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Abstract: Globally, traumatic injury is a leading cause of suffering and 
death. The ability to curtail damage and ensure survival after major 
injury requires a time-sensitive response balancing organ perfusion, 
blood loss, and portability, underscoring the need for novel therapies 
for the prehospital environment. Currently, there are few options 
available for damage control resuscitation (DCR) of trauma victims. 
We hypothesize that synthetic polymers, which are tunable, portable, 
and stable under austere conditions, can be developed as effective 
injectable therapies for trauma medicine. In this work, we design 
injectable polymers for use as low volume resuscitants (LVRs). Using 
RAFT polymerization, we evaluate the effect of polymer size, 
architecture, and chemical composition upon both blood coagulation 
and resuscitation in a rat hemorrhagic shock model. Our therapy is 
evaluated against a clinically used colloid resuscitant, Hextend. We 
demonstrate that a radiant star poly(glycerol monomethacrylate) 
polymer did not interfere with coagulation while successfully 
correcting metabolic deficit and resuscitating animals from 
hemorrhagic shock to the desired mean arterial pressure range for 

DCR – correcting a 60% total blood volume (TBV) loss when given at 
only 10% TBV. This highly portable and non-coagulopathic 
resuscitant has profound potential for application in trauma medicine.  

Introduction 

Traumatic injuries account for a substantial portion of global 
morbidity and mortality and is the leading cause of death for 
persons aged 1-46 in the United States.[1] Among trauma-related 
fatalities, hemorrhagic shock from blood loss causes up to 40% of 
civilian deaths. Alarmingly, over half of these hemorrhagic deaths 
occur within the first minutes to hours after injury, often before 
patients can reach a hospital.[2,3] This critical timeframe 
underscores the urgent need for innovative strategies and 
therapies that can effectively address hemorrhage and achieve 
damage control resuscitation, even in the prehospital 
environment. The extensive blood loss from hemorrhage leads to 
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hemorrhagic shock, a pathophysiologic state in which blood 
pressure collapses and the hypovolemic circulatory system is 
unable to adequately perfuse tissues or deliver oxygen.[4] The 
resulting hypoxia forces tissues into anaerobic respiration, 
thereby inducing lactic acidosis and the shutdown of cellular 
sodium pumps. The corresponding influx of sodium ions into cells 
is accompanied by a large volume of water that flows from the 
intravascular space and into the interstitium, exacerbating the 
hypovolemia and hemorrhagic shock.[5] Furthermore, the immune 
response that follows a traumatic injury generates high levels of 
inflammatory cytokines and reactive oxygen species.[6] This 
dysfunctional inflammatory response can cause severe 
secondary injury by ischemia reperfusion, which can lead to 
multiple organ failure and death.[7]  

The goal of fluid resuscitation is to restore oxygen delivery to 
adequate levels to prevent progressive organ damage. However, 
aggressive fluid resuscitation in the setting of freely-bleeding 
wounds can disrupt clots and cause rebleeding events that 
worsen shock. Damage control resuscitation (DCR) is an 
approach that has been developed to maintain basal perfusion of 
vital organs without pushing blood pressures high enough to 
cause rebleeding.[8] In past reports, we detail the development of 
a polymeric hemostat, PolySTAT, to address the threat of 
rebleeding during treatment of hemorrhagic shock.[9–12]  In this 
work, we focus on developing potent polymeric resuscitants 
designed for DCR in emergency and prehospital environments. 
The current standard of care resuscitants, crystalloid and colloid 
solutions, operate on the principle of aggressive fluid 
replacement. These approaches require several liters of 
treatment that must be warmed to physiological temperature 
before use, rendering these large volume resuscitants impractical 
in prehospital settings.[13–15] The large volumes administered to 
trauma patients dilute coagulation factors, spike blood pressure, 
and encourage tissue edema.[15–17] In austere prehospital 
environments, such as air evacuations and military settings, it is 
particularly advantageous for resuscitation fluids to be lower-
volume and lighter-weight. Modern resuscitation strategies in 
accordance with DCR intentionally limit fluid administration and 
instead rely upon whole blood transfusions, thereby reducing 
coagulopathy, inflammation, and mortality.[18,19] However, 
logistical challenges prevent regular use of blood products in the 
prehospital setting, particularly as they are of extremely limited 
supply. 

