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Abstract

Non-compressible torso hemorrhage accounts for a significant portion of preventable trauma
deaths. We report here on the development of injectable, targeted supramolecular nanotherapeutics
based on peptide amphiphile (PA) molecules that are designed to target tissue factor (TF) and,
therefore, selectively localize to sites of injury to slow hemorrhage. Eight TF-targeting sequences
were identified, synthesized into PA molecules, co-assembled with non-targeted backbone PA at
various weight percentages, and characterized via circular dichroism spectroscopy, transmission
electron microscopy, and X-ray scattering. Following intravenous injection in a rat liver
hemorrhage model, two of these PA nanofiber co-assemblies exhibited the most specific
localization to the site of injury compared to controls (p<0.05), as quantified using
immunofluorescence imaging of injured liver and uninjured organs. To determine if the nanofibers
were targeting to TF /n vivo, a mouse saphenous vein laser injury model was performed and
showed that TF-targeted nanofibers co-localized with fibrin, demonstrating increased levels of
nanofiber at TF-rich sites. Thromboelastograms obtained using samples of heparinized rat whole
blood containing TF demonstrated that no clots were formed in the absence of TF-targeted
nanofibers. Lastly, both PA nanofiber co-assemblies decreased blood loss in comparison to sham
and backbone nanofiber controls by 35% to 59% (p<0.05). These data demonstrate an optimal TF-
targeted nanofiber that localizes selectively to sites of injury and TF exposure, and, interestingly,
reduces blood loss. This research represents a promising initial phase in the development of a TF-
targeted injectable therapeutic to reduce preventable deaths from hemorrhage.
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Hemorrhage is a leading cause of death following traumatic injury, accounting for 43% of
deaths in the civilian setting and 90% in the military setting.l: 2 Specific to the military, 67%
of the potentially survivable deaths are from truncal, non-compressible hemorrhage.?
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Current options for non-compressible torso hemorrhage are limited and not without
challenges. Invasive therapies include Resuscitative Endovascular Balloon Occlusion of the
Aorta (REBOA) and ResQFoam (REVIVE, NCT02880163), which both require special
training by field medics, additional heavy equipment such as portable ultrasounds, and can
have serious complications when inserted improperly.3-10 Injectable therapies include
tranexamic acid (TXA), which inhibits plasminogen-mediated degradation of fibrin clots.11
However, increased rates of deep vein thrombosis in patients who receive TXA have been
reported.12 Therefore, a great need remains to develop a therapeutic to slow or stop non-
compressible torso hemorrhage that is portable, lightweight, easy to administer, and highly
selective for the site of injury.

Development of a targeted therapeutic that could be administered systemically through a
simple intravascular route, but specifically acts only at the site of hemorrhage, would avoid
off-target side effects. To develop such a therapeutic, a protein or peptide that is expressed
solely at the site of injury is required. Thus, we chose tissue factor (TF) as our target. Tissue
factor is present in the adventitia of all blood vessels, as well as epidermal and mucosal
lining cells, but is only exposed to the blood—and therefore Factor V11 (FVII)—after
external damage, making it a highly selective target for the site of active hemorrhage.13 To
ultimately deliver a therapeutic agent to the site of TF exposure after injury, we chose
peptide amphiphiles (PA) as the delivery vehicle. PA monomers that self-assemble into
nanofibers are excellent delivery vehicles because they can be designed to deliver
therapeutics either via encapsulation in their hydrophobic core or covalent attachment to the
PA monomer. They are also easily modifiable for targeting, biocompatible, and heat- and
cold-tolerant.1# 15 |n addition, the supramolecular structure of a nanofiber is ideal for
intravascular applications as there is a large surface area for interaction with the site of
injury, laminar flow dynamics allow for greater localization of fibers to the vascular wall
compared to spheres, and fast biodegradation occurs after the therapy is delivered.14 16

The overall goal of this study was to develop a PA nanofiber that targets TF with high
selectivity and specificity, thereby allowing for clinical translation. We hypothesized that a
PA nanofiber targeted to TF will localize in a highly selective manner only to the site of
active hemorrhage.

Results/Discussion

Targeted PAs Form a Variety of Nanofibers at Different Ratios

To identify potential sequences, we reviewed literature on the interaction between TF and
FVII, including both the crystal structure and mutational studies.1’~20 We chose eight
targeting sequences (Supplemental Table) from different areas of FVII (Supplemental Figure
1) and used the University of North Carolina (UNC) Structural Biology Core (SBC) to
modify three of those sequences to enhance a-helix formation, and therefore localization to
human TF (SBC-X sequences). Of note, protein BLAST shows that the amino acid sequence
of rat TF (accession number: AAA16966) is 55% identical and 66% homologous to human
TF (accession number: AAA61152), and the amino acid sequence of rat FVII (accession
number: AAM95967.1) is 71% identical and 81% homologous to human FVII (accession
number; AAA51983.1), indicating that the results seen in rats and mice could be even better

ACS Nano. Author manuscript; available in PMC 2021 June 23.


https://clinicaltrials.gov/ct2/show/NCT02880163

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Klein et al.

