',\' frontiers

In Bioengineering and Biotechnology

REVIEW
published: 02 June 2021
doi: 10.3389/fbice.2021.679525

OPEN ACCESS

Edited by:

Carl Austin Gregory,

Texas A&M Health Science Center,
United States

Reviewed by:

Tzu-Wei Wang,

National Tsing Hua University, Taiwan
Marie-noelle Giraud,

Université de Fribourg, Switzerland

*Correspondence:

Lisa Spirio

lisa@3dmatrix.com

T These authors have contributed
equally to this work and share first
authorship

Specialty section:

This article was submitted to

Tissue Engineering and Regenerative
Medicine,

a section of the journal

Frontiers in Bioengineering and
Biotechnology

Received: 12 March 2021
Accepted: 10 May 2021
Published: 02 June 2021

Citation:

Sankar S, O’Neill K,

Bagot D’Arc M, Rebeca F, Buffier M,
Aleksi E, Fan M, Matsuda N, Gil ES
and Spirio L (2021) Clinical Use of the
Self-Assembling Peptide RADA16:

A Review of Current and Future
Trends in Biomedicine.

Front. Bioeng. Biotechnol. 9:679525.
doi: 10.3389/fbioe.2021.679525

Check for
updates

Clinical Use of the Self-Assembling
Peptide RADA16: A Review of
Current and Future Trends in
Biomedicine

Sharanya Sankar't, Kate O’Neill?t, Maurice Bagot D’Arc?, Florian Rebeca’,
Marie Buffier', Elton Aleksi4, Melanie Fan2, Noriaki Matsuda®, Eun Seok Gil* and
Lisa Spirio**

1 3-D Matrix Europe SAS, Caluire-et-Cuire, France, 2 3-D Matrix UK Ltd., London, United Kingdom, 3 BLUEPHARM SAS,
Paris, France, * 3-D Matrix Inc., Newton, MA, United States, ° 3-D Matrix, Ltd., Tokyo, Japan

RADA16 is a synthetic peptide that exists as a viscous solution in an acidic
formulation. In an acidic aqueous environment, the peptides spontaneously self-
assemble into B-sheet nanofibers. Upon exposure and buffering of RADA16 solution
to the physiological pH of biological fluids such as blood, interstitial fluid and lymph,
the nanofibers begin physically crosslinking within seconds into a stable interwoven
transparent hydrogel 3-D matrix. The RADA16 nanofiber hydrogel structure closely
resembles the 3-dimensional architecture of native extracellular matrices. These
properties make RADA16 formulations ideal topical hemostatic agents for controlling
bleeding during surgery and to prevent post-operative rebleeding. A commercial
RADA16 formulation is currently used for hemostasis in cardiovascular, gastrointestinal,
and otorhinolaryngological surgical procedures, and studies are underway to investigate
its use in wound healing and adhesion reduction. Straightforward application of viscous
RADA16 into areas that are not easily accessible circumvents technical challenges in
difficult-to-reach bleeding sites. The transparent hydrogel allows clear visualization of
the surgical field and facilitates suture line assessment and revision. The shear-thinning
and thixotropic properties of RADA16 allow its easy application through a narrow nozzle
such as an endoscopic catheter. RADA16 hydrogels can fill tissue voids and do not
swell so can be safely used in close proximity to pressure-sensitive tissues and in
enclosed non-expandable regions. By definition, the synthetic peptide avoids potential
microbiological contamination and immune responses that may occur with animal-,
plant-, or mineral-derived topical hemostats. In vitro experiments, animal studies, and
recent clinical experiences suggest that RADA16 nanofibrous hydrogels can act as
surrogate extracellular matrices that support cellular behavior and interactions essential
for wound healing and for tissue regenerative applications. In the future, the unique
nature of RADA16 may also allow us to use it as a depot for precisely regulated drug
and biopharmaceutical delivery.

Keywords: self-assembling peptide hydrogel, nanofiber, RADA16, hemostasis, tissue regeneration, wound
healing, surgery, endoscopy
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INTRODUCTION TO SELF-ASSEMBLING
PEPTIDES (SAPs)

Self-assembling peptides (SAPs) are short oligopeptides
that often contain repeating amino acid sequences, which,
under appropriate environmental conditions spontaneously
self-assemble into distinct nanostructures (Edwards-Gayle
and Hamley, 2017; Lee et al, 2019). Explorations into the
characteristics and biomedical utility of SAPs followed the
discovery in 1989 of a native yeast protein containing repeated
amino acid sequences, zuotin, that self-assembled into 3-
dimensional (3D) structures in specific fluid environments
(Zhang et al., 1992). This process of molecular self-assembly
found in nature inspired scientists to develop unique SAPs
for research and medical product development, including
RADA16 (Zhang, 2017). The SAP monomeric constitution
can be purposefully selected so that spontaneous self-assembly
forms distinct well-ordered supramolecular structures with
desired configurations including sheets, vesicles, tubes, and
interlinking fibrous networks resembling natural extracellular
matrix (ECM). Self-assembly of SAP peptide molecules into
discrete structures primarily involves non-covalent interactions
including hydrogen bonding, electrostatic interactions,
hydrophobic/hydrophilic relationships, and van der Waals
forces (Edwards-Gayle and Hamley, 2017).