Alternative approaches in development include synthetic low 
volume resuscitants (LVRs) having unique and favorable 
properties.[15] Polyethylene glycol of molecular weight 20kDa 
(PEG20K) is currently a lead candidate for LVR and operates as 
a hybrid cell impermeant and oncotic agent. The cell impermeant 
component of PEG20K allows it to partially extravasate from the 
vasculature and pull fluid directly out of interstitial cells, while the 
oncotic component remains in the bloodstream to further draw 
fluid into the vascular space (SI Figure 1). These polymers 
achieve resuscitation by generating oncotic pressure gradients, 
which relocate fluid from the interstitium into the patient’s 
vasculature, essentially using the patient’s own interstitial fluid 

reserve for resuscitation. PEG20K has demonstrated a potency 
12-18x greater than crystalloid/colloid solutions, shrinking the 
volume of therapy needed for resuscitation and comprising a 
therapy that is exponentially more portable and conducive to 
prehospital applications.F[20] 

Despite promising preclinical results in animal models, PEG20K 
impairs coagulation,  inducing a state of platelet passivation 
similar to thrombocytopenia.[21] Other concerns arise from the 
increased prevalence of PEG-induced anaphylaxis and other 
allergic reactions, which rose correspondingly with PEG-
containing COVID-19 vaccines.[22,23] In this work, we leverage our 
lab’s experience with methacrylate-based polymers and the 
controlled polymerization technique, Reversible Addition 
Fragmentation chain Transfer polymerization (RAFT), to create a 
highly tunable polymer platform for the rational design of LVRs. 
The chemical flexibility and side-chain tailorability of 
methacrylates enabled us to easily vary polymer architecture, 
radius of gyration, and monomer compositions to reveal how 
polymer properties influence resuscitative profile, coagulopathic 
effects, and circulation time. Herein, we report the design and 
synthesis of LVRs that provide effective resuscitation in rat trauma 
models without disrupting coagulation.  

Results and Discussion 

Synthesis and characterization of linear neutral and 
zwitterionic hydrophilic polymers for low volume 
resuscitation 

To begin with, we explored different size ranges of methacrylate-
based resuscitants to observe the influence on resuscitation. We 
completed some simple theoretical calculations of polymer 
contour length, average square end-to-end distance, and Rg as 
outlined in the supplementary information, and found a 
methacrylate with a degree of polymerization (DP) of 125 would 
theoretically give us an Rg approximately half that of PEG20K. We 
therefore selected a panel of poly(glycerol monomethacrylate) 
(pGmMA) linear homopolymers with DPs of 100, 200, and 300. 
The oncotic potential of these neutral pGmMA LVRs should be 
closely related to the osmotic pressure (Π) of the polymers in 
solution which is proportional to their molar concentration, as 
dictated by van’t Hoff’s equation:  
 

Π =  
𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅𝑅𝑅

𝑉𝑉  

 
Where nsolute = the number of moles of polymer in solution, V = 
volume, R = molar gas constant, and T = temperature. 
Interestingly, highly charged macromolecules such as albumin 
exhibit a larger osmotic pressure than predicted by van’t Hoff’s 
equation due to the Gibbs-Donan effect.[24] We hypothesized 
highly-charged zwitterionic monomers would increase the oncotic 
potential of our LVRs, enabling us to use a lower polymer dose. 
We selected 2-methacryloyloxyethyl phosphorylcholine (MPC) 
and N-(3-sulfopropyl)-N-methacroyloxyethyl-N,N-
dimethylammonium betaine (SBMA) to evaluate alongside 
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GmMA. Both monomers exhibit over double the number of 
coordinated water molecules compared to GmMA, as determined 
by differential scanning calorimetry (DSC).[25] Based on the logic 
above, we synthesized a panel of linear polymers of DP100, 200, 
and 300 using the three monomers (L-GmMA, L-MPC, and L-

SBMA) via RAFT polymerization (SI Reaction Scheme 1) as 
shown in Figures 1A-C. Polymers were synthesized with 
molecular weights (Mn) of approximately 18 kDa to 90 kDa and 
with narrow polydispersity indices (PDIs) (1.02-1.25)  (Figure 1D-
F, SI Table 1, SI Figures 2-4).  

 
 
Figure 1. Characterization of linear LVRs synthesized via RAFT. A-C) Molecular structure of L-GmMA, L-MPC, and L-SBMA, respectively. D-F) Gel Permeation 

Chromatograms of DP100, 200, and 300 L-GmMA, L-MPC, and L-SBMA LVRs, respectively. Each trace is overlaid with PEG20K (green) as a comparison. The Mn 

and PDI were determined using 100% mass recovery (RI Detector, Wyatt Optilab T-rex) and multiangle light scattering (MALS, Wyatt miniDAWN  Treos) gel 

permeation chromatography (GPC).  The running solvent was phosphate buffered saline (PBS) (flow rate: 0.5 mL/min) at room temperature and samples were 

prepared at 10 mg/mL. G) Small-angle x-ray scattering (SAXS) radius of gyration measurements as a function of degree of polymerization. The green dotted line 

with ± 1 SEM interval band represents the size range of PEG20K measured in literature.[26] The DP200 L-GmMA (blue line, MW = 32 kDa), L-MPC (magenta line, 

MW = 59 kDa), and L-SBMA (orange line, MW = 56 kDa) all have a similar Rg compared to PEG20K (MW = 20 kDa). All polymers were evaluated at 5 mg/mL and 

15 mg/mL in PBS (pH 7.4). Data shown are from monodisperse gaussian coil model fits from scattering data for 15 mg/mL. Fit data confirmed that there is no effect 

due to concentration between the 5 mg/mL and 15 mg/mL samples. H) Vapor pressure osmometry measurements of PEG20K and 35K (green/left), L-GmMA 