Page 4

in human patients. All eight targeting sequences (Figure 1) were synthesized and conjugated
onto PA molecules and then co-assembled with backbone PA nanofiber filler (KKAAVV-
K(N-e-lauroyl)) at weight ratios of 25%, 50%, 75%, and 95% targeting sequence to
backbone PA. Synthesized PA nanofibers were greater than 95% pure (Supplemental Figure
2). The co-assembly process is driven by the hydrophobic collapse of the lauroyl portions of
the backbone and targeted PAs. Conventional transmission electron microscopy (TEM)
confirmed nanofiber formation for these different PA nanofibers (Figure 2A). For in vivo
work, 95% was used instead of 100%, as it was the highest ratio of targeting sequence that
could be co-assembled and still allow for the addition of backbone PA monomers containing
a fluorophore (5% by weight). Some PAs did not form nanofibers (e.g., DAE, SBC-1), while
some PAs formed nanofibers only at specific ratios (e.g., ERT, SBC-3), and others formed
nanofibers at every co-assembly ratio (e.g., FKD, RTL, SBC-2, SFE, TQD). Additionally,
ease of solubility in Hanks Balanced Salt Solution (HBSS) was taken into account to
facilitate animal studies. RTL was included as comparison to previous work.2!

Structure of SBC-2 and SFE PA Nanofibers

Small-angle X-ray scattering (SAXS) of non-targeted backbone nanofiber alone, 25% SFE
TF-targeted nanofiber, and 75% SBC-2 TF-targeted nanofiber was used to further investigate
PA structure. Analysis of scattering intensity versus q in the Guinier region allowed for the
determination of the power law slope for each sample (backbone slope = -1.4, 25% SFE
slope = -1.8, and 75% SBC-2 slope = -1.6; Figure 2B). A power slope of -1 is
characteristic of cylindrical fibers, where a slope of -2 is indicative of lamellar structures. It
is most probable that the PA structures fall between both of these ideal cases due to a
flattened yet elongated ribbon-like structure consistent with cryo-TEM (Supplemental
Figure 3A). The 25% SFE and 75% SBC-2 PAs maintained a nanofiber morphology which
was seen to bundle together in the presence of 10% fetal bovine serum (Supplemental Figure
3B), indicating stability in physiologically relevant fluids. Furthermore, nanofiber
aggregation and fiber-fiber interactions that enhance scattering intensity in the low g region
can also add to this elevated slope and is likely the reason for the deviation of the model
from the data in the low q range.22 Fiber radii were estimated from fitting of the data with a
cylindrical core-shell model, with radii increasing slightly in order of larger epitopes:
backbone alone (3.6 nm), 25% SFE (3.9 nm), and 75% SBC-2 (4.3 nm). Wide-angle X-ray
scattering analysis (WAXS) of backbone, 25% SFE, and 75% SBC-2 PAs shows a Bragg
peak associated with B-sheet character of the fibers at q = 1.34 A~1 (Supplemental Figure 4).
This peak is considerably reduced in the 75% SBC-2 sample compared to the backbone and
25% SFE and qualitatively shows that B-sheet contributions are involved in the fiber
structure formation.

SBC-2 and SFE PA Nanofibers Display Alpha-Helical Structures

The secondary structure of the TF-targeted PA nanofibers was assessed by circular
dichroism (CD) spectroscopy (Figure 2C). The CD spectra of the SFE-PAs at all weight
ratios, but most pronounced at 95% and 100%, showed a positive band at 193 nm and
minima at 206 and 216 nm. This is consistent with a mixture of a-helical character (positive
band at 193 nm and first minima at 206 nm) seen in the structure of the peptide sequence in
FVIIL7 and B-sheet-like character (positive band at 193 nm and second minima at 216 nm)
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from the PA assembly.23: 24 The data also suggest minimal contributions of random coil
interactions due to no negative band present below 200 nm and significant ellipticity
measured above 210 nm.2°

The epitope of the SBC-2 PA nanofiber was designed to have enhanced a-helical character.
CD spectra of the SBC-2 PA showed a positive band at approximately 193 nm and minima
at 207 nm and 217 nm. These peak positions are consistent with a mixture of a-helical
character (positive band at 193 nm and first minima at 207 nm) from the SBC-2 sequence
and B-sheet-like character (positive band at 193 nm and second minima at 217 nm) from the
PA assembly.23 24 Again, minimal contributions of random coil interactions were observed
due to no negative band present below 200 nm and significant ellipticity measured above
210 nm.25 The contribution of B-sheet was further confirmed by WAXS analysis
(Supplemental Figure 4).

TF-Targeted Nanofibers Localize to Areas of Liver Injury In Vivo

To determine if the TF-targeted nanofibers localize to the site of hemorrhage using a non-
compressible torso injury model, rats underwent central liver punch injury and blinded
intravenous injection of the TF-targeted nanofibers, control backbone PA nanofibers, or
HBSS (sham). TF-targeted PAs that formed nanofibers at all co-assembly ratios were
evaluated using this animal model (/.e., FKD, SBC-2, SFE, and TQD PAs at 25, 50, 75, and
95% targeting sequence ratios). Localization of the TF-targeted nanofibers to the site of
injury was assessed and quantified using standard fluorescence microscopy imaging of the
liver (Figure 3). While FKD and TQD PAs did form nanofibers (as shown by TEM in Figure
2A and CD spectroscopy in Supplemental Figure 5), in a non-compressible hemorrhage
model these nanofibers increased blood loss compared to sham animals, impaired clot
formation, and were associated with ischemic events at the tail vein injection site, ultimately
resulting in animal mortality. Therefore, additional testing on those PAs was aborted early.