Various subclasses of SAPs have been identified and
characterized (Hartgerink et al., 2001; Chen, 2005; Choi
et al, 2012; Argudo et al, 2018; Qiu et al, 2018). One
well-studied SAP subgroup are the ionic-complementary
SAPs, characterized by an alternating sequence of positively
and negatively charged amino acids (Chen, 2005). Ionic-
complementary SAPs are further categorized by specific residue
charge distribution patterns into Type I, +—+—; Type II,
++——; Type UI, +++———; or Type IV, ++++————
monomers, with the subclass defined by the number of
similarly charged peptides occurring in sequence. Type-1 ionic-
complementary peptides have P-strand periodicity and their
regular charge patterns allow their spontaneous interlinking
assembly by hydrophobic effect and hydrogen bonding into
predictable complex p-sheet suprastructures. The specific
charge pattern of SAP peptides determines their interlocking
assembly configuration, allowing scientists to generate different
polymeric structures with distinct biological behavior and
interactions. This review focuses on one such Type-I peptide,
RADA16-1 (hereafter referred to as RADA16), a SAP that
spontaneously self-assembles into nanofibrous structure and
that under physiological conditions forms a complex hydrogel
of interwoven networks. RADA16 has demonstrated clinical
utility as a highly effective hemostatic agent for controlling
surgical bleeding and shows great promise as a surrogate ECM

Abbreviations: 3D, 3-dimensional; AE, adverse event; AGIB, acute gastrointestinal
bleeding; ECM, extracellular matrix; EMR, endoscopic mucosal resection; ESD,
endoscopic submucosal dissection; GI, gastrointestinal; IPB, intraprocedural
bleeding; RADA16, (arginine-alanine-arginine-aspartic acid)s; RP, radiation
proctopathy; SAP, self-assembling peptide; VEGE, vascular endothelial growth
factor.

for wound healing and tissue regeneration, and as an efficient
drug delivery platform.

MECHANISM OF ACTION OF RADA16

RADAL16 is a 16-amino acid Type I-SAP containing repeated
R (positively charged arginine), A (hydrophobic alanine), and
D (negatively charged aspartic acid) amino acid residues
(Figure 1). A single RADA16 peptide is a ~6 nm-length
monomeric oligopeptide.

RADA16 peptides are manufactured in an acidic environment
(pH ~2) and spontaneously self-assemble to form nanofibers
in water. At pH 2, the net charge of a RADAI16 peptide is
positive because the side carboxylic acids of its four aspartic
acids are protonated in water (i.e., no charge under their
pKa of ~3.7) while the side guanidine groups of its four
arginines are positively charged. The presence of hydrophobic
amino acid groups and positively charged sequences along
the RADA16 peptide allows monomer organization into stable
B-sheet nanofiber with a positively charged surface in this
aqueous acidic environment (Figure 2; Yokoi et al., 2005).
Therefore, the RADA16 nanofibers are flowable in an acidic
aqueous condition due to electric repulsion among the positively
charged nanofibers, while they generate high viscosity due to
their fibrous structure. The diameter of the RADA16 nanofibers
is smaller than the wavelength of visual light (i.e., 380-740 nm)
so the solution appears transparent. The action of self-assembly
is spontaneous and reversible, so the peptides can disassemble
upon exposure to external shearing force and spontaneously
reassemble after removal of the force (Figure 3). This property
allows for easy application and coverage of wounds due to
partial disassembly of RADA16 peptides as the material is
applied but its viscosity immediately returns after application via
molecular reassembly. In clinical practice, these shear-thinning
and thixotropic properties make RADA16 solutions suitable for
application through a narrow applicator and allow the product to
flow easily into wounds (Figure 3).

When the peptide solution is neutralized and buffered by
the physiological pH and ionic characteristics of bodily fluids
(e.g., blood, lymph, cerebrospinal fluid) or tissue culture media,
the side carboxylic acids of the RADA16 four aspartic acids
are deprotonated (i.e., negatively charged over their pKa of
~23.7, which creates both four positive charges and four negative
charges on the RADA16 peptide, and the net charge becomes
zero). The surface of the nanofibers becomes hydrophobic;
thus, the neighboring nanofibers are physically cross-linked
via hydrophobic interactions to become a complex mesh-
like hydrogel structure (Figure 3) that resembles native ECM
architecture (Yokoi et al., 2005; Cormier et al., 2013; Zhang, 2017;
Wang et al., 2019).