(blue/middle left), L-MPC (magenta/middle right), and L-SBMA (orange/right). All polymers were dissolved in normal saline. The purple line shows the osmolarity of 

the normal saline for reference. All measurements were done using a Vapro 5600 in triplicate. Error bars are 1 standard deviation from the mean. I) Vapor pressure 

osmometry measurements of L-SBMA (orange) with no self-assembly (No SA). All polymers were dissolved in normal saline with additional NaCl to match the 

number of moles of repeat units. The purple line shows the osmolarity of the normal saline only. All measurements were done using a Vapro 5600 in triplicate. Error 

bars are 1 standard deviation from the mean. J) Differential scanning calorimetry measurements of the hydration number (nH) for linear L-GmMA (blue/left), and L-

SBMA with (orange/middle) and without (orange/right) self-assembly (No SA). A green dotted line with ± 1 SEM interval band represents the nH of PEG20K controls. 

 
We characterized the polymer panel using small-angle x-ray 
scattering (SAXS) to measure radii of gyration (Rg) (Figure 1G 
and SI Figure 5). The DP200 L-GmMA (MW = 32 kDa), L-MPC 
(MW = 59 kDa), and L-SBMA (MW = 56 kDa) all have similar Rg 
as PEG20K, as expected from our theoretical calculations. Next, 
we measured the osmolarity of the linear polymer panel in normal 
saline (0.9% w/v NaCl, isotonic to blood serum) by vapor pressure 
osmometry (Figure 1H). DP200 and DP300 L-GmMA showed 
similar osmolarity to PEG20K while L-MPC and L-SBMA showed 
lower osmolarity compared to PEG20K. In the case of L-SBMA, 
there was a decrease in osmolarity as the molar concentration 

increased. There are likely two factors contributing to the 
phenomenon. First, pSBMA can self-assemble as a function of 
concentration in solutions with low ionic strength, which would 
create larger macromolecules that decrease the overall number 
of moles of solute in solution. Second, as polymer concentration 
is increased, pSBMA may be coordinating salt ions from the 
normal saline solution. The drop in osmolarity below the 0.9% 
NaCl solution level (purple line in Figure 1G) at high polymer 
concentrations supports this hypothesis. The apparent drop in 
osmolarity as polymer concentration is increased is an artifact of 
the experimental set-up; there are a fixed number of ions in 
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solution during osmometry measurements, whereas in the body 
there would be large reserves outside the vascular space to 
compensate for the zwitterions. With this detail in mind, we 
repeated the L-SBMA osmometry measurements (Figure 1I) but 
included additional NaCl to match the molar concentration of the 
zwitterionic groups and prevent self-assembly. We observed ~2-
6x increase in the osmolarity of pSBMA. With L-MPC, we have 
not seen any evidence of self-assembly in our work, nor have we 
seen self-assembly documented in literature. Finally, we 
measured the hydration number (nH) or the number of strongly 
bound, non-freezing water molecules coordinated per repeat unit 
using DSC for PEG20K, L-GmMA, and L-SBMA (Figure 1J, SI 
Table 1). In 0.9% NaCl solution, L-GmMA and L-SBMA had 
similar nH values to PEG20K. However, in agreement with the 
osmometry measurements for L-SBMA, when additional NaCl 
was added to coordinate with the zwitterionic groups to prevent 
self-assembly, we observed a ~4x increase in the amount of water 
coordinated per polymer repeat.  

Linear LVRs underperform in rotational 
thromboelastometry evaluation and a severe 
hemorrhagic shock model in rats. 

We next employed rotational thromboelastometry (ROTEM) to 
evaluate the effect of the linear LVRs on coagulation using human 
plasma. ROTEM monitors clot firmness over time, characterizing 
clot formation and breakdown (Figure 2A). For our analysis, we 
kept molar concentrations of polymers constant by analyzing 
10%, 20%, and 30% w/v solutions of DP100, 200, and 300 
polymers, respectively, at 10% total plasma volume in 
ROTEM.[27,28] The various linear LVRs were evaluated against a 
normal saline volume control for their clotting times (SI Figure 6), 
alpha angle (Figure 2B), and maximum clot firmness (MCF) 
(Figure 2C).