25% SFE PA and 75% SBC-2 PA nanofibers were well-tolerated by the animals and had the
highest average amount of fluorescence observed at the site of liver injury when compared to
other co-assembly ratios tested (Supplemental Figure 6). Although SBC-2 PA had higher
fluorescence than SFE PA, the most successful ratio of each PA was chosen for additional
testing, as these targeting sequences interact with different areas on TF. The critical
aggregation concentrations of 25% SFE PA, 75% SBC-2 PA, and backbone PA were found
tobe55+1.1,7.8%1.9 and 4.8 + 1.0 uM, respectively (Supplemental Figure 7). These
values are all well below the final concentration of the injected dose when diluted in the
blood volume (~20 mL for a 300 g rat, or 93, 55, and 106 uM, respectively), suggesting that
these PAs remained co-assembled as nanofibers upon injection in the rats. No significant
difference in fluorescence was seen in the injured versus uninjured livers of rats that were
treated with backbone PA nanofiber (p = 0.9372, Figure 3B). Quantification of the
fluorescence in the liver sections confirmed that the 25% SFE PA nanofiber and 75% SBC-2
PA nanofiber had significantly higher fluorescence in the injured lobe of the liver compared
to the uninjured lobe of the liver (Figure 3B, *p < 0.05), with 75% SBC-2 PA nanofiber
demonstrating nearly twofold greater localization than 25% SFE PA nanofiber (Figure 3B,
$p < 0.05). Additionally, fluorescence was greater in injured livers in 25% SFE PA and 75%
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SBC-2 PA nanofiber treatment groups compared to injured livers from rats that received the
backbone PA nanofiber (Figure 3B, #p < 0.05). Sham animals had no fluorescence in injured
or uninjured livers at the thresholds used. These data suggest that the 25% SFE PA nanofiber
and 75% SBC-2 PA nanofiber localize selectively to the site of liver injury.

TF-Targeted Nanofibers Do Not Localize to Uninjured Organs In Vivo

To further evaluate specificity of the TF-targeted PA nanofibers, sections of lung, spleen, and
kidney from animals injected with 25% SFE and 75% SBC-2 PA nanofibers were imaged
and the fluorescence was quantified using standard fluorescence microscopy (Figure 4).
Sham animals had no fluorescence in any organs at thresholds examined. After blinded
injection of the fluorescently labeled nanofibers and liver injury, there was no difference in
fluorescence between backbone PA nanofiber, 25% SFE PA nanofiber, and 75% SBC-2 PA
nanofiber in lung, spleen, or kidney (Figure 4B, p = N.S.). Minimal fluorescence was noted
in other organs compared to injured liver in TF-targeted PA nanofiber treatment groups.
These data suggest that the SFE and SBC-2 TF-targeted PA nanofibers localize specifically
to the site of injury and not to uninjured, off-target sites. Previous studies have shown that
similar PAs are metabolized by the liver and excreted through the kidneys, without long-
term adverse effects on coagulation factors or liver enzymes.26

SFE and SBC-2 PA Nanofibers Decrease Blood Loss

Next, we evaluated the ability of the SFE and SBC-2 TF-targeted nanofibers to decrease
blood loss (Figure 5A) in our rat central liver punch injury model (Figure 5A, inset) of non-
compressible hemorrhage. Surprisingly, with a TF-targeting sequence alone and no
therapeutic agent incorporated, both 25% SFE and 75% SBC-2 PA nanofibers decreased
blood loss compared to sham treated animals (Figure 5A, *p < 0.05). 25% SFE and 75%
SBC-2 PA nanofibers also decreased blood loss compared to backbone PA nanofiber control
(Figure 5A, #p < 0.05). Specifically, 75% SBC-2 PA nanofibers decreased blood loss by
59% compared to sham and backbone PA nanofiber treatment groups (9 + 2.2% versus
21.4% + 1.5 and 21.8% + 2.7, respectively) while 25% SFE PA decreased blood loss by 35%
compared to sham and backbone PA nanofiber treatment groups (15 + 1.4% total blood
loss).

The impact on blood loss without incorporation of a therapeutic into the TF-targeted
nanofiber was surprising to us. One possible explanation is that the lysine residues in our
KKAAVV PA backbone nanofiber themselves have an antifibrinolytic function.2’ If this is
the case, the TF-targeting sequence could allow more of the targeted nanofiber containing
the lysine-loaded backbone to accumulate at the injury site, which could be affecting
fibrinolysis. We have also previously published data showing that platelets adhere to
surfaces coated with TF-targeting PAs and that TF-targeting PAs reduce fibrinogen in whole
blood, ! indicating that the structures of our nanofibers may potentiate additional fibrin clot
formation. These data suggest that TF-targeted PA nanofibers without incorporation of a
therapeutic have some intrinsic properties to reduce hemorrhage.

ACS Nano. Author manuscript; available in PMC 2021 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Klein et al. Page 7

TF-Targeted Nanofibers Facilitate Clot Formation in Rat Blood

To determine the effect on clotting with PA nanofibers, rats underwent terminal cardiac
puncture for blood withdrawal into a syringe containing heparin (10 units/mL) and
evaluation by thromboelastography. This technique measures the ability of blood to
coagulate around a thin wire probe, allowing for determination of several values to
determine clot strength: R time (reaction time) measures the speed of clot formation, K time
(kinetic time) measures the speed with which a clot reaches a specific strength, MA
(maximum amplitude) indicates the highest strength the clot achieves, and LY 30 (lysis 30
minutes after MA) measures the stability of the clot. Taken together, these values provide
insight into the activity of coagulation factors in the blood sample. Heparin was used as an
anti-coagulant because rats are more prone to coagulation at baseline and we were unable to
determine treatment effect without anti-coagulation of the sample, as clotting occurred too
rapidly.28 Citrate was not used as an anti-coagulant as studies looking at TF-dependent
reactions are impaired by citrate chelation.29 Furthermore, the high levels of calcium
required to overcome citrate chelation can negatively affect nanofiber formation.

