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Abstract

RADA16- is a synthetic type | self-assembling peptide nanofiber scaffold (SAPNS) which may serve as a novel biocompatible hemostatic
agent. Its application in neurosurgical hemostasis, however, has not been explored. Although RADA16-I is nontoxic and nonimmuno-
genic, its intrinsic acidity may potentially provoke inflammation in the surgically injured brain. We conducted an animal study to compare
RADA16-I with fibrin sealant, a commonly used agent, with the hypothesis that the former would be a comparable alternative. Using
a standardized surgical brain injury model, 30 Sprague—Dawley rats were randomized into three treatment groups: RADA16-, fibrin
sealant or gelatin sponge (control). Animals were sacrificed on day 3 and 42. Astrocytic and microglial infiltrations within the cerebral
parenchyma adjacent to the operative site were significantly lower in the RADA16-I and fibrin sealant groups than control. RADA16-|
did not cause more cellular inflammatory response despite its acidity when compared with fibrin sealant. Immunohistochemical studies
showed infiltration by astrocytes and microglia into the fibrin sealant and RADA16-I grafts, suggesting their potential uses as tissue scaf-
folds. RADA16-I is a promising candidate for further translational and clinical studies that focus on its applications as a safe and effective

hemostat, proregenerative nanofiber scaffold as well as drug and cell carrier. Clin Trans Sci 2015; Volume 8: 490-494
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Introduction

Hemostasis is an important aspect of neurosurgery. An ideal
hemostat should be able to stop bleeding effectively without
causing additional trauma while also being conducive to healing
and regeneration. In recent years, advances in nanotechnology
have led to the development of novel biocompatible nanomaterials
including hemostats." One candidate is RADA16-1, a synthetic
type I self-assembling peptide nanofiber scaffold (SAPNS).>* It
consists of ionic self-complementary oligopeptides that would
undergo spontaneous assembly when exposed to physiologic
conditions. The resultant hydrogel is highly porous and provides a
three-dimensional nanofiber scaffold that can potentially facilitate
axonal regrowth and repopulation.* Interestingly, RADA16-1
can also stop bleeding upon self-assembly.’” Since it is nontoxic,
nonimmunogenic and biodegradable, RADA16-1 is potentially
fit for clincal use.® Its application in neurosurgical hemotasis has
not been explored and is the focus of this study.

RADA16-I can be applied directly onto operative sites as an
injectable liquid, akin to fibrin sealants that are already widely
used in clinical practices. But RADA16-I is comparatively more
acidic (pH < 4) and there is a concern that this may provoke
inflammation in neural tissue.” We therefore conducted an
animal study to compare RADA16-1 with a conventional fibrin
sealant, with the hypothesis that RADA16-1 would not cause
excessive cellular inflammatory responses. Our aim was to provide
preclinical evidence to support and inform future translational
studies on nanopeptide hemostats.

Materials and Methods

Animal model
We used a cortical resection model that has been previously
described by our group.’ Adult Sprague-Dawley (SD) rats

(220-250 g) were anesthetized with 80 mg/kg ketamine and
xylazine (10 mg/kg). The animal head was fixed on a stereotactic
frame and a right frontal craniotomy was made. After dura
opening, a 1 mm x 2 mm x 2 mm block of cortical tissue, with
its postereomedial corner being at 1 mm lateral and anterior to
the bregma, was resected from the right frontal cortex. Hemostasis
was achieved by applying (i) RADA16-I (n = 10); (ii) fibrin sealant
(n=10); (iii) gelatin sponge (1 = 10) into the cavity. (Figure 1) The
latter served as the control. The dura was closed with 10-0 suture
(Ethilon™ Nylon Suture, Sommerville, NJ, USA) and reinforced
with a dural substitute (DURAFOAM™, Raynham, MA, USA),
followed by skin closure with 4-0 suture (Ethilon™). The sample
size was calculated to be n = 5 per group per time-point, provided
by a mean percentage of cellular infiltration of 10% in the control,
an effect size of 20%, a power of 0.8, and a p value of 0.05.

Animals were allowed to survive until postoperative day 3 and
day 42 (n =5 per group per time-point) when they were sacrificed
with transcardial perfusion using 4% paraformaldehyde in 0.1 M
PBS (pH 7.4) after an overdose of intraperitoneal pentobarbital.
The animal brains were postfixed with 4% paraformaldehyde,
cryoprotected in 30% sucrose overnight at 4°C, and embedded
in optimum cutting temperature compound (OCT; Thermo
Scientific, Waltham, MA, USA). Horizontal cryosections of
25 um were mounted onto gelatin-coated slides and stored at
—20°C with cryoprotectant (30% Ethylene glycol, 30% sucrose
in 0.04 M PB).