Figure 2. In vitro (A-C) and in vivo (D-F) Screening of Linear LVRs. A) General schematic of the key ROTEM parameters. Alpha angle is a measure of clot formation 

kinetics, while MCF is a measure of the firmness of the clot. B) Change in alpha angle measured in degrees for human plasma treated with 10% of total blood 

volume (TBV) of pGmMA (dark blue), pMPC (magenta), and pSBMA (light orange). C) Change in MCF measured in mm for human plasma treated with 10% of TBV 

of pGmMA (blue), pMPC (magenta), and pSBMA (orange). For all EXTEMs, the data displayed is the difference from a normal saline volume control run at the 

same time for each donor. A purple dotted line with a ± 1 SEM (standard error of measurement) band is placed at zero to represent the normal saline control. A fit 

model for a repeated measure, one-way ANOVA with Tukey post-hoc analysis (α = 0.050) with donor as a random source effect was used. All error bars and bands 

represent ± 1 SEM from the mean. For all the ROTEM data, significance labels were used to indicate if there is a statistically significant difference when comparing 

the polymers to the normal saline volume control. The following significance labels were used: ns (P > 0.05), * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001), **** (P ≤ 

0.0001). D) Overview of the severe hemorrhagic shock model in rats. E) Screening study to observe the ability of DP200 and DP300 L-GmMA to rescue and 

maintain blood pressure in the target MAP range (grey band). Comparison of the mean arterial pressure (MAP) in mmHg during the infusion and observation time 

of the study for rats treated with pGmMA, DP200 (20% w/v, n=1, light blue triangles) and DP300 (30% w/v, n=2, dark blue circles). F) Screening study to observe 

the ability of DP100, DP200, and DP300 L-SBMA to rescue and maintain blood pressure in the target MAP range (grey band). Comparison of the MAP in mmHg 

during the infusion and observation time of the study for rats treated with pSBMA of DP100 (10% w/v, n=1, light orange rectangles), DP200 (20% w/v, n=1, orange 

triangles) and DP300 (30% w/v, n=1, dark orange circles). All rats were given an estimated 10% TBV dose of LVR therapy. PEG20K (10% w/v, n=5, green diamonds) 

was used as a positive control. The target range for MAP in damage control resuscitation of ~60-80 mmHg is shown by a grey band. All error bars and bands 

represent ± 1 SEM from the mean. Due to the low sample size, no statistics were run on the data. 

 
L-GmMA minimally affected coagulation, with only the DP300 
showing a significant change in alpha angle. In contrast, both L-
MPC and L-SBMA induced hypocoagulability in the plasma of 
human donors, decreasing both the rate of clot formation and the 
overall clot firmness in ROTEM, significantly impairing 
coagulation. Since MCF correlates highly with plasma fibrinogen 

levels, the decrease in clot firmness could suggest that the 
zwitterions are either inhibiting the activation of fibrinogen into 
fibrin, or that the zwitterions are disrupting fibrin polymerization 
and changing clot structure, resulting in softer clots.[29]  
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Next, we evaluated L-GmMA and L-SBMA polymers in vivo using 
a lethal and severe rat hemorrhagic shock model (Figure 2D). 
Blood pressure as a function of time is shown for DP200 and 300 
L-GmMA (Figure 2E) and DP100, 200, and 300 L-SBMA (Figure 
2F). The target range for mean arterial pressure (MAP) in damage 
control resuscitation is ~60-80 mmHg, which balances 
reperfusion of tissues with hypotension to prevent rebleeding and 
coagulopathy.[30] From the initial in vivo pilot experiment, DP300 
L-GmMA (n=2) temporarily reaches  the desired MAP range, but 
subsequently drops below the range.  DP300 L-SBMA of (n=1) 
maintains MAP within the target range throughout the evaluation. 
These initial studies indicated that for L-GmMA, we needed to 
prevent premature clearance and increase oncotic potency; for L-
SBMA, we needed to prevent coagulopathies. We hypothesized 
that restructuring our linear polymers into a radiant star 
architecture would increase oncotic potency by increasing the 
surface area available for interactions with water, leading to a 
higher density of coordinated water molecules. Similarly, it has 
been shown that hyper-branched PEG (HPG) has a higher 
density of coordinated water compared to linear PEG. HPG also 

exhibited better blood compatibility compared to its linear 
counterparts of similar molecular weights.[31–33] Additionally, HPG 
and cyclic polymers have improved biodistribution compared to 
their linear counterparts of similar molecular weight due to a 
decreased ability to reptate through nanopores such as the 
fenestrated glomerular endothelium in the kidney.[32,34] Similarly, 
we hoped that moving to a radiant star architecture would impede 
this reptation and therefore reduce renal excretion rates. 

Synthesis and characterization of radiant star neutral and 
zwitterionic hydrophilic polymers for low volume 
resuscitation 

Figure 3A below outlines the synthesis of radiant star polymers 
using RAFT polymerization adapted from Das et al.[35] Further 
details are available in the SI Reaction Scheme 2. Because L-
MPC polymers seemed to impact coagulation slightly more 
compared to L-SBMA in ROTEM experiments, we focused only 
on radiant star versions of pGmMA (RS-GmMA) and pSBMA (RS-
SBMA). 