No clotting was observed at 60 minutes in TF-activated blood treated with HBSS (sham) or
backbone PA nanofiber (Figure 5B). Clotting was seen in TF-activated blood treated with
25% SFE PA nanofiber or 75% SBC-2 PA nanofiber, with no significant differences seen in
R time, K time, MA, or angle between the TF-targeted PA nanofibers (Figure 5C). No
clotting was seen in any group, including TF-targeted PA nanofibers, when coagulation was
not initiated with TF. Taken together, these data suggest that our TF-targeted PA nanofibers
are dependent upon TF to initiate clotting, and are facilitating clot formation despite the anti-
coagulation caused by heparin. This is interesting, as the PAs were designed only to target
TF, not to have a therapeutic effect. Of note, TEG assays were run for up to 2 hours without
any clot lysis observed, and our /n vivo model was carried out for 30 minutes, indicating that
the TF-targeting PAs may be acting to decrease blood loss by preventing clot lysis.

TF-Targeted Nanofibers Co-Localize with Fibrin In Vivo

To determine if the targeted PA nanofibers localize to sites where TF is expressed, mice
were subjected to a vascular laser injury model and enrichment at the site of injury was
assessed in real time using epifluorescence and spinning disk confocal microscopy. Co-
localization with fibrin, the product of TF/thrombin activity,3° was assessed using AF488-
labeled PA nanofibers and AF647-labeled fibrin antibody. Fluorescently labeled fibrin
antibody was used instead of TF antibody to prevent interference with nanofiber targeting to
TF.

No localization was observed at the site of injury nor was any co-localization with fibrin
observed in animals treated with backbone PA nanofiber (Figure 6A). Some localization
(green fluorescence) at the site of injury was seen with 25% SFE PA nanofibers, which co-
localized within the fibrin ring (red fluorescence, Figure 6A). Extensive localization at the
site of injury within the fibrin ring was seen with 75% SBC-2 PA nanofibers, largely
occurring where TF is exposed (Figure 6A, white arrows). Orientation of the mouse leg for
laser injury can be seen in Figure 6B. Epifluorescence videos of real time localization of
75% SBC-2 PA nanofibers immediately after laser injury can be seen in the Supplemental
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Video. A 3D reconstruction of the clot Z-stacks showing the localization of the 75% SBC-2
PA fluorescence (green) in the red fibrin ring is included as Supplemental Figure 8.

Despite the 75% SBC-2 PA nanofiber having a lower percent of backbone PA nanofiber
(25%), we have demonstrated that it is superior to the SFE PA nanofiber (containing 75%
backbone PA nanofiber) in terms of localization in multiple animal models, which we
believe could be overcoming the lower amount of lysine residues present in the backbone.
Backbone PA nanofiber control contains no sequence targeting it to the site of injury, which
may be why it has no effect on blood loss or localization to TF in the laser injury model.
These data suggest that our TF-targeted nanofibers are specifically localizing to the site of
TF exposure, with the 75% SBC-2 PA nanofiber showing superior localization compared to
the 25% SFE PA nanofiber.

to Previous Studies

The current study significantly builds upon our previously published TF-targeting sequence
(RTL).2! First, we improved upon selectivity to the site of injury with the synthesis and
thorough evaluation of eight additional TF-targeting PA nanofibers.2! Additionally, we
improved upon RTL by modifying three of these sequences to enhance localization to
human TF using a rigorous structural biology approach. Second, we eliminated bias that
may have existed with our previous studies by blinding the surgeon to the injection. Third,
we performed quantification of fluorescence on all collected organs (lung, liver, kidney, and
spleen) to more thoroughly evaluate non-specific off-target localization. Fourth, we showed
strong evidence that our TF-targeted nanofibers bound to TF by demonstrating that they
localized to TF-rich areas using the mouse laser injury model and real time epifluorescence
microscopy. To ultimately translate our work to the clinical arena, we need to develop a
targeted nanotherapeutic that localizes to the site of injury and nowhere else. Therefore, the
current study significantly advances our prior work and is necessary in order to proceed with
incorporation and evaluation of a therapeutic into the TF-targeted nanofiber.

of TF-Targeted PAs to Current Therapies

Several injectable therapeutics currently under investigation deserve mention. Two therapies,
RGDS nanospheres and Synthoplate, target platelets. While promising, these therapies were
shown to have very narrow therapeutic windows and exhibited accumulation in uninjured
organs.31-36 We have not determined a therapeutic dosing window for our TF-targeted
nanofibers as we have not yet incorporated a therapeutic agent. However, research with other
targeted PA nanofibers tested with a range of doses and concentrations demonstrated safety
with 5 mg dosing in similar sized rats (double our current dose).2® Another therapeutic
under investigation is polySTAT, a synthetic polymer that stabilizes the fibrin clot by
crosslinking fibrin monomers. Unfortunately, polySTAT was shown to remain in the kidney
1 week after injection.3” Our PA nanofibers have a relatively short half-life, making them an
ideal candidate to augment clotting.2! Once a clot is formed and bleeding stops, the risk-
benefit ratio of having the therapeutic present in the circulation rises significantly. Therefore,
an intravascular targeted therapeutic to slow non-compressible hemorrhage should have a
short half-life. Lastly, investigators have evaluated the benefits of a bolus administration of
adenosine, lidocaine, magnesium (ALM) followed by continuous infusion. This therapy is
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designed to slow blood loss and improve mortality by correcting early defects in coagulation
and preventing fibrin degradation.38 39 A challenge with this therapy is that it is not easily
deployed in the field, as field medics and/or soldiers would not be able to carry enough
ALM for this administration scheme, and establishing a continuous infusion would be
challenging. In contrast, our TF-targeted nanofiber can be carried on the person in a very
small vial that simply needs to be reconstituted with saline and injected.

