, C3a and
C5a. Two animals in the hNP group show greater blood loss following the administration of the nanoparticles. (D) Likewise, two of the
animals in the control group, cNP4 and cNP5, showed what looks like a small change in blood loss rate following nanoparticle
administration, but the data are less clear, with a greater blood loss rate overall before the particle administration. (E) Blood loss for saline in
the first 10 min. The saline2 animal shows an upturn in blood loss following saline administration. (F) Prothrombin time (PT) is lower for
the hNPs than for controls, which suggests that the hNPs are hemostatic and reduce the time for blood to clot (*p < 0.05, error bars = SD).

controlled femoral artery bleed in a blood donor bag
containing the anticoagulant citrate phosphate dextrose
adenine solution (CPDA) at a 1:10 ratio for subsequent use
in resuscitation. A standardized liver injury was created as
previously described.29 Briefly, to create this injury, the liver
was isolated, and a ring clamp was placed on the lower aspect
of the left lobe. A standardized liver laceration was created
using the ring clamp as a guide, followed by removal of the
lacerated lobe (approximately 25% of the liver lobe mass). The
liver was allowed to spontaneously bleed in an uncontrolled
manner for 5 min, with blood being removed via intraperitoneal suction and weight/volume quantified at 1 min
intervals throughout hemorrhage and treatment phases. Figure
2A provides a timeline of all the events involved in the
procedure.
At T = 0, the treatment or controls were administered.
Nanoparticles were suspended in 30 mL of saline at 2 mg/kg
and given as a bolus. At the 30 min time point, autologous
whole blood (collected shed blood) was given as needed to
maintain a systolic blood pressure (SBP) of 90 ± 5 mmHg. At
T = 60 min, the liver injury was packed, and the abdomen was
closed. Animals received maintenance fluids in the form of
lactated Ringer’s and were monitored under anesthesia until T
= 180 min, when the animals were humanely euthanized.
Blood Loss and Physiological Parameters. There were
no significant differences in blood loss for any of the groups

(Figure 2B). Our previous work found that early blood loss
data is important for assessing complement-mediated infusion
reactions.26 Complement activation leads to an increase in the
rate of blood loss because of increases in the vasodilators C3a
and C5a. There is a slight upturn in the hemostatic particle
animals, hNP2 and hNP4, postparticle administration (Figure
2C). In contrast, in the control nanoparticle group, while cNP4
and cNP5 bleed more than the other control nanoparticle
animals, there is no upturn in the blood loss postparticle
administration (Figure 2D). Likewise, there are no upturns in
the saline group (Figure 2E). Supplementary Figure 2 shows
the individual animals’ blood loss curves to help understand
these responses. This upturn could be the result of the increase
in the vasodilators C3a and C5a because of complement
activation, but looking at blood loss, alone does not give a
complete picture of complement activation.
A second important consideration regarding infusion
reactions is changes in heart rate (HR) and mean arterial
pressure (MAP) in concert with the change in blood loss
rate.26 The HR for the saline-treated animals was constant
without spikes except in two animals following saline
administration (Supplementary Figure 3A). Saline does not
trigger complement, so the HR changes are because of other
factors in these animals. In the control group, cNP4 and cNP5
show changes in HR, but several other animals show
substantial changes as well without a change in blood loss
10568
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rate. In the hemostatic nanoparticle group, hNP2 and hNP4
show changes in HR as does hNP7, which survived to the end
of the experiment and showed no change in blood loss rate
upon particle administration. The MAPs for the saline-treated
animals were very consistent throughout the experiment. The
MAP for the cNP4 and cNP5 does not exhibit spikes but the
animals died shortly after particle administration. However,
there were small changes in the MAPs for the other cNP
animals. Likewise, the MAP did not exhibit changes or spikes
for hNP2 or hNP4 but did show small changes for other hNPs.
The HR and MAP results coupled with the increased
bleeding in a subset of animals that received nanoparticles
suggest that if complement activation is occurring, the impact
is modest compared to those typically seen with complement
activation following nanoparticle administration.26 However,
the nanoparticles were administered to animals undergoing a
significant trauma, which could mask the effects of the
nanoparticle administration. To rule out the impact of trauma,
we looked at the impact of particle administration on a small
̈ animals. Similar results to those seen in animals
set of naive
̈ animals with some
experiencing trauma were seen in the naive
changes in HR and MAP in the animals that received either
control or hemostatic nanoparticles (Supplementary Figure 4.)
To understand whether there were changes in complement or
other molecules following nanoparticle administration, we
performed ELISAs on serum isolated at 15 min intervals
throughout the study.
Platelet Activating Factor (PAF) and Complement.
Platelet activating factor (PAF) has been seen to trigger
adverse physiologic effects following nanoparticle infusion
including vasodilation and increased vascular permeability.30
To investigate the role of PAF, we performed ELISAs on
serum from the blood draws that were performed at 15 min
intervals. None of the serum samples across animals or time
points had detectable PAF. The limits of the PAF ELISA assay
are 0.156 ng/mL.
While the HR and MAP data suggest that complement is
either not activated or is activated at very modest levels, we
performed ELISAs on the serum samples from the 15 min
intervals for the animals that exhibited increases in blood loss
following particle administration. Supplementary Figure 5
shows the complement results. If complement is activated, C3
should decrease and C3a should increase. In Supplementary
Figure 5A, we see that the saline animal, for which there is no
complement activation by blood loss or physiological data
(Supplementary Figure 5C) shows some variation in C3 over
time, but the changes are small compared to the 2−4-fold
changes expected for complement activation. The changes seen
in the saline animal are the same or greater than those seen for
C3 in any of the animals that received nanoparticles. Likewise,
the changes seen in C3a which should increase if complement
is activated, are greater for the saline animal than any of the
nanoparticle-animals (Supplementary Figure 5B). These data,
taken with the physiological data suggest that complement
activation is not occurring with the bolus administration of
nanoparticles in this model.
Coagulation. Blood was collected at 15 min intervals from
the start of the study through the first 60 min, and complete
blood counts as well as coagulation tests were performed via
the STAGO coagulation analyzer, ROTEM. The platelet
counts were statistically identical for all the groups throughout
the study (Supplementary Figure 6.) The hNPs led to a
significant reduction in prothrombin time (PT) compared to
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either the saline or cNP groups at T = 45 and 60 min (Figure
2F). This finding indicates that globally, the hemostatic
nanoparticles effectively reduce the time to clot formation
beyond normal, adaptive physiologic hemostatic intrinsic to
the animal. The half-life of the nanoparticles is relatively short,
on the order of minutes.31 Thus, it is not surprising that the
impact of the nanoparticles is not seen at time points past T60.
It is not surprising that the reduction is not fully resolved until
the T = 45 min time point. There is a trend toward reduction
before this, but the trend is not significant.
We found a similar trend toward a reduced PT in uninjured
̈ animals (Supplementary Figure 7), although it must
naive
again be noted that the groups were very small (n = 3). While
the hemostatic impact is not evident in the blood loss data in
Figure 2B, it could be a function of the dose with a higher dose
showing a more significant impact coupled with the fact that
some of the animals that received particles had complications
(Figure 3).