 
 
Figure 3. Characterization of Radiant Star LVRs synthesized via RAFT Polymerization. A) Reaction scheme for copolymerization of either GmMA or SBMA with 

HEMA-ECT (hECT) to create macro-chain transfer agents (macroCTAs) for the radiant star cores. This is followed by chain extension with either GmMA or SBMA 

to create radiant star LVRs (RS-GmMA and RS-SBMA, respectively). B) GPC showing successful chain extension of the GmMA macroCTA core (black) to prepare 

DP400 RS-GmMA (blue). C) GPC trace of DP400 RS-GmMA radiant star (blue) D) GPC showing successful chain extension of SBMA macroCTA core (black) to 

prepare DP400 RS-SBMA (dark orange). E) GPC traces of DP100 (light orange), 200 (orange), and 400 RS-SBMA (dark orange), respectively. For all GPCs 

PEG20K (green) is overlaid for comparison. The molecular weight (Mn) and polydispersity index (PDI) were determined using 100% mass recovery (RI Detector, 

Wyatt Optilab T-rex) and multiangle light scattering (MALS, Wyatt miniDAWN Treos) gel permeation chromatography (GPC).  The running solvent for both RS-

GmMA and its macroCTA was DMF with 1g/L of LiBr flow rate: 0.8 mL/min) at 60oC withsamples prepared at 10 mg/mL. The running solvent for the RS-SBMA and 

their macroCTA was phosphate buffered saline (PBS) (flow rate: 0.5 mL/min) at room temperature with samples prepared at 10 mg/mL. F) Small-angle x-ray 
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scattering (SAXS) radius of gyration (Rg) measurements as a function of DP. The green dotted line with ± 1 SEM interval band represents the size range of PEG20K 

measured in literature.[26] DP400 RS-GmMA (blue triangle, MW = 70 kDa), DP400 RS-SBMA (orange circles, MW = 118 kDa), all have larger Rg compared to 

PEG20K (MW = 20 kDa). All polymers were evaluated at 5 mg/mL and 15 mg/mL in PBS (pH 7.4). Data shown are from fits to star polymer models from scattering 

data for 15 mg/mL. Fit data confirmed that there is no effect due to concentration between the 5 mg/mL and 15 mg/mL samples. G) Vapor pressure osmometry 

measurements of pGmMA (blue/middle) and pSBMA (orange/right). Linear LVRs (circles) are shown for reference to radiant stars (asterisks). All polymers were 

dissolved in normal saline. The purple line (± 1 standard deviation) shows the osmolarity of the normal saline for reference. All measurements were done using a 

Vapro 5600 in triplicate. Error bars are ±1 standard deviation from the mean. H) Vapor pressure osmometry measurements of DP400 RS-SBMA (orange asterisks) 

compared to DP300 L-SBMA (orange circles) with no self-assembly (No SA). All polymers were dissolved in normal saline with additional NaCl added to match the 

number of moles of repeat units. The purple line shows the osmolarity of the normal saline for reference. All measurements were done using a Vapro 5600 in 

triplicate. Error bars are 1 standard deviation from the mean. I) DSC measurements of the nH for L-GmMA (blue triangle/left) compared to RS-GmMA (blue 

asterisk/2nd left), and L-SBMA (orange/2nd right) compared to RS-SBMA (orange asterisk/right) without self-assembly (No SA). A green dotted line with ± 1 SEM 

interval band represents the nH of PEG20K controls. All polymers were dissolved in normal saline. To prevent self-assembly, additional NaCl was added to match 

the number of moles of repeat units. 
 
We synthesized RS-SBMA of DP100 and DP200 to directly 
compare to their linear counterparts. We hypothesized that higher 
molecular weight radiant star polymers would improve in vivo 
performance, and therefore synthesized DP400 RS-SBMA and 
RS-GmMA polymers. Figure 3B-E shows the GPC traces of the 
final synthesized radiant stars, confirming successful chain 
extension of the macroCTAs. We synthesized a range of RS-
SBMA and RS-GmMA polymers with a comparable range of PDIs 
(1.02-1.12) and molecular weights (~ 35 kDa to 118 kDa) to their 
linear counterparts (SI Figures 7-11 and SI Table 2). The 
molecular weights of our macroCTAs (GmMA = 5.7 kDa, SBMA = 
7.1 kDa) from GPC were comparable to those reported by Das et 
al.[35] From the conversion of both the HEMA-ECT and its co-
monomer (either GmMA or SBMA) in 1H NMR analysis, we 
calculated the radiant stars have an average of ~3.6 arms. This 
agreed with SAXS analysis, which indicated that approximately 3 
arms provided the best fit of the data (SI Table 3 and SI Figure 
12). From SAXS analysis (Figure 3F), we found that the DP100 
and DP200 RS-SBMA had similar Rg to their linear counterparts, 
while DP400 RS-GmMA and RS-SBMA had Rg ~1 nm larger 
compared to the DP300 linear polymers. We conducted a small 
in vivo study (n=3 per treatment) to compare the biodistribution of 
DP300 L-GmMA to DP400 RS-GmMA during the severe 
hemorrhagic shock model in rats. The RS-GmMA and L-GmMA 
showed a similar mass-to-volume plasma concentrations 
(mg/mL) across all time points (SI Figure 13) despite the L-GmMA 
being given at a 1.5x higher (30% w/v) infusion compared to the 
RS-GmMA (20% w/v). This would suggest that the L-GmMA is 
rapidly cleared from the bloodstream, resulting in a lower than 
expected plasma concentration. The percentage of injected dose 
in the plasma at T90 (SI Figure 14) for RS-GmMA was 
significantly higher (p = 0.0005) compared to L-GmMA (~27% vs. 
~15%, respectively). Although not statistically significant, there 
was a trend towards L-GmMA having a higher percentage of the 
injected dose at T90 in the kidneys and urine compared to RS-
GmMA. Overall, the DP400 RS-GmMA was retained in plasma 
better than DP300 L-GmMA. However it is still unknown if this 
improvement was due to the larger Rg or the radiant star 