Surgical hemostats

RADA16-I solution (BD™ PuraMatrix™ Peptide Hydrogel,
BD Biosciences, MA, USA) was prepared by dissolving 10 mg
of the powder in 1 mL of autoclaved Milli-Q water (Millipore
Corp., Billerica, MA, USA) in eppendorf tubes as previously
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described.” The 1% wt/vol solution was
sonicated for 5 minutes, filtered and stored
until use. Each animal in the RADA16-1
group received 20 pL of it applied
with a micropipette. The fibrin sealant
(TISSEEL®, Baxter, Deerfield, IL, USA)
was commercially available as prefilled
double-chamber syringes that contained
human fibrinogen, thrombin, calcium
chloride and synthetic antifibrinolytic.
When injected together, they combined
to achieve hemostasis. Gelatin sponge
(Gelfoam®, Pfizer, Pharmacia & Upjohn
Co., NY, USA) was cut into 1 mm x 2 mm
x 2 mm pieces and inserted into the brain
resection cavity to achieve hemostasis in
the control group.

Gelatin
sponge

Fibrin
sealant

Immunohistochemistry

Frozen tissue sections were dried at room
temperature for 30 minutes, washed, and
rehydrated with 0.01 M PBS for 10 minutes,
and examined with haematoxylin and eosin
(H&E) staining. For immunohistochemical
studies, sections were incubated with 1%
hydrogen peroxide in 0.01 M PBS (pH 7.4)
for 10 minutes at room temperature for
endogenous peroxidase blockade, and then

Figure 1. Intraoperative photographs showing the cortical resection cavities before (left column) and after (right ~ with 1% bovine serum albumin, 10% normal
column) the applications of gelatin sponge, fibrin sealant and RADA1§—I. The cavities in the left column were goat serum and 0.3% Triton X-100 in PBS
temporarily filled with normal saline for clearer illustration. Ant, anterior; Post, posterior.
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Figure 2. (A) Macroscopic appearances of representative brain specimens on day 3 and 42; (B) H&E examination of the boundary zone between the brain and the lesion
cavities (*) on day 42; (C) Immunohistochemical studies of the fibrin sealant and RADA16-I in situ, showing infiltration by microglia and astrocytes on day 42 (40x). Scale
bar: B =50 mm, C=20 pym.
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Results

B RADA16-I
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PBS for 5 minutes. The slides were washed
and incubated with fluorescent Alexa
Gelatin Fluor® 555 goat antimouse (1:400; Abcam,
sponge Cambridge, England) or Alexa Fluor® 488
goat antirabbit secondary antibodies (1:500;
Invitrogen, Grand Island, NY, USA) for
2 hours at room temperature. Cell nuclei
o were counterstained with 4’,6-diamidino-
(A) s:;;':t 2-phenylin-dole (DAPI; Sigma, Sigma-
Aldrich, St. Louis, MO, USA). Images
were captured with a Carl Zeiss Axioport
microscope equipped with SPOT Advanced

Imaging software. Positive reactivities were

RADA16-1 brain. Six images (200 um x 200 pum) were
randomly selected and the percentage of
positive reactivities was calculated using

Day 3 (20X) the following formula: Ap/Af x 100, where
GFAP DAPI MERGE Ap is the total area of positive reactivities,
and A, is area of the field.
Gelatin Statistical analysis
sponge GraphPad Prism (version 5.0, GraphPad)
software was used for statistical analysis. All
results were presented by means * standard
deviation (SD). The difference between
(B) Fibrin groups will be analyzed by two-tailed, one-
sealant
hoc test. The alpha level was set at 0.05 for
statistical significance.

—— All three treatments could stop bleeding
upon the first application. (Figure I,
right column) Figure 2A shows the
macroscopic appearance of harvested
on postoperative day 3. These resolved by

B Gelatinsponge day 42, when the brain resection cavities
B Fibrinsealant became clearly identifiable in all groups.
Residual hemostatic agents were identified
microscopically within the cavities. (Figure
2B) Fibrin sealant and RADA16-1, but not
gelatin sponge, were heavily infiltrated by
astrocytes and microglia. (Figure 2C)
the resection cavity was studied for
cellular inflammatory response. Overall,
astrocytic infiltration was observed on
day 3, and became more pronounced on
day 42. When compared with control, the
degree of astrocytosis was significantly less
Figure 3. Immunohistochemical studies showing astrocyte infiltration in the cerebral parenchyma adjacentto the  after treatments with fibrin sealant and
lesion cavity on (A) day 3 and (B) day 42. (C) The degree of infiltration was more extensive after treatment with  p A A 16-T at both time-points (both p <

GFAP DAPI NERGE applied overnight at 4°C after washing with
quantified on four consecutive sections per
way analysis of variance (ANOVA) with post

Day 42 (20X) brains. Residual hematomas were observed
The cerebral parenchyma surrounding
gelatin sponge than with fibrin sealant or RADA16-1. *p < 0.001. Scale bar: A-B = 100 pm.