Figure 3. (A) Survival curves for treatments in the injured arm of
̈ arm
the study (n = 6 per group). (B) Survival curves for the naive
of the study (n = 3 per group). (C) Table of animals, treatments,
and clots as characterized by gross pathology and histology. Clots
occurred in the brain, lungs, and kidneys of a subset of the animals
receiving particle formulations. Animals noted with asterisks (*)
died.

There are no differences in the partial thromboplastin time
(PTT) or fibrinogen for any of the treatments in either the
̈ animals (Suppleinjured (Supplementary Figure 8) or naive
mentary Figure 9). Likewise, no differences in d-dimer for any
̈ animals was seen. PTT
of the groups in the injured or naive
measures clotting time based on the intrinsic pathway in
contrast to PT, which is clotting time based on the extrinsic
pathway triggered by tissue factor. Because the particles are
designed to reduce bleeding by forming bridges akin to
fibrinogen, they should not impact PTT, and so it reassuring to
see that there are no changes in PTT with particle
administration.32 ROTEM results follow similar patterns to
the STAGO coagulation results for PTT with no significant
differences between groups or over time (Supplementary
Figure 10).
While the reduction in PT with no changes in other
coagulation parameters are promising data, administration of
nanoparticles in this study was associated with reduced survival
10569
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̈ arms of the study
in both the injured (Figure 3A) and naive
(Figure 3B). Furthermore, pathology revealed that several of
the animals that received particles exhibited clots in uninjured
tissues including the lungs, kidneys, and brain (Figure 3C),
perhaps indicating an abnormal systemic thrombotic or
embolic phenomenon.
Survival and Clot Formation. All the animals in the
saline group survived, but a subset in the control nanoparticle
and hemostatic nanoparticle groups died within the first 30
min following particle administration. The first observation is
that the animals died of hemorrhage. Animals that died bled
more (13 ± 3.6 mL/kg) and those that lived (8 ± 2.6 mL/kg).
At T = 0 when particles were administered, the group that
survived exhibited similar blood loss on average to the group
that died, but the cumulative blood loss varied significantly.
The group that survived bled 1.4 ± 1 mL/kg and the group
that died bled 1.9 ± 1.4 mL/kg. In only two animals, hNP2
and hNP4, was blood loss at T = 0 low (0.3 and 0.4 mL/kg,
respectively.) In all the other animals that died, early
cumulative blood loss was between 2.3 and 3.4 mL/kg.
Excessive blood loss is lethal. However, there are animals that
survived with blood loss equal to or greater than animals that
died, indicating that hemorrhage alone may not have been the
cause of the mortality. For example, animal hNP4 bled 9.3
mL/kg at death, but there are animals that bled more and yet
survived (two saline animals and hNP6, Supplementary Table
3.) Typically, if blood loss is the cause of death, there will be a
tipping point, a volume as a function of body weight, past
which all animals would be expected to die. The fact that some
animals bled less than others and died suggests that cumulative
blood loss alone is not the entire answer for these early deaths.
If blood loss is not the entire answer, pathology becomes
especially critical. In the gross pathology report, there were
animals that had clots in a range of tissues (brain, kidneys, and
lungs) that were hard nodules (Supplementary Figure 11).
Histology confirmed that these hard nodules were not typical
post-mortem clotting but were thrombi that occurred during
the study. While these clots were seen in multiple tissues, every
animal with the hard nodules had these thrombi in the caudal
lungs, which is fed by the blood flow return from the heart. In
contrast, no such thrombi were seen in the saline animals as
described by the pathology reports based on gross pathology
and the histological grading done by a pathologist blinded to
the treatments. Representative hematoxylin and eosin (H&E)
images of a saline animal cranial lung (Supplementary Figure
11C) and of lungs with thrombi (Supplementary Figure 11C−
F) show examples of what appear to be thrombi at 40×
magnification as marked by arrows. These H&E images also
show extensive congestion in the lungs of these animals.
These thrombi were seen in both the control nanoparticle
and hemostatic nanoparticle groups but not seen in the saline
group. In both the control nanoparticle and hemostatic
nanoparticle groups, these clots were seen in a similar number
of animals and tissues. The clots do not appear to correlate
with the presence of the GRGDS peptide on the nanoparticles
that differentiates the hemostatic nanoparticles from the
control nanoparticles (Figure 3C). The pathology suggests
that these thrombi are a significant adverse event that may have
contributed to the lethality seen in the nanoparticle groups. It
should be noted that the pathological and histological grading
was done by a pathologist blinded to the treatments and based
on typical protocols for grading pathology and histological
sections. Thrombi were not found in saline animals.
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Looking at higher resolution specifically for thrombi led to
the identification of microthrombi in the lungs of two animals
with either control or hemostatic nanoparticles (Supplementary Figure 11G,H) that had not been identified previously
based on gross pathology and grading of the H&E sections at
lower magnification. Finding microthrombi is not entirely
surprising. The secondary review was specifically looking for
examples of thrombi in the lungs at higher magnification than
previously used for the histological grading. These two animals
were not included in the clot group for the correlation analysis
because they did not present with pathological or histological
findings consistent with thrombi during the initial review, but
we note them to emphasize that the definition of thrombi used
in the correlation analyses and subsequent analyses, while
based on standard histopathological analyses, may not include
every microthrombus present in the tissue.
̈ arm of the study in
Similar thrombi were seen in the naive
both the control and hemostatic nanoparticle groups
suggesting that the trauma is not essential to trigger the
formation of these hard nodule clots (Supplementary Table 4).
Understanding what correlates with these thrombi is important
to understanding how the nanoparticles impact outcomes.
One of the questions one might ask is whether the variation
in size of the nanoparticles as measured by DLS (Supplementary Table 1) contributed to these outcomes. Supplementary Table 5 shows the average and standard deviation for
all the nanoparticles as well as for those associated with clots
and those associated with death. An ANOVA for both the
cNPs and hNPs suggests there are no differences in size of
nanoparticles involved in clots or survival.
̈ animals
Biodistribution across both injured and naive
showed similar patterns with no significant differences between
animals with clots and animals without clots (Supplementary
Figure 12.)
Data Science to Determine Parameters that Correlate
with Lethality and Clot Formation. The critical question
that arises from this, then, is what correlates with the clots? To
investigate this, we performed a series of analyses using data
science methods. Specifically, we used feature selection and
random forest algorithms to identify features that are most
predictive about the clots and survivability. While feature
selection and random forests help us show the relationship to
survivability and clots, the canonical correlation depicts the
cluster if features which are correlated and the variables that
are unique from the overlapping features.
Multiple forms of correlation analysis were used with the
Luminex data, cell counts, clotting results, blood loss, and
survival to determine what features correlated most often with
the formation of clots and with survival. There was strong
overlap of the factors influencing clots and survival even
though there is partial overlap with animals. TNF-α, INF-α, IL8, neutrophils, and lymphocyte changes correlated with
survival and IL-6 correlated with clotting using a canonical
correlation (Supplementary Figure 13C,D). We also performed
feature selection using the machine learning algorithm,
Random Forest. This is an ensemble algorithm that is
composed of multiple decision trees. Decision trees create
splits that maximize the reduction in impurity of a node for
classification of an outcome feature (clot or survival). By
calculating the mean decrease in impurity for each feature
across all trees, we can know that feature’s importance from
our given data set. Feature importance techniques assign a
score to independent features according to the role each
10570
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Figure 4. Multiple data science methods were used to look for correlations between survival and parameters measured in the study
(cytokines, cells, and blood loss) and clot formation. A set of features rose to the top for all the feature selection methods that correlated
with both survival and clot formation. These included IL-6, TNF-α, neutrophils, lymphocytes, IL-8, and INF-α. (A) Features of importance
for survival. (B) Features of importance for clot formation.