architecture. Next, we  ran vapor pressure osmometry on the 
radiant stars and observed similar osmolarity trends as their linear 
counterparts, including the decrease in osmolarity with molar 
concentration in normal saline for RS-SBMA (Figure 3G). Again, 
additional NaCl prevented the self-assembly and resulted in a 
higher osmolarity (Figure 3H). The DSC measurements of nH 
again mirrored the trend seen in osmometry (Figure 3I and SI 
Table 2). The DP400 RS-GmMA and RS-SBMA coordinated a 
similar number of non-freezing water molecules to their linear 
versions. Using Rg data from SAXS and nH data from DSC, we 
calculate that DP400 RS-SBMA has a density of ~2.4 H2O per 
nm3, whereas the L-SBMA of DP100, DP200, and DP300 have 
water densities of ~7.8, 5.1, and 4.6 H2O per nm3, respectively, 
suggesting that the density of coordinated water is lower for the 
radiant star architecture compared to linear architecture. DP400 
RS-GmMA has a density of ~1 H2O per nm3, whereas L-GmMA 
of DP100, DP200, and DP300 have water densities of ~1.5, 1.8, 
and 0.9 H2O per nm3, respectively (SI Tables 1 and 2).  The 
number of arms extending from the radiant star core may need to 
be increased to see the benefits observed with HPG.[36] 

RS-GmMA is the first resuscitant to ever demonstrate no 
adverse effects upon coagulation 

Based on preliminary in vivo dosing experiments, we selected a 
20% w/v solution of RS-GmMA (DP400) and RS-SBMA (DP400) 
in order to match concentrations between coagulation assays and 
in vivo studies (SI Figure 15). We found that in whole blood, 
(Figure 4A-B below and SI Figure 16), PEG20K and RS-SBMA 
both increased clotting time compared to normal saline, while 
Hextend, PEG20K, and RS-SBMA all decrease clotting kinetics 
and lead to overall softer clots (Figure 4A-B below and SI Figure 
16). PEG20K and RS-SBMA were not statistically different from 
each other, and both impacted clotting similarly, leading to a 
hypocoagulable state with decreased clot firmness. The RS-
GmMA did not show a statistical difference from normal saline 
across the typical ROTEM parameters reported and was 
therefore the only material that did not adversely affect 
coagulation.  
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Figure 4. Characterization of Radiant Star LVRs synthesized via RAFT Polymerization. In vitro characterization of the effect of Radiant Star LVRs on coagulation 

in comparison to PEG20K and Hextend. For all clotting assays, Hextend (clinical standard colloid control), RS-GmMA (20% w/v), RS-SBMA (20% w/v), PEG20K 

(10% w/v), and normal saline were all evaluated at 10% TBV. All treatments were dissolved in veterinarian-grade 0.9% normal saline. A) General schematic of key 

ROTEM parameters. Clotting time (CT) is the time it takes for clots to begin forming, Alpha Angle is a measure of clot formation kinetics, while A10 and Maximum 

Clot Firmness (MCF) are measures of clot firmness at ten minutes and the maximum overall during the clotting time period (60 minutes), respectively. B) ROTEM 

evaluation of final LVRs in human whole blood (n = 5-7). Top left: Change in clotting time measured in seconds. Top right: Change in alpha angle measured in 

degrees. Bottom left: Change in clot firmness time measured in seconds. Bottom right: Change in maximum clot firmness (MCF) measured in mm. A fit model for a 

repeated measure, one-way ANOVA with Tukey post-hoc analysis (α = 0.050) with donor as a random source effect was used. C) ROTEM evaluation of final LVRs 

in human plasma (n = 7). Top left: Change in clotting time measured in seconds. Top right: Change in alpha angle measured in degrees. Bottom left: Change in 

A10 measured in mm. Bottom right: Change in MCF measured in mm. For both whole blood and plasma, the data displayed is the difference from a normal saline 

volume control run at the same time for each donor. A purple dotted line with the 95% confidence interval band is placed at zero to represent the normal saline 

control. A fit model for a repeated measure, one-way ANOVA with Tukey post-hoc analysis (α = 0.050) with donor as a random source effect was used. All diamonds 

and bands represent the 95% confidence interval. D) Top left: overview of thrombin generation assay (TGA) metrics measured in human plasma. Lag time (tLag) 

is the time it takes for thrombin to begin being generated, Velocity Index (VI) is the rate of thrombin generation, Time to Peak (tPeak) is how long it takes to reach 

the maximum thrombin concentration, Peak Height (Peak) is the maximum concentration of thrombin measured, and Area Under the Curve (AUC) is the total 

amount of thrombin generated during coagulation; n =5 donors were evaluated. Top right: Change in the area under the TGA curve measured in nM. Middle left: 