First, this study was designed to provide the highest likelihood of localization of the TF-
targeted PA nanofiber to TF. Previous work in our lab with a different TF-targeted PA
nanofiber demonstrated that 70% remained in plasma at 30 minutes.2! Hence, for this study,
the PA nanofibers were injected immediately before injury in both animal models to ensure
the highest amount of nanofiber was in circulation. Once a therapeutic agent is incorporated
into the PA nanofiber, we will assess the impact of injection timing (pre- and post-injury) on
both localization and bleeding. Safety, dose, and duration studies will also be performed
once a therapeutic agent is incorporated. Those studies were not done in this initial targeting
phase, as the addition of a therapeutic will likely affect these parameters, but studies to
assess these parameters are currently underway in the lab. Studies done with similar PAs did
not show long-term effects of PAs on liver enzymes or tissue architecture.2® Second, while
we tried various methods including surface plasmon resonance (SPR) and biolayer
interferometry (BLI), we were not able to determine binding constants of the peptide
epitopes/PAs for TF. This inability to observe binding with these methods may be due to an
affinity that is too low to detect by SPR or BLI. Third, the amount of PA in uninjured organs
was only assessed 30 minutes after injury. Future studies will assess longer time points in
both injured and non-injured organs, as well as efficacy in an animal with multiple injuries
to simulate the typical polytrauma patient. Similarly, survival over longer time points will
need to be assessed, in addition to the effect of repeat dosing. Fourth, we did not assess PA
localization in the brain, as it is unlikely that the PAs crossed the blood-brain barrier;
however, we are planning to confirm this in future studies. Fifth, we did not perform TEGs
on FKD and TQD PAs, due to the issues observed in the animals we tested. Future studies
will test these PAs co-assembled with a therapeutic PA /n vitroand in vivo, as addition of the
therapeutic PA will change many parameters.

Conclusions

In conclusion, we synthesized and screened multiple different TF-targeted PA nanofibers to
determine the targeting sequence that results in the most sensitive and specific localization
of the targeted nanofiber to the site of liver injury following intravascular administration.
While some of the TF-targeted PA nanofibers appeared to prevent normal coagulation (FKD,
TQD), the SFE and SBC-2 PA nanofibers not only localized to the site of injury and TF
expression, they also decreased blood loss. Additionally, we have demonstrated efficacy of
selective targeting in both a compressible and non-compressible small animal hemorrhage
model and shown that these TF-targeted PA nanofibers localize to TF-rich areas. These data
represent the initial phase of the development of an injectable, targeted therapeutic to slow
or stop hemorrhage. After incorporation of a therapeutic and further pharmacokinetic and
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pharmacodynamic studies, this treatment has the capability to decrease or even eliminate
potentially preventable deaths from hemorrhage after trauma.

Methods/Experimental

Study Design

The purpose of this study was to test the hypothesis that our TF-targeted nanofibers localize
to TF and, therefore, the site of injury. This targeting phase will allow for later incorporation
of a therapeutic agent into the nanofiber, to ultimately slow non-compressible torso
hemorrhage. After identification of potential TF-targeting sequences, they were synthesized
into peptide amphiphiles and screened with conventional TEM for nanofiber formation.
Sequences forming the best fibers were tested further (cryogenic TEM, circular dichroism
spectroscopy, small-angle X-ray scattering, and wide-angle X-ray scattering). For animal
work, two different control groups were used for all studies: sham (HBSS) and non-targeted
backbone nanofiber control, and two different treatment groups were used: 25% SFE and
75% SBC-2. Targeted nanofibers were tested at multiple different co-assembly ratios in our
rat non-compressible hemorrhage model; n=6 per group unless testing was stopped early due
to animal deaths (minimum detectable difference in means 0.21, power 0.8, alpha 0.05).
Testing was stopped early (before n=6) if animals had higher blood loss than sham, died
before the 30-minute time point, or developed thrombotic complications. For the non-
compressible hemorrhage model, animals were randomly assigned to treatment or control,
and the surgeon (MKK) was blinded to the injection type received by the animal (given by
HAK). For TEGs, the controls were as stated above, and treatment groups were 25% SFE
and 75% SBC-2 TF-targeted nanofibers. Animals were randomly assigned to treatment
groups, each 1 mL blood sample was treated in duplicate for n=6 (minimum detectable
difference in means 0.5, power 0.8, alpha 0.05). More animals than determined by the power
calculation were used to account for animal-to-animal variability. Confocal microscopy
experiments were done on randomly assigned mice for n=3/group (minimum detectable
difference in means 0.5, power 0.8, alpha 0.05). Groups were the same as described in rat
work. Multiple injuries were able to be visualized in the same mouse, since this is known not
to cause a hypercoagulable state in the mouse;30 therefore, fewer animals were used.

The study protocol was reviewed and approved by the University of North Carolina — Chapel
Hill Institutional Animal Care and Use Committee and the Air Force Medical Services
Agency Office of Research Oversight and Compliance. Animals were handled and studies
were conducted under a program of animal care accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International and in accordance
with the National Research Council’s 2011 Guide for the Care and Use of Laboratory
Animals (in compliance with Department of Defense Instruction 3216.1).

Peptide Synthesis

Unless otherwise noted, all reagents are from Sigma-Aldrich (St. Louis, MO), and all amino
acids are from P3 Biosystems (Louisville, KY). Peptide amphiphile (PA) molecules were
synthesized via standard 9-fluorenyl methoxycarbonyl (Fmoc) solid-phase peptide chemistry
on Rink amide MBHA resin using a CEM Liberty Blue automated microwave peptide

ACS Nano. Author manuscript; available in PMC 2021 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Klein et al.