Figure 5. (A) Fold change in IL-6 over time as a function of whether clots were found post-mortem. Curves for individual animals are plotted
to show the variation in responses along with the trends. Fifteen minutes post-treatment, animals who exhibited clots also showed an
elevation in their IL-6 levels. (B) Fold change in the inflammatory cytokine, INF-α. Fifteen minutes post-treatment, animals that exhibited
clots showed a small decrease in INF-α, whereas animals without clots showed an elevation in the INF-α level. (C) Lymphocytes increased
more 15 min post-treatment for animals with clots than for those without. (D) Neutrophiles increased more for animals without clots than
for those with clots. It should be noted that no blood draws were made post-mortem. (n = 6 and error bars = SD for panels A−D).

feature plays in predicting the dependent feature/target
feature. Using this method, we found that Average_IL6 is
listed as the top feature when we consider “clot” as the target
feature whereas for the experiment where “survival” is the
target feature we noticed that Average_Neut (neutrophils) is
listed as the top feature (Figure 4A,B). Thus, across both
canonical correlation and random forests, we saw a high
correlation for IL-6 with clotting (Figure 4B and Supplementary Figure 13D) and a similar feature correlation for
survivability (Figure 4C and Supplementary Figure 13C).
̈ groups for
Importantly, we saw similar trends in the naive
important features (Supplementary Figure 13B), suggesting
that these features are important for thrombi even in the
absence of trauma, which further suggests that the nano-