Change in tLag measured in minutes. Middle right: Change in VI or the slope of the initiation phase measured in nM/min. Bottom left: Change in tPeak measured 

in minutes. Bottom right: Change in the peak thrombin concentration measured in nM. The data displayed is the difference from a normal saline volume control run 

at the same time for each donor. A purple dotted line with the 95% confidence interval band is placed at zero to represent the normal saline control. A fit model for 

a repeated measure, one-way ANOVA with Tukey post-hoc analysis (α = 0.050) with donor as a random source effect was used. All diamonds and bands represent 

the 95% confidence interval. For all data, significance labels were used to indicate if there is a statistically significant difference when comparing the polymers to 

the normal saline volume control. The following significance labels were used: ns (P > 0.05), * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001), **** (P ≤ 0.0001). 
 
Next, we evaluated the same treatments in human plasma to 
remove platelets and evaluate the treatment effect on fibrinogen 
(Figure 4C and SI Figure 17). Similar to whole blood, we found 
that PEG20K increased the clotting time of human plasma, and 
that Hextend, PEG20K, and RS-SBMA all led to a significant 
decrease in clot firmness resulting in a hypocoagulable state. To 
evaluate whether Hextend, PEG20K, and RS-SBMA disrupt 
thrombin activity, we investigated the effect of the treatments on 
thrombin generation in human plasma by thrombin generation 
assay (TGA) (Figure 4D and SI Figure 18). We observed that 
PEG20K and RS-SBMA decrease the peak thrombin 
concentration (tPeak) and shift the thrombin generation curve 
down to later time points by increasing the lag phase (tLag) and 

decreasing the rate of thrombin generation (VI). However, the 
total amount of thrombin generated, quantified from the AUC, 
stays the same across treatments. Thrombin concentration 
affects fibrin fibril structure, suggesting that PEG20K and RS-
SBMA are delaying the conversion of prothrombin into thrombin, 
but not fully disrupting it, leading to softer clots.[37] Knowing that 
Hextend does not affect thrombin but still demonstrates significant 
coagulopathy, we conclude that Hextend is most likely directly 
acting on fibrin and fibrinogen to impair clot formation.  
 
We then evaluated the effect of the radiant stars and PEG20K 
upon platelet activation (SI Figure 19) and aggregation (SI Figure 
20) to probe any ramification on primary hemostasis with 
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treatment. When compared to the volume negative controls, there 
was no statistically significant change in platelet activation or 
aggregation, indicating that PEG20K, RS-GmMA, and RS-SBMA 
do not cause platelet dysfunction. From ROTEM, we can estimate 
the platelet contribution to MCF by subtracting the MCF in plasma 
from the MCF measured in whole blood (SI Figure 21). Once 
again, we did not observe a statistically significant effect on 
platelets for any of the treatments. In summary, the in vitro 
coagulation assays indicate that PEG20K, RS-SBMA, and 

Hextend can induce a hypocoagulable state in human blood, but 
that RS-GmMA does not adversely affect coagulation. 

Radiant star GmMA and SBMA correct severe 
hemorrhagic shock in rats to the desired blood pressure 
range for damage control resuscitation 

We proceeded to evaluate Hextend, PEG20K, RS-SBMA 
(DP400), and RS-GmMA (DP400) in a severe hemorrhagic shock 
rat model. Figure 5A below shows an overview of the model. 

 
Figure 5. In vivo evaluation of Radiant Star LVRs in severe hemorrhagic shock model in rats (n=5) in comparison to PEG20K and Hextend. A) Overview of the 

severe hemorrhagic shock model in rats. Hextend (black rectangles, 6% w/v), PEG20K (green diamonds, 10% w/v), RS-GmMA (blue triangles, 20% w/v), and RS-

SBMA (orange circles, 20% w/v) were all given at 10% TBV. Hextend was given in its standard commercial formulation, while PEG20K and the radiant stars were 

dissolved in 0.9% veterinarian-grade normal saline. B) Comparison of the mean arterial pressure (MAP) in mmHg during the infusion period (t=10 minutes) for rats. 

C) Comparison of the MAP in mmHg during the observation period for rats. D) Lactate concentration (mM) at various time points during the study. E) Hemoglobin 

(Hb) concentration (g/dL) at various time points during the study. For all plots, a black dotted line with the ± 1 SEM interval band is placed at zero to represent the 

baseline levels for the rats. All error bands represent ± 1 SEM. The target range for MAP in damage control resuscitation of ~60-80 mmHg is shown by a grey band. 