Page 11

synthesizer (CEM Corp.; Matthews, NC). Manual loading of Fmoc-Lys(4-methyltrityl) and
lauric acid were performed as previously described.?! Automated coupling reactions were
performed using 4 equivalents (eq.) Fmoc-protected amino acid, 4 eq. of N,V -
diisopropylcarbodiimide (DIC), and 4 eq. ethyl(hydroxyimino)cyanoacetate (Oxyma pure).
Removal of the Fmoc groups was achieved with 20% 4-methylpiperidine in DMF. Peptides
were cleaved from the resin using standard solutions of 95% TFA, 2.5% water, 2.5%
triisopropylsilane (TIPS) (cysteine-containing peptides included 3% 2,2"-
(Ethylenedioxy)diethanethiol (DODT) and 92% TFA with the same TIPS/ H,O mixture),
precipitated with cold ether, and then purified by reverse-phase HPLC on a Prep150 (Waters
Corp.; Millford, MA) or Prominence (Shimadzu Scientific Instruments; Columbia, MD)
HPLC using a water/acetonitrile (each containing 0.1% v/v trifluoroacetic acid or 0.1%
NH4OH) gradient. Eluting fractions containing the desired peptide were confirmed by mass
spectrometry using a 6520 QTOF LCMS (Agilent; Santa Clara, CA). Confirmed fractions
were pooled and the acetonitrile was removed by rotary evaporation before freezing and
lyophilization. Purity of lyophilized products was tested by LCMS.

For PAs labeled with 5-carboxytetramethyrhodamine (TAMRA), the dye was coupled
directly to the N-terminal amine of the PA using 1.2 eq. of TAMRA, 1.2 eq. of PyBOP
(benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate), and 8 eq. of NV, \-
diisopropylethylamine (DIEA) for approximately 18 hours. For PAs labeled with Alexa
Fluor™ 488, 4 molar eq. of the purified cysteine-containing PA was dissolved with Alexa
Fluor™ 488 C5 Maleimide in DMF. The progress of the reaction was monitored by mass
spectrometry until consumption of the dye peak was complete (approximately 3 hours) and
the dye labeled conjugate was then separated from unreacted PA by HPLC. The cyclic PA
SBC-1 was formed by dissolving the purified linear PA in basic water (approximate pH 9
with NH4OH) at a concentration of 0.75 mg/mL before adding H,0 to a final concentration
of 0.05%. The cyclized product was seen within 10 minutes by mass spectrometry
(GSC*LPAFEGRNC*ETHKDDQL-G-KKAAVV-K(A-e-lauroyl)-K(C15)), which was then
purified by HPLC (C* indicates a cysteine involved in a disulfide bond).

PA co-assemblies were prepared by dissolving each individual PA in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) at 2 mg/mL. After mixing the PAs in the appropriate ratios,
the solutions were horn sonicated for five 10-second intervals, frozen in liquid nitrogen, and
placed under high vacuum until dry. The resulting materials were then reconstituted in
ultrapure water, frozen with liquid nitrogen, and lyophilized to dryness.

Conventional Transmission Electron Microscopy

Conventional TEM images were taken on a FEI Tecnai T-12 TEM (ThermoFisher Scientific;
Hillsboro, OR) at 80 kV with an Orius® 2k x 2k CCD camera (Gatan, Inc.; Pleasanton,
CA). PAs at 0.5 mg/mL in HBSS were prepared for TEM by negative staining. Briefly, 8 uL
samples were incubated onto 400-mesh copper grids covered with a thin carbon film and
previously treated with glow discharge. After three minutes, samples were stained with 2%
uranyl acetate for 2-3 minutes and air-dried before imaging.
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X-ray Characterization

X-ray characterization of the PAs was performed at the advanced photon source in the
Argonne National Laboratory on beamline 5-ID-D, DuPont-Northwestern-Dow
Collaborative Access Team Synchrotron Research Center. Samples were prepared at 0.5 wt
% in HBSS solution. X-ray energy of 17 keV was selected using a double-crystal
monochromator. Data was collected simultaneously across three Rayonix detectors, model
numbers SAXS — LX170HS, MAXS - LX170HS, WAXS — MX170HS. For studies of the
PAs in solution, samples were oscillated with a syringe pump during exposure to prevent
beam damage and obtain more uniform data. Scattering patterns of samples containing 1X
HBSS alone as well as the empty capillary were also collected to perform background
subtractions. No attempt was made to convert the data to an absolute scale. The plots of
scattering intensity versus q were obtained using Igor Pro v7 and the resulting plots were
fitted to a core-shell cylinder model with Irena.40

Circular Dichroism (CD) Spectroscopy

CD measurements were performed at a concentration of 1 mM in HBSS using a Jasco J-815
CD spectrophotometer (Jasco Analytic Instruments; Easton, MD) at 25°C using a 0.1-mm
path length demountable quartz cuvette. The far-UV spectral region (190-250 nm) was
observed to determine if the assemblies contained secondary structure. Background
subtraction of the HBSS buffer was performed. The data is an average of two scans. Data
points were taken every 0.2 nm with an analysis time per data point of 120 milliseconds.