particles are the critical factor. It should be noted that since
these are large animal studies, the animal numbers are small for
̈ arms of the study. Nonetheless,
both the trauma and naive
there is substantial heterogeneity in the data. This, coupled
with multiple correlation analyses, lends credence to the
importance of the features that repeatedly showed high
correlation with the clot and survival outcomes.
In all correlation analyses, IL-6 was one of the most
common features with a strong robustness regarding
correlation. IL-6 increased in all groups over time with the
fold change in IL-6 increasing the most for the hemostatic
nanoparticle group (Supplementary Figure 14). A similar
̈ arm of the experiments primarily
increase was seen in the naive
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driven by one animal that showed a substantial spike toward T
= 120 min (Supplementary Figure 15).
Likewise, animals exhibited a significant increase in IL-6
values toward the end of the experiment in the injured arm
whether they had clots or not with animals who did not show
clots showing, on average, higher values (Figure 5A). At the
earliest time points, animals with clots did show an increase at
T = 15 min (inset of Figure 5A).
Both TNF-α and IL-8 showed up in many of the correlations
for clot formation, but their values showed no clear trends with
regards to the fold change in values. The data sets used are
small and can be driven by outlier values, which seems to be
the case with IL-8 that exhibited a few very high values
(Supplementary Figure 16). TNF-α moved around a great
deal, making patterns and trends unclear (Supplementary
Figure 17).
In looking through the top correlates with clot formation or
survival, the four parameters that stood out were IL-6, INF-α,
lymphocytes, and neutrophils. The early trends in IL-6 suggest
that an increase correlates with clot formation (Figure 5A).
That is not surprising because an increase in IL-6 has been
correlated with clot formation in deep vein thrombosis33−35 as
well as COVID-19.36 One of the questions that is raised is
whether there are early changes in IL-6 that may correlate with
an infusion response. IL-6 does increase in this study for
animals that exhibited clots over the first 15 min, but this
observation is based on a very small data set. The data sets are
extremely small because the clots are only seen in a subset of
the animals that received nanoparticles but in both the control
and hemostatic groups in similar numbers (n = 2 for the
control group and n = 3 for the hemostatic group). However, it
would be wise to look at early IL-6 changes in future studies
because the increase may be important for understanding
potentially adverse outcomes that may be related to nanoparticle infusions.
Focusing on the first 30 min post-particle administration
when infusion responses are often seen, we observe that INF-α
increases following treatment in animals without clots but stays
constant or decreases slightly for animals with clots. Increases
in INF-α has been correlated with thrombi in several models of
disease,37−39 which makes the fact that the increase correlates
with animals that did not exhibit clots surprising although at
the longer time points INF-α decreased in all the animals
studied (Figure 5B). Lymphocytes increased more 15 min
post-treatment for animals with clots than for those without
(Figure 5C). In contrast, over early time points, the number of
neutrophils were lower for animals with clots than those
without (Figure 5D). The changes in these values were not
̈ arm of the study, but the naive
̈ groups
seen from the naive
were extremely small (n = 3 per group for n = 9 total with two
animals exhibiting clots, Supplementary Figure 15). This
̈
follows the trend that there were no changes seen in naive
animals, with respect to IL-6 in the first 15 min
(Supplementary Figure 15.) Of course, the caveat with all of
this is that the animal numbers are small. While the
heterogeneity, multiple methods, and repeated correlations
suggest that these factors have high correlation with the clot
and survival findings, it is important to be cautious about
drawing conclusions from the specific changes in this small
data set. Instead, we present this data not to over interpret the
findings but to provide a basis for understanding the
underlying data that correlates with the outcomes regarding
clots and survival following nanoparticle infusions in this work.
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As noted, the same factors that correlate with survival
correlate with clot formation even though there is only partial
overlap between the animals that die and those with clots. Said
another way, the group that died included both animals with
clots and animals without clots. Nonetheless, looking at
survival/death, IL-6 decreased slightly for animals that died,
but the blood draw was immediately before death and other
processes may confound the results. Neutrophils were also
lower for animals that died immediately before death
(Supplementary Figure 19), thus following the same trend
seen with clot formation.
Parameters that Correlate and In Vitro Screening.
The PEGylated polyester nanoparticles used in this study
correlated with negative outcomes independent of whether
they had the GRGDS peptide or not (both the hemostatic
nanoparticles and control nanoparticles). Not all animals that
received polyester nanoparticles had negative outcomes (death
and/or clots) but a subset did. In contrast, the vehicle control
group did not exhibit similar negative outcomes. While we did
not see complement activation in vivo, there were signs of
inflammatory processes that correlated with the firm clots and
negative outcomes.
By looking at the data via correlation analysis and coupling
that with an analysis of the findings, it appears that changes in
IL-6, INF-α, lymphocytes, and neutrophils correlate with
negative outcomes in vivo with nanoparticles. To gain more
insight into the role polyester nanoparticles may be playing in
vivo, nanoparticles or controls were incubated with heparinized
whole blood and a cytokine array assay was performed.
The cytokines represented are those that showed positive
spots in the array (Figure 6). This method is pseudoquantitative and leads to intensities rather than absolute values of

Figure 6. Cytokine profiler array. Change in cytokines for
heparinized human whole blood incubated with control and
hemostatic nanoparticles. Change in complement protein C5/C5a
was most significant for zymosan based on χ2 analysis (error bars =
SD).
10572