A fit model for a repeated measure, one-way ANOVA with Tukey post-hoc analysis (α = 0.050) was used for statistical analysis. For all data, significance labels 

were used to indicate if there is a statistically significant difference when comparing the LVRs (PEG20K, RS-GmMA, and RS-SBMA) to Hextend at each timepoint. 

The following significance labels were used: ns (P > 0.05), * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001), **** (P ≤ 0.0001). 
 
All rats had a similar average percentage of TBV removed during 
the catheter hemorrhage period, ~58%, ~60%, ~57%, and ~59% 
for Hextend, PEG20K, RS-SBMA, and RS-GmMA, respectively. 
After reaching blood lactate ≥ 8 mmol/L (typically 30-45 minutes 
of shock), the rats were given a single bolus infusion of treatment 
over ten minutes. All treatments were administered at an 
estimated 10% of TBV for the rat. Figure 5B and SI Figures 22-23 
show the change in blood pressure, heart rate, and the diastolic 
shock index (DSI) during the infusion and observation periods for 
each of  the treatments. Interestingly, during the infusion the RS-
SBMA showed a similar rate of increase in blood pressure to 
Hextend, whereas the RS-GmMA performed similarly to PEG20K, 
reflecting the osmolarity and DSC measurements of RS-SBMA. 
During administration, RS-SBMA is likely self-assembled at its 
reconstitution concentration of 20% w/v, as it becomes diluted in 
the bloodstream of the rat, it disassembles, leading to a slower 
onset of oncotic response.   
 

All treatments show an initial peak of blood pressure between 15 
and 30 minutes after administration, followed by a drop in blood 
pressure likely due to renal clearance. At 75 min and 90 min, there 
is no statistical difference between PEG20K, RS-GmMA, and RS-
SBMA, whereas Hextend is significantly lower than the other three 
treatments (Figure 5C). Figure 5D-E and SI Figures 24-27 show 
blood gas results from the study which indicate how well the 
metabolic dysfunction of hemorrhagic shock is being corrected. 
RS-GmMA, RS-SBMA, and PEG20K all similarly decreased 
lactate levels, while Hextend did not reduce lactate levels. The 
hemoglobin concentration reflects the amount of water drawn into 
the bloodstream by the resuscitants, as hemoglobin (Hb) is diluted 
as the vascular space is refilled with interstitial water during 
resuscitation. We found that both RS-SBMA and PEG20K both 
had statistically significant lower Hb levels, while RS-GmMA was 
similar to Hextend. The lower osmolarity and nH of RS-GmMA 
compared to RS-SBMA may have decreased the amount of water 
drawn in the bloodstream, allowing Hb levels to remain higher. 
We also found that both PEG20K and RS-GmMA returned ion 
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concentrations to near-baseline levels (SI Figure 23). Recall that 
hemorrhagic shock shuts down cellular ion pumps,[38] increasing 
potassium levels while decreasing sodium levels in the blood. 
Although rats treated with RS-SBMA showed similar blood 
pressure, hemoglobin, and lactate levels to PEG20K, their 
potassium and sodium levels were significantly elevated at 60 and 
90 min. We hypothesize that RS-SBMA is coordinating these ions 
retaining them in the blood. Finally, the kidneys, liver, heart, and 
lungs of the rats were submitted for histopathologic analysis by a 
board-certified veterinary pathologist. Histologic lesions were 
generally minimal to mild when observed, and no significant 
differences were identified between the treatment groups (SI 
Figure 28). In summary, the in vivo blood pressure and 
hemoglobin levels indicate that PEG20K, RS-GmMA, and RS-
SBMA show similar ability to refill the vascular space, while lactate 
levels support a similar ability to correct the metabolic deficit 
created by hemorrhagic shock. Even with the high polymer doses 
no adverse effects were observed in hemodynamics or in 
histopathology of major organs.  
 
Conclusion 

In this study, methacrylates of various sizes, chemistries, and 
architectures were evaluated as low volume resuscitants (LVRs). 
We found that RS-SBMA adversely affected coagulation in in vitro 
assays similar to PEG20K. We found that in a severe hemorrhagic 
shock model in rats, both RS-SBMA and RS-GmMA maintained 
MAP levels in the desired window for DCR and corrected 
hemorrhagic shock. Importantly, RS-GmMA did not show any 
significant impact on coagulation, which is vital to survival of 
trauma patients. We will continue to refine these therapies for 
prehospital care with DCR in future studies by directly measuring 
biodistribution, evaluating them in lethal models of hemorrhagic 
shock in combination with uncontrolled hemorrhage, and further 
optimizing potency of the therapeutic towards use in the 
prehospital setting.  
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Traumatic injury is a leading cause of global suffering and death. We rationally design polymeric, low volume resuscitants (LVRs) for 
the prehospital treatment of severe hemorrhagic shock. By varying polymer architecture, Rg, and composition to influence 
resuscitation, coagulation, and biodistribution, we developed a radiant star polymer that is non-coagulopathic and corrects 60% total 
blood volume (TBV) loss when given at only 10% TBV. This highly portable LVR has profound potential for application in trauma 
medicine. 
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