Rat Liver Punch Injury Model

To evaluate localization to the site of non-compressible torso hemorrhage and examine if
there was an effect on bleeding, TF-targeted nanofibers were evaluated in a rat liver punch
injury model. Adult male Sprague-Dawley rats weighing 250-300 g were anesthetized using
inhaled isoflurane (1-5%). They underwent invasive hemodynamic monitoring v/ia common
carotid artery cannulation, as previously described.#? PA solutions were prepared by
dissolving 2.5 mg of PA in 1 mL of HBSS for a final concentration of 2.5 mg/mL. Rats were
then prepared and draped in a sterile fashion. A midline laparotomy was performed, and the
left lateral lobe of the liver was exposed. The animal then received tail vein injection with
either sham (HBSS) or PA nanofiber solution (TF-targeted PA nanofibers or backbone PA
nanofibers alone). This dose (2.5 mg) was chosen based on prior work demonstrating
localization of targeted PAs to the injured liver, and their ability to be tolerated by the rat.2!
The primary surgeon (MKK) was blinded to the treatment group administered to the rat as a
second surgeon (HAK) performed all tail vein injections. Immediately after injection, a 12-
mm punch was created in a central location in the left lateral lobe to induce hemorrhage. The
liver bled freely into the abdominal cavity over a period of 30 minutes. Shed blood was
collected with pre-weighed gauze every 2 minutes for the first 10 minutes and every 5
minutes thereafter, as previously described.2! Mean arterial pressure was monitored at the
same time points when shed blood was collected. At the end of 30 minutes, the animals were
euthanized. There were n=6 animals per treatment group.
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Tissue Processing

In situ perfusion with 250 mL of PBS solution was performed after euthanasia v/a bilateral
thoracotomies. Organs including injured liver, uninjured liver (inferior right lobe), punch
biopsy liver, kidney, spleen, and lung were collected for tissue processing. Samples were
fixed with 2% paraformaldehyde for 2 hours followed by 30% sucrose overnight. Samples
were then frozen in Tissue-Tec OCT compound (Sakura Finetek; Torrance, CA) over liquid
nitrogen and stored at —80°C until sectioning. A CryoStar NX70 (ThermoScientific) cryostat
was used to cut samples into 7-pum sections, which were stained and fixed with Prolong Gold
antifade reagent (Life Technologies; Eugene, OR) containing 4°,6-diamidino-2-phenylindole
(DAPI).

Fluorescence Microscopy

Digital images were acquired using a Zeiss Axio Imager.A2 microscope (Hallbergmoos,
Germany) with a 20X objective. The HE CY 3 filter (Zeiss filter #43) using excitation and
emission wavelengths of 550-575 and 605-670 nm, respectively, was used to assess
TAMRA labeled PA fluorescence. The DAPI filter (Zeiss filter #49) was used for nuclear
staining using excitation and emission wavelengths of 365-395 and 445-450 nm,
respectively. The green fluorescent protein filter (Zeiss filter #38) using excitation and
emission wavelengths of 470-495 and 525-550 nm, respectively, was used to assess tissue
autofluorescence of tissues.

For quantification of the amount of fluorescence in injured and uninjured livers, as well as
lungs, spleens, and kidneys, the HE CY 3 filter was used to image the tissue at 20X
magnification. Images were taken at each of the 4 quadrants on the slide, with exposure
times adjusted to eliminate any background autofluorescence of the tissue and therefore only
image the PA. Images were taken on 4 different slides evenly spaced throughout the tissue.
Avrea of fluorescence, expressed in relative fluorescence units (RFUs) was generated using
ImageJ software, and thresholds were set to only visualize the PA. Sham animals were
imaged and quantified to eliminate all tissue autofluorescence, making the RFUs for all
sham animals zero. Comparisons of RFUs were made between TF-targeted PA nanofibers
and backbone PA nanofibers.

Thromboelastography (TEG)

TEG measurements were performed with a TEG-5000 Thromboelastograph Hemostasis
Analyzer (Haemoscope Corporation; Niles, IL). Blood draws were performed by terminal
cardiac puncture in male Sprague Dawley rats, with the first 500 pL of blood withdrawn
discarded. Subsequent blood draws were performed using 1 mL syringes each containing 10
units of heparin, with approximately 2—4 mL of blood withdrawn from each animal. Clotting
was initiated by adding Dade® Innovin® human TF (Siemens, Marburg, Germany) in a
1:200,000 dilution to whole blood. The sample was gently inverted, and then either control
(HBSS or Non-targeted backbone nanofiber) or treatment nanofibers (25% SFE or 75%
SBC-2) were added (0.2 ug nanofiber dissolved in 100 uL HBSS or 100 uL HBSS alone).
The mixture (360 pL) was then transferred to the TEG chamber. Each 1 mL of blood was
run in duplicates to ensure reproducibility. As 2-4 mL of blood were taken from each
animal, multiple different treatments were performed on blood collected from the same
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animal to account for animal-to-animal variability in clotting. Measurements were
performed for a minimum of 1 hour at 37°C, up to 2 hours in some cases, and relevant
parameters were extracted from the curve generated. Additional experiments were
performed in parallel with and without addition of TF to the same sample of blood to
determine if TF was required for clotting with the TF-targeted nanofibers.

Mouse Saphenous Vein Laser Injury Model

Statistics

To evaluate co-localization of the TF-targeted PA nanofibers to the site of TF expression in
real time, the saphenous vein laser injury model was performed in mice as previously
described with some modifications.30 Adult female wild type C57BL6 mice weighing 20-23
g were anesthetized using inhaled isoflurane (2%). A tail vein catheter was placed using 29%
gauge insulin needles placed inside 2 French tubing and secured in place with glue (LiquiVet
Rapid Tissue Adhesive). The left leg was then prepped in a sterile fashion. Skin and any
tissue overlying the saphenous vein was dissected free to allow visualization of the vein.
Anti-fibrin antibody (generously provided by Rodney Camire) labeled with Alexa Fluor™
647 was injected at a dose of 2.5 pg/mouse before the mouse was placed under the
microscope. Injury to the endothelium (~50 um) was initiated using an Ablate!
Photoablation system equipped with an attenuable 532 nm pulse laser (Intelligent Imaging
Innovations; Denver, CO) and fluorescence intensity was recorded. Following initial control
injury with fibrin antibody alone, PA (TF-targeted nanofiber or backbone PA nanofiber) was
administered v/atail vein catheter and a second injury was made and recorded. PA solutions
were prepared by dissolving 8 mg/kg of PA in 100 uL HBSS. Wide field epifluorescence
videos were recorded for 2-3 minutes following laser ablation at each injury site with a
Zeiss Axio Examiner Z1 microscope (Intelligent Imaging Innovations) equipped with a
multicolor LED light source (Lumencor; Beaverton, OR) and an Orca Flash 4.0 camera
(Hamamatsu Corp.; Bridgewater, NJ). After sacrificing the mouse by isoflurane overdose,
spinning disk confocal (Yokogawa CSU-W1; Musashino, Japan) Z-stacks were collected at
each injury site with 488 and 647 lasers (Intelligent Imaging Innovations). Representative
max Z projections of spinning disk confocal Z-stacks for pre- and post-PA injury sites are
shown for n=3 animals per treatment group.