https://doi.org/10.1021/acsnano.2c01993
ACS Nano 2022, 16, 10566−10580

ACS Nano

www.acsnano.org

cytokines. No spots were seen for IL-6 or for TNF-α, and the
kit does not include INF-α. Nonetheless, there are points of
connection to the in vivo findings that are important to
explore. C5/C5a is positive for zymosan, which is expected
because zymosan is a positive control for complement. The
levels for the control and hemostatic nanocapsules are the
same as the negative control, minimum essential medium
(MEM). The hemostatic nanoparticles but not the control
nanoparticles, MEM, or zymosan are positive for CXCL12/
SDF-1. SDF-1 is known to upregulate TNF-α.40 Likewise, the
hemostatic nanoparticles but not the control nanoparticles,
MEM or zymosan are positive for IL-1ra/IL-1F3. The
Interleukin-1 receptor antagonist (IL-1ra) can reduce acute
inflammation following trauma41 and dampen inflammation in
diseases such as rheumatoid arthritis.42 Neutrophils are known
to release IL-1ra, IL-16, and MIF when undergoing cell
death.43 IL-16 is lower for zymosan, and both the hemostatic
and control nanoparticles compared to MEM. Interleukin-16
(IL-16) is a chemoattractant factor44 released in response to
mitogens, antigens, or vasoactive amines such as histamine or
serotonin.44 IL-16 induces upregulation of pro-inflammatory
cytokines (IL-1β, IL-6, and TNF-α).45 Downregulation of IL16, as is seen here, is associated with a reduction in lymphocyte
migration.46 Macrophage migration inhibitory factor (MIF)
activates neutrophils.47 The downregulation of MIF in the
nanoparticle groups is significant and may lead to modulation
of the immune response that, especially in the presence of
trauma, leads to a reduction in neutrophils, which we saw
correlated with worse outcomes following particle administration (Figure 5D).
We designed the study to focus on blood loss with complete
survival of the saline group. As blood loss becomes more severe
and patients progress toward death, there are several factors
that occur including trauma induced coagulopathy and the
lethal triad.48−50 While these are extremely important to model
and understand, they significantly increase the complexity of
the model and assessments. Therefore, we chose a more
conservative bleeding model as a first step in assessing the
safety and efficacy of these nanocapsules.
We tested the hemostatic nanoparticles, control nanoparticles, or saline in a porcine liver injury model, and
examined the impact of these nanoparticles on blood loss,
physiological outcomes, coagulation parameters, immune cell
̈ arm of
responses, and cytokine arrays. We also included a naive
the study in which we administered our hemostatic nanoparticles, control nanoparticles, or saline in the absence of a
trauma to determine whether off-target effects were the result
of a combination of the particles and trauma or a result of the
particles alone. While we found that the hemostatic nanoparticles did positively impact coagulation parameters, there
were off-target effects leading to nonspecific clotting. We
applied a series of approaches from data science to understand
the correlates with these clotting events as well as survival to
determine the off-target mechanism triggered by these
polyester nanoparticles.
The ultimate goal of our work is to lay the groundwork for
treatments for severe bleeding in the context of trauma.
Stopping bleeding in rodents with nanotechnologies has been
achieved with several different approaches7,21,31,51−54 even in
the context of thrombocytopenic conditions.54 But, stopping
bleeding in clinically translatable large animal models in a safe
manner has proven very challenging. We have known for some
time that complement activation was a hurdle.20,26,55,56 In this
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work, we looked at nanoparticles that do not activate
complement.28 While these particles did not activate complement in vitro or in vivo, their administration unmasked other
challenges that must be addressed.
The animal numbers in this study are small, which can lead
to challenges in having the data to power results, but it is clear
that early changes in IL-6, INF-α, lymphocytes, and
neutrophils are potentially significant and should be considered
carefully in designing and testing nanomaterials to treat trauma
and nanomaterials for intravenous administration more
broadly. We know that IL-6 correlates with worse outcomes
in trauma,57 but what we are seeing with regards to thrombi is
not limited to trauma. The hard nodule clots were seen in the
̈ groups that received particles as well, and data science to
naive
̈ arm
look for correlations found similar patterns with the naive
of the study as were seen in the injured arm of the study. Thus,
the findings that polyester-based, PEGylated nanoparticles can
cause serious, adverse events goes beyond the complex milieux
of trauma.
How can we begin to develop screening systems to look at
the safety of nanoparticles for translation based on these
findings? We have previously seen that incubation of polyester
nanoparticles with endothelial cells leads to a decrease in IL̈ arm of the study. In
628 similar to what is seen in the naive
vitro screens like this play an important role in understanding
how nanoparticles impact outcomes. There are already elegant
assays to look at the interactions between neutrophils and
microparticles58−61 as well as lymphocytes and micro/nanoparticles62−64 that can be leveraged to understand the
mechanisms involved in these interactions and screen for
safety for nanotechnologies.
One of the surprising findings in the work was that we saw a
reduction in neutrophils in animals that exhibited thrombi.
Neutrophils are associated with increases in coagulation factors
including PTT and can promote clotting.65 However, we saw
no changes in PTT and, in fact, fewer neutrophils in early
times post-particle administration correlated with thrombi in
this model. In contrast, we saw an increase in lymphocytes.
Thus, the neutrophil to lymphocyte ratio (NLR) was
decreasing at early time points following administration of
particles. Again, this contrasts with the elevated NLR that has
been seen associated with clot formation both in COVID-19
and in patients with admission to the ER with cardiopulmonary distress.66−68 On the basis of the wealth of literature and
small changes in the findings, while neutrophils and
lymphocytes are clearly important in the thrombi, the changes
in these cells following nanoparticle administration are small,
and confidence in suggesting how they change and how that
impacts outcomes is small. Studies looking at neutrophil and
lymphocyte interactions with nanoparticles will be an
important part of understanding these interactions.
This is a pilot study, and it is possible that the limited
number of animals could lead to results that are not fully
replicated at scale, but the key point is that the changes in
cytokines, lymphocytes, and neutrophils are important to
screen for in vitro moving forward with nanomaterials to
ensure safety.
One of the caveats that must always be considered when
dealing with porcine models is that their innate immune and
thrombotic responses are often more intense than humans’
responses. Infusion reactions tend to be more intense in
porcine models than those seen in the clinic.69,70 Such
responses are often magnified by the speed of the infusion,
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which in this study was a bolus. Bolus infusions are preferred
when one is managing trauma, but they may magnify the
impact of nanomaterials given systemically. Furthermore,
swine appear to have earlier and more intense activation of
pro-thrombotic mechanisms compared to humans and have
limited thrombolysis capacity.71,72 Nonetheless, the findings
here point to potential adverse events that must be studied and
considered when developing intravenously infusible nanomedicines.
Ultimately, if the goal is to control bleeding in models of
trauma, the challenge goes beyond stopping bleeding. Acutely
bleeding trauma patients are well-known to also be hypercoagulable from systemic activation of pro-coagulant mechanisms. Furthermore, trauma patients can rapidly switch
between hypocoagulable and hypercoagulable depending on
intrinsic physiologic factors, external factors such as the rate
and extent of blood loss, and environmental factors such
hypothermia.5,50 Thus, pharmacologic or technology solutions
that only stop bleeding could increase complications or even
worsen outcomes. These conditions include disseminated
intravascular coagulation (DIC),73 trauma-induced coagulopathy (TIC),74,75 and traumatic brain injury (TBI).76−78
Triggered by trauma as well as sepsis, DIC leads to
inflammatory reactions, endothelial dysfunction, and generalized thrombosis causing organ damage and failure and poor
patient outcomes.73 With DIC, a patient can transition rapidly
from a hypocoagulable to hypercoagulable state. In trauma
patients, the complex interplay of tissue injury and
hemorrhagic shock combine to create TIC,79 also known as
acute traumatic coagulopathy. TIC occurs rapidly in 20−35%
of severely injured trauma patients80 when protein C is
activated and inhibits the clotting cascade through cleaving
factors Va and VIIIa. Factor Va is part of the prothrombinase
complex that cleaves prothrombin into thrombin, a critical
component for hemostasis. Activated protein C also accelerates
fibrinolysis and leads to platelet dysfunction.81,82 Rapid surgical
intervention is essential to stop the contribution of ongoing
blood loss to the cycle of TIC.83,84
The complexity of these challenges is further exacerbated by
TIC-associated hypercoagulability, potentially a result of
endothelial damage leading to a reduction in tissue-type
plasminogen activator (tPA).85−87 Finally, the extent of
hemorrhaging in TBI has been correlated with the degree of
functional deficits following central nervous system trauma in
humans88,89 and with the extent of injury in rodent
models.88,90 Again, the challenge with halting bleeding is that
TBI patients can rapidly switch back and forth between
hypocoagulable and hypercoagulable states,76−78,91 and while
research is ongoing, predicting the transitions is extremely
difficult.92,93 In addition, TBI brain microparticles can induce
systemic coagulation including pulmonary emboli.94
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COVID-19 on endothelial dysfunction, clotting disorders, and
thrombi.95−97 As we translate infusible nanotechnologies in
patients who have had COVID-19, we may find that the safety
profile for these patients has changed. Being able to screen
nanotechnologies at early stages for cytokine and immune cell
responses has the potential to lay a framework for safer
nanomedicines more broadly, beyond the complex milieux of
trauma.