% of GFAP reactives in the lesion boundary

Day 3 Day 42

Time after surgery

0.001). No significant difference was found
between the last two treatments on day 3
(p=0.089) or day 42 (p = 0.715). (Figure 3)
binding. Primary antibodies, including mouse anti-GFAP (1:300; In terms of microglia infiltration, fibrin sealant caused
Cell Signaling Technology, Danvers, MA, USA) for astrocytesand ~ significantly less response than control and RADA16-I on day 3
rabbit anti-IBA1 (1:500; Wako, Osaka, Japan) for microglia, were (p =0.008). There was no difference between the last two groups
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Figure 4. Immunohistochemical studies showing microglial infiltration in the cerebral parenchyma adjacent to
the lesion cavity on (A) day 3 and (B) day 42. (C) The degree of infiltration was more extensive after treatment
with gelatin sponge than with fibrin sealant or RADA16-I. *p < 0.001. Scale bar: A-B = 100 pm.

(p =0.474). By day 42, both fibrin sealant and RADA16-1 caused
significantly less reaction than control (both p < 0.001). There was
no difference between the first two groups (p = 0.461). (Figure 4)
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Discussion

The name RADA16-1 refers to its constituent
oligopeptides, each made up of 16 alternating
hydrophobic and hydrophilic amino acids
in the repeated sequence of Arg-Ala-Asp-
Ala (RADA).#* When exposed to physiologic
media, the electrostatic repulsion between
the oligopeptides is neutralized, resulting
in the formation of complementary ionic
bonds. This leads to a polymerization-
like process that forms a hydrogel with
nanofibers of 50-200 nm in diameters. By
serendipity, this gelation process was also
found to achieve hemostasis. Subsequent
works showed that RADA16-I could stop
bleeding from the brain within 8.4 seconds,
compared with 227.0 seconds with saline-
treatment. The underlying mechanism was
incompletely understood and was probably
unrelated to thrombus formation or platelet
aggregation.”'>!

Fibrin sealants are widely used as topical
hemostats. They cause little tissue reactions,*
and is safe on neural tissue.”” Modern
commercial products have eliminated bovine-
derived components, but they still carry
clotting factors obtained from human plasma
pool, hence the potential risks of disease
transmission. This contrasts with RADA16-1,
which is entirely synthetic and made up of
naturally occurring and reuseable amino
acids. No prion-like substances in animals
receiving RADA16-1 have been identified."
Its low acidity, however, is a potential
drawback. Guo et al. used RADA16-I to treat
experimental spinal cord and brain injuries,
and reported pronounced inflammatory
response in the former.>'® This study showed
that RADA16-Iindeed did not cause excessive
inflammation in the brain when compared
with fibrin sealant, and may represent a
novel class of surgical hemostats for further
translational studies and possibly clinical use.

RADA16-I has other advantages. In
promoting healing and regeneration, it
can carry drugs'® and transplantable cells."”
Preclinical studies have already demonstrated
its efficacy in various neurologic
conditions.” " We found extensive glial
cell infiltration within RADA16-1forup to 6
weeks after surgery, lending further support
to its role as a tissue scaffold in the treatment
of surgical brain injury. The higher porosity
offered by the nanostructure of SAPNS may
also explain why microglial infiltration was
more pronounced in SAPNS than in fibrin
sealant on postoperative day 3. Like other
SAPNSs, RADA16-I is subject to tailored

designs and modifications (e.g., peptide length and sequence),
and future research effort will continue to provide new candidates
with improved hemostatic and regenerative properties.'*?
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This pilot study has several limitations. First, we focused
on cellular inflammatory response from two cell types only.
Other indicators such as proinflammatory cytokine expression
and brain edema were not addressed. Second, the experimental
model produced cell death mainly by necrosis; apoptosis was
minimal and was not formally assessed. Similarly, functional loss
was also minimal. Thirdly, RADA16-I at other concentrations,
hence of different acidity and hemostatic properties, was
not tested. This could have important impact on its clinical
applications.

Conclusion

When applied as a topical hemostat to the surgically injured
brain, RADA16-1 was associated with a similar degree of cellular
inflammatory response as fibrin sealant despite the former’s
intrinsic acidity. Given its many superior properties as a synthetic
nanomaterial, RADA16-I deserves to be further investigated as
an alternative to conventional neurosurgical hemostats. Future
studies may investigate the effects of different concentrations
of RADA16-1, other parameters of surgical brain injury, axonal
regrowth and functional recovery.
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