Quantification data are presented as area of fluorescence, in RFUs, which was the average
from 16 images per tissue (4 images per slide; 4 slides per animal). Results were expressed
as mean + the standard error of the mean (SEM). JMP (SAS Institute, Inc.; Cary, NC) was
used to determine differences between injured and uninjured livers using a two-way analysis
of variance (ANOVA) followed by a Tukey Honest Significant Difference post-hoc test.
Blood loss data are presented as % total blood volume, as previously described.*! Results
were expressed as mean blood loss + SEM. JMP was used to determine differences between
groups using one-way ANOVA followed by a Student’s t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structures of the FVII-derived TF-targeting peptide amphiphiles with their three-

letter abbreviations shown on the left. The Structural Biology Core at UNC generated three
TF-targeting sequences (SBC-X) based on interactions observed in the TF-FVII crystal
structure, with amino acid substitutions to enhance a-helix formation and improve targeting.
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Figure 2.
Characterization of TF-targeted nanofibers. (A) Transmission electron micrographs of TF-

targeted nanofibers co-assembled at ratios of 25, 50, 75, and 95% TF-targeting sequence,
with the remaining percent being KKAAVV-K(AN-e-lauroyl) backbone PA nanofiber. (B)
Solution-phase small-angle X-ray scattering of the backbone alone, with 25% SFE, or with
75% SBC-2 PA. (C) Circular dichroism spectroscopy of the SFE PA and SBC-2 PA,
showing a-helical characteristics in addition to the expected B-sheet conformation.
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Figure 3.
SFE and SBC-2 PA nanofibers localize to areas of non-compressible liver injury in a rat

hemorrhage model /n vivo. (A) Fluorescence microscopy of injured and uninjured livers
demonstrates localization of the 25% SFE PA nanofiber and 75% SBC-2 PA nanofiber to
sites of liver injury with minimal signal in the uninjured liver. Blue = DAPI nuclear stain,
green = autofluorescence of liver, and red = TAMRA-tagged nanofiber, scale bar=100 um;
n=6/treatment group. (B) Quantification of fluorescence demonstrates the highest
fluorescence in the injured liver with 75% SBC-2 PA nanofiber. *p < 0.05 injured versus
uninjured liver fluorescence; #p < 0.05 injured SFE PA nanofiber and injured SBC-2 PA
nanofiber treatment group compared to injured backbone PA nanofiber treatment group; $p <
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0.05 injured liver from animals given SBC-2 PA nanofiber compared to injured livers from
animals given SFE PA nanofiber.
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Figure 4.

SFE and SBC-2 PA nanofibers show minimal off-target localization. Uninjured lung, spleen,
and kidney show little fluorescence (A), with no difference seen in SFE PA and SBC-2 PA
nanofibers compared to backbone PA nanofiber alone in animals that underwent liver
hemorrhage model (B). Blue = DAPI nuclear stain, green = autofluorescence of the tissue,
red = TAMRA-tagged nanofiber; scale bar=100 um; n=3/treatment group.
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Figure5.
25% SFE PA and 75% SBC-2 PA nanofibers decrease blood loss compared to sham animals

in a liver hemorrhage model, and initiate clotting in anti-coagulated blood. (A) Assessment
of % total blood loss in a central liver punch injury caused by a 12-mm punch biopsy (/nsef)
and used to model non-compressible hemorrhage revealed less blood loss with 25% SFE PA
and 75% SBC-2 PA nanofiber treatment groups compared to sham (*p < 0.05) and backbone
PA nanofiber controls (*p < 0.05); n=6/ treatment group. (B) Superimposed TEG curves
from n=6 animals in anti-coagulated rat blood. 25% SFE PA and 75% SBC-2 PA nanofiber
treatment groups initiate clotting in the presence of human TF despite anti-coagulation with
heparin, with no clotting (indicated by flat line) seen in controls. Green lines in controls
indicate overlapping curves. Inset shows axis labels and parameter origins. Experiments
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were run for at least 60 min and up to 120 min (X-axis). (C) R time (reaction time, measures
how fast blood clots), K time (kinetic time, measures how fast a clot reaches a specific
strength), MA (maximum amplitude, highest clot strength), and LY 30 (lysis 30 min after
MA, measures how stable the clot is) from TEG curves, with (=) in controls indicating no
clotting was observed, therefore the relevant numbers could not be generated.
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Figure 6.
SFE and SBC-2 PA nanofibers localize to sites of TF expression in a mouse vein laser injury

model /n vivo. (A) Confocal Z-stacks of hemostatic plugs show that SFE and SBC-2 PA
nanofibers (green fluorescence, white arrows) co-localize with fibrin (red) at the site of laser
injury (white dashed circle). (B) Mouse positioning and saphenous vein exposure prior to
injury. The black arrow indicates the direction of laser injury (perpendicular to the blood
vessel). Scale bar=25 um; n=3/treatment group.
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