EXPERIMENTAL SECTION
Materials. A poly(lactic acid)-b-poly(ethylene glycol) block
copolymer was synthesized using L-lactide from Polysciences Inc.
(Warrington, PA), heterobifunctional poly(ethylene glycol) with 5000
and 3400 Da molecular weight from Laysan Biosciences (Arab, AL),
and D-lactide from Purac Biomaterials (Corbion, Amsterdam,
Netherlands). All solvents used were of ACS grade and obtained
from Fisher Scientific.
We monitored Complement protein C5a using a C5a human
ELISA duo kit (DY2037) obtained from R&D Systems (Minneapolis,
MN). Zymosan was obtained from Sigma-Aldrich. Dulbecco’s
phosphate-buffered saline (without phosphate and magnesium) was
obtained from Fisher Scientific. We measured cytokine levels in vitro
using Proteome Profiler Human Cytokine Array Kit (R and D
Systems, catalog number ARY005B). For in vitro assays, as blood
matrix, we used heparinized human blood and complement protected
human serum from Innovative Research Inc. (Novi, MI).
Synthesis and Characterization of Nanoparticles. Block
copolymers of poly(lactic acid)-b-poly(ethylene glycol) with either
3400 or 5000 Da PEG macroinitiators was synthesized through the
ring-opening polymerization reaction.21,98 The nanoparticles were
prepared using poly(L-lactic acid)-b-poly(ethylene glycol) (PLLA-bPEG5000) and poly(D-lactic acid)-b-poly(ethylene glycol) (PDLA-bPEG3400) through nanoprecipitation. The numbers denote the
molecular weight of the PEG macroinitiator, i.e. 3400 and 5000 Da.
The peptide GRGDS was conjugated through NHS/EDC conjugation to PLLA-b-PEG5000.21
The ratio for the polymers is 3:1 by weight. Here 90 mg of PLLA-bPEG5000 and 30 mg of PDLA-b-PEG3400 was used for making the
control and hemostatic nanoparticles. The polymer was dissolved in
the organic phase, i.e. tetrahydrofuran (THF), at a concentration of
20 mg/mL was added dropwise to double the phosphate-buffered
saline’s volumetric amount and stir hardened to form the nanoparticles. After stir-hardening for 3 h, excess THF was removed by
exposing to air, and poloxamer was added as the stabilizer. The
nanoparticles were then collected through centrifugation at 4000XG
for 10 min at 4 °C and resuspended in phosphate-buffered saline. The
particles were characterized through dynamic light scattering for
determining the hydrodynamic diameter and the ζ-potential for
nanoparticles in dilute potassium chloride solution (10 mM). The
extent of PEGylation was determined through 1H nuclear magnetic
resonance as well. The control nanoparticles were prepared in a
similar manner, but instead of peptide conjugated PLLA-b-PEG5000GRGDS, the block copolymer PLLA-b-PEG5000 was used.
Conjugation of GRGDS to PLLA-b-PEG through NHS/EDC
Coupling. The peptide of interest, GRGDS, was conjugated to the
block copolymer PLLA-b-PEG5000 through NHS/EDC conjugation.
Utilizing the carboxyl end of the bifunctional PEG, the NHS/EDC
based conjugation leads to coupling with the amine end of the peptide
GRGDS. First, 300 g of the block copolymer PLA-b-PEG is dissolved
in 4 mL of dichloromethane (DCM). To that was added 12 mg of
NHS and 10 mg of EDC dissolved in dimethyl sulfoxide (DMSO) to
form an amine-reactive NHS-ester. The reaction was allowed to
proceed for 60 min, and then excess DCM is removed by exposure to
air. The polymer was precipitated in methanol and collected by
centrifugation at 4000 rpm for 5 min and lyophilized overnight. The
lyophilized intermediate product was dissolved in 3 mL of DCM and
to that was added 8 mg of the peptide dissolved in 1.5 mL of DMSO.
The reaction was allowed to proceed for 24 h, and then the excess
DCM was removed by exposure to air, and the polymer was

CONCLUSIONS
Thus, as we look to develop therapies to manage bleeding, we
have a high bar to meet. The therapies must be safe and avoid
adverse events in an extremely complex environment. The
need is there to tackle this challenge, though, with trauma and
uncontrolled bleeding being the leading cause of death of
young people. This work elucidates some of the cellular and
molecular responses that should be considered in developing
nanotechnologies to control bleeding.
The complexity of administering nanomedicines intravenously may be changing as well. The potential impact of
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precipitated in methanol. The precipitated PLLA-b-PEG-GRGS was
the collected through centrifugation at 4000 rpm for 5 min and
lyophilized.
Measuring Peptide Density Using OPA Assay. The presence
of peptide in the nanoparticles was confirmed through an
orthopthaladehyde (OPA) assay, which leads to fluorescence in the
presence of free amines. Here 200 μL of OPA reagent was added to
20 μL of nanoparticles dissolved in DMSO and mixed well. The
fluorescence was recorded immediately after 15 min of incubation in
the dark using an excitation wavelength of 340 nm and emission
wavelength of 455 nm.
Handling of Blood Products. For generating the responses in
vitro, the heparinized human whole blood and complement protected
human serum used was obtained from Innovative Research Inc.
(Novi, MI). In the case of whole blood, blood was collected in
heparinized collection tubes from a single donor and shipped using
the same collection vial to avoid exposure to multiple surfaces and
lead to unwanted complement activation. Blood was handled with
care, stored, and shipped at 4 °C, and only mixed gently, and stored
on ice while running the assay.
Evaluation of Changes in Complement Protein In Vitro. The
change in complement protein C5a was quantified following
previously established protocol.27 The blood matrix was incubated
with nanoparticles suspended in Dulbecco’s PBS (without calcium
and magnesium). As a positive control, zymosan was used. The
dosage used for the nanoparticles and zymosan was 0.25 mg/mL in
serum. The samples were incubated at 37 for 45 min and then
centrifuged at 4000 rpm for 5 min to separate the nanoparticles. The
plasma was aliquoted in clean tubes and stored on ice until assay was
carried out.
Ethical Approval and Accreditation. The study protocol was
reviewed and approved by the 711th HPW/RHD JBSA-Fort Sam
Houston Institutional Animal Care and Use Committee (IACUC) in
compliance with all applicable Federal regulations governing the
protection of animals in research. All procedures were performed in
facilities accredited by the AAALAC international.
Power Analysis. We designed the experiment to looks for
differences in hemorrhage rather than survival. Because this was a
large animal porcine study, we used a resource equation method to
power the study. This approach is considered appropriate when
designing resource-intensive large animal studies and/or those that
involve potential ethical concerns. In this approach, Error = Total
number of animals − Total number of groups with the ideal target for
Error (E) being between 10 and 20. In our experimental design, E =
18−3 = 15 with n = 6 per group. Conversely, using a conventional
power analysis, assuming that reducing blood loss by 0.3 L in pigs
would be significant based on previous work where the standard
deviation in blood loss was 0.2 L, we would find that we need 7 pigs
per group. Thus, the calculations are close, but considering the
negative outcomes, the complexity of trauma models in large animals,
and the resources, we focused on the resource equation method for
calculating sample size and ended the study with 6 animals per group.
Animal Subjects and Preoperative Preparation. Thirty male
swine (Sus Scrofa domesticus) weighing 35−60 kg were randomized
and blinded into two injury arms each containing three treatment
groups: (1) Injured Arm 1.a, vehicle control (normal saline, 0.9%
NaCl) (n = 6); 1.b, 2 mg/kg control nanoparticles (n = 6); 1.c, 2 mg/
kg hemostatic nanoparticles (n = 7) or (2) Uninjured Arm 2.a, vehicle
control (normal saline, 0.9% NaCl) (n = 3); 2.b, 2 mg/kg control
nanoparticles (n = 3); 2.c, 2 mg/kg hemostatic nanoparticles (n = 3).
Animals were sedated with Telazol (6.0 mg/kg; Fort Dodge Animal
Health, Overland Park, KS, USA), premedicated with an analgesic
(Buprenex 0.01 mg/kg; Reckitt & Colman Pharmaceuticals Inc.,
Richmond, VA, USA), and intubated with anesthesia maintained on
1−3% isoflurane. Core body temperature was monitored via a rectal
temperature probe and maintained between 36.0 and 38.0 °C.
Catheter Placement, Laparotomy and Splenectomy. Four
catheters were placed percutaneously under ultrasound guidance.
Briefly, two 8 Fr catheters (Arrow, Morrisville, NC, USA) were placed
in the jugular veins for fluid infusion and treatment administration
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and central venous pressure monitoring (CVP). Femoral arteries were
cannulated with either a 5 Fr catheter (Cook Medical, Bloomington,
IN, USA) for blood pressure monitoring (MAP), or an 8 Fr catheter
(Arrow, Morrisville, NC, USA) for blood collection and sampling.
A midline laparotomy was performed to expose the spleen and
liver. The left upper quadrant of the spleen was identified and
mobilized to the midline. The splenic vein and artery were clamped
off. All surgical procedures were performed under aseptic techniques.
Whole Blood Collection. Before injury, 30% total blood was
collected from a controlled femoral bleed in a blood donor bag
containing anticoagulant citrate phosphate dextrose adenine solution
(CPDA) at a 1:10 ratio for subsequent use in resuscitation.
Injury and Hemorrhage. For the Injured Arm, a standardized
grade III liver injury was created as previously described by Gurney et
al.29,99 Briefly, the liver was isolated and a ring clamp placed over the
lower left lobe, ∼50% in width and ∼2.0 in. from the apex, adjusting
for relative size of the liver and weight of the pig. The clamp was
closed, and an 11 blade was used to lacerate the lobe from the top of
the clamp through the remaining width, marking the beginning of
hemorrhage. After 1 min the clamp was removed and the rest of the
tissue excised, resulting in ∼25% lobectomy. Excised tissue was
measured and weighted. The liver was allowed to spontaneous bleed
for 5 min, with blood being removed via intraperitoneal suction and
weight/volume quantified at 1 min intervals through hemorrhage and
treatment phases.
Treatment, Resuscitation, and Euthanasia. Treatment was
initiated at T = 0 min via a 30 mL bolus of either (1) 0.9% NaCl, (2)
2 mg/kg control nanoparticles, or (3) 2 mg/kg hemostatic
nanoparticles. Additional fluids were postponed for 30 min, at
which point whole blood was given as needed to maintain a systolic
blood pressure (SBP) of 90 ± 5 mmHg. The initial whole blood
transfusion was preceded with a 23% calcium gluconate solution
(Vedco, Saint Joseph, MO, USA) at 1 mL/200 mL based on the 30%
whole blood bleed.
At the end of treatment (T = 60 min) liver injuries were packed,
closed, and animals received maintenance fluids in the form of
lactated Ringer’s and were monitored under anesthesia until T = 180
min. Swine were humanely euthanized at T = 180 min with
pentobarbital sodium and phenytoin sodium (Euthasol, 390 mg/mL,
Virbac Corporation, Fort Worth, TX, USA).
Blood Draws and Laboratory Analysis. Whole blood was
collected as BSLN, TRAU, T = 0, 15, 30, 45, 60, 120, and 180 min.
No blood draws were made post-mortem. Arterial blood gas
parameters were assessed utilizing a GEM Premier 4000 (Instrumentation Laboratory, Bedford, MA, USA). Complete blood counts,
basic metabolic panels, and liver associated enzymes were evaluated
on ProCyte Dx Hematology and Catalyst One Chemistry Analyzers
(IDEXX Laboratories, Inc., Westbrook, ME, USA).
Whole blood viscoelastic clotting properties were evaluated by
rotational thromboelastometry (ROTEM) (ROTEM Delta system,
TEM Systems Inc., Durham, NC, USA). ROTEM analyses included
evaluation of extrinsic coagulation pathway function in the absence
(ExTEM), presence of the platelet inhibitor, cytochalasin D
(FibTEM), and the presence of the fibrinolysis inhibitor, aprotinin
(ApTEM) including clotting time (CT), amplitude 10 min after CT
(A10), amplitude 20 min after CT (A20), clot formation time (CFT),
maximum clot firmness (MCF), alpha-angle (α), lysis index 30 min
after CT (LI30), lysis index 60 min after CT (LI60), and maximum
lysis (ML).
Concentrations of coagulation factors were evaluated using
STAGO STA Compact (Diagnistica Stago Inc., Parsippany, NJ,
USA). STAGO analysis included prothrombin (PT) and partial
thromboplastin (PTT) times, and concentration levels of d-dimer,
fibrinogen, von Willabrand Factor (vWF), and antithrombin (ATIII).
EDTA plasma was separated from remaining whole blood samples
and divided into aliquots for subsequent Luminex analysis, which
included interferon (INF) INF-γ, INF-α, interleukin (IL) IL-1β, IL10, IL-12p40, IL-4, IL-6, IL-8, and tumor necrosis factor alpha (TNFα) (Invitrogen Cytokine and Chemokine 9-Plex Porcine ProcartaPlex
Panel 1, ThermoFisher Scientific, Waltham, MA, USA). Cytokine and
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chemokine concentrations were quantified using the Bio-Plex 200
Luminex system (Biorad, Hercules, CA, USA).
Nanoparticle Bioaccumulation and Biodistribution. During
necropsy, 1 cm cubes of tissues were collected and flash frozen for
subsequent nanoparticle biodistribution analysis, which included liver,
kidney, cranial lung (left and right), caudal lung (left and right),
frontal cortex, occipital cortex, cerebellum, hippocampus, mesenteric
lymph nodes, and gastrohepatic lymph nodes. The 1 cm cubes of
tissue were kept at −80 C until biodistribution was performed.
Preparing Tissue Samples. Each 1 cm cube (one per tissue from
the center of the tissue) was rinsed with deionized water 3 times.
Samples were placed into preweighed 50 mL tubes and placed at −80
°C for 2 h to freeze. Samples were then lyophilized. Following
lyophilization, each sample was weighed to determine the dry weight.
The samples were transferred into homogenizing tubes and
homogenized (Precellys 24; 6500 rpm, 2 cycles, 20 s per cycle, 5 s
wait time between cycles). Samples were resuspended in 1 mL of
acetonitrile, and homogenization was repeated. Samples were then
kept at 37 °C for 48 h. After incubation, the samples were centrifuged
at 13.3 rpm for 10 min. The supernatant was transferred to eppendorf
tubes. The samples were diluted 1:10 with ACN and read using the
plate reader at an excitation of 387 nm and emission of 470 nm
(Molecular Devices, Spectramax M2). A standard curve of C6 in
ACN was used to determine the concentration of C6 and the amount
per mg of tissue. Knowing the loading of C6 in the nanoparticles, the
concentration of nanoparticles per mg of tissue was determined.
Tissue Preparation and Pathology. Immediately following
euthanasia, full necropsies were performed by veterinarian pathologists for gross and microscopic anatomic evaluation on each animal.
Lung tissues were collected for histopathologic evaluation. These
tissues were fixed in 10% neutral buffered formalin; paraffin
embedded, cross sections were cut at 5 μm, and stained with H&E.
A pathologist blinded to the treatments reviewed and scored the
pathology and histological sections.
Complement Assays and PAF Assay on Serum Samples
from In Vivo Study. Serum samples were stored until use. Serum
samples were aliquoted and only used once to avoid freeze−thaw
cycles. Samples were taken from the storage condition of −80 °C
immediately before the ELISA assay was carried out. They were
placed in 37 °C for few seconds to thaw immediately. Four different
dilutions were used: undiluted, 1:1, 1:50, 1:1000. The standards were
also prepared following the kit instructions. PAF was quantified using
the pig specific kit from LifeSpan BioSciences, Inc. (Seattle, WA,
Catalog no. LS-F37444). C3 and C3a were quantified using Abcam
kits we had used previously with pigs (Abcam ab157705 and
ab133037, respectively).26
Generating Immune Response In Vitro and Quantification
through Cytokine Array. Nanoparticles resuspended in MEM were
added to human heparinized whole blood to reach a final
concentration of 0.25 mg/mL. The ratio of blood to the nanoparticle
in MEM was 5:1. The blood was gently pipetted with the nanoparticle
resuspension and incubated for 45 min at 37 °C in a rotating shaker.
Immediately after incubation, samples were placed on ice and then
centrifuged at 4000 rpm for 5 min. The supernatant plasma was
collected in clean microcentrifuge tubes. For the cytokine array panel,
200 μL of plasma was used to prepare samples following the protocol,
and subsequent steps given in the protocol were followed for the
human cytokine array panel (R&D Systems). The final image was
taken using a Bio-Rad imager. For further analysis, ImageJ was used.
Integrated density gives the sum of total pixels within a region.
Following this method, each dot blot within the membrane was
quantified for each sample The levels of the detected cytokines were
expressed as a percentage of the pixel density determined for the
reference spot.100
Data and Statistical Analysis. Statistical analyses were
performed using Prism 8 (GraphPad Software, Inc., La Jolla, CA,
USA). Data are presented as mean ± SD. Data with baseline
discrepancies were normalized to baseline before statistical analysis.
Single time point analyses were performed by one-way ANOVA using
posthoc Tukey and multiple time point analyses were analyzed by

Article

mixed-effects analysis using posthoc Tukey for intra-analysis and
Dunnet for interanalysis.
Data Science. We carried out canonical correlation analysis
experiments both in R Studio and Python. Packages exist in R Studio
and Python, which create a visualization showing highly correlated
variables. Independent attributes that are highly correlated to the
target attribute are present near the target attribute.
Multiview Learning. Multiview learning is a domain where we
identify relations between related data sets. This technique aids in
identifying important attributes toward the target attributes. Multiview learning includes various types of techniques. Few among these
popular techniques are canonical correlation analysis and matrix
factorization.
Canonical Correlation Analysis. We carried out the canonical
correlation analysis experiment on the porcine data. Canonical
correlation analysis gives us a better idea of correlations that exist
between two data sets. Canonical correlation analysis consists of two
core parts, namely identifying canonical variables and canonical
correlation among variables.
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