These unique properties of RADA16 have been adapted
by researchers and surgeons for diverse experimental and
clinical applications. RADA16 has been commercialized as
PuraMatrix'™ (3-D Matrix Ltd., Tokyo, Japan), a 1% peptide
solution for use as an ECM surrogate for laboratory evaluation
of cell adhesion, chemotaxis, proliferation and development, and
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FIGURE 1 | Chemical structure of RADA16 peptide. RADA16 peptide chemical structure showing the 16 amino acids organized as sequentially repeated 4-amino
acid sequences containing R (positively charged arginine), A (hydrophobic alanine), and D (negatively charged aspartic acid) residues.

Single RADA16 molecule (3-sheet)

~ 6 nanometers

Viscous solution

Nanofibers in water

at acidic pH (e.g., pH 2) Single self-assembled nanofiber

FIGURE 2 | Macro, micro, and nanostructures of RADA16 in an aqueous solution. Spontaneous and reversible self-assembly of RADA16 molecules occurs in acidic
solutions to generate nanofibers. RADA16 molecules with -sheet conformation interact through face-to-face hydrophobic interactions and edge-to-edge hydrogen
bonding to form layered and extended nanofibers, ~6 nm in width. These ECM-like nanofibers form a viscous and transparent aqueous solution at a relatively low

concentration range (e.g., 0.1~2.5% weight/volume).

as an in vitro and pre-clinical in vivo 3D scaffold for hemostasis,
wound healing, and tissue engineering investigations (Wang
et al.,, 2019; Corning Life Sciences Inc, 2021).

In the clinic or operating room, the SAP products PuraStat®
and PuraBond® (3-D Matrix Europe SAS, Caluire-et-Cuire,
France), are delivered by pre-filled syringes as viscous aqueous
solutions of synthetic 2.5% RADAI6, that spreads across the
surface of the wound. When RADA16 comes in to contact with
blood or other physiological fluids, it forms a hydrogel. The
hydrogel formation acts as a barrier and blocks the flow of
the blood from the wound and thereby, demonstrates excellent
topical hemostatic control of intra- and post-operative bleeding
associated with diverse surgical procedures, including oozing
from wound surfaces of the skin and other organs (Figure 4)
and from suture lines of vascular anastomoses (Figure 5; 3-D
Matrix Europe SAS, 2014; Wang et al., 2019). The hemostatic
mechanism of action of the RADA16 products is in situ
formation of a transparent hemostatic hydrogel barrier on

bleeding wound surfaces upon contact with physiological fluids
present at the surgical site (Figure 5). A sister product cleared
in the United States, PuraSinus™ (also 2.5% RADA16), is an
intraoperatively applied hemostatic wound dressing that also
prevents adhesion formation and acts as an adjunct to wound
healing after nasal surgery or trauma (US Food and Drug
Administration, 2021). Finally, PuraDerm™ has been cleared in
the United States as topical wound dressing for the management
of partial and full-thickness wounds such as pressure sores, leg
ulcers, diabetic ulcers, and surgical wounds.

One other SAP is currently approved for clinical use by
regulatory authorities besides RADA16, an 11 amino acid
peptide (QQRFEWEFEQQ) known as PFj;-4 (commercial
name Curodont™ Repair) that promotes remineralization and
regression in early dental caries (Alkilzy et al., 2018; Sedlakova
Kondelova et al., 2020). This review focuses on the evolution of
applying RADAI6 for surgical bleeding control and provides an
overview of studies indicating the great potential of this unique
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FIGURE 3 | lllustration of RADA16 structure and properties as it is applied to and gels on a wound site. Acidic aqueous solutions of RADA16 are viscous and exhibit
shear-thinning and thixotropic disassembly/reassembly, which allows their easy administration to wound sites through catheters and syringes with viscosity returning
immediately after administration. Upon contact with the physiological pH of body fluids including blood and interstitial fluid, the surface net charges of RADA16

nanofibers become zero resulting in the physical crosslinking by hydrophobic interactions between neighboring RADA16 nanofibers, so that RADA16 solution forms

in situ hydrogels on the wound site and act as a physical barrier to bleeding.
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FIGURE 4 | Hemostatic use of RADA16 self-assembling peptide hydrogel to control bleeding from wound surfaces of the liver. In a porcine model, punch biopsy of
the liver surface (A) results in frank bleeding (B). After site irrigation and drying (C), residual bleeding (D) is stopped by the easy single-syringe application of RADA16
solution (E), which rapidly forms a transparent hemostatic in situ hydrogel barrier upon contact with physiological fluids (F). This approach can be used to stop
topical bleeding at surgical and wound sites in skin, organs, vessels, and other tissues.

formulation in facilitating wound healing, tissue regeneration,
and as a drug-delivery depot.

TOPICAL HEMOSTATIC AGENTS FOR
SURGICAL BLEEDING

Intraoperative and post-operative bleeding is a risk of all surgical
procedures (Dagi, 2005), and appropriate treatment depends
upon the site, cause, and extent of blood loss. Ongoing rapidly
evolving technological advances have provided surgeons with

an expanding diversity of innovative approaches for achieving
intraoperative and post-operative hemostasis in their patients.
Standard hemostatic methods range from simple pressure
application, electrocautery, vessel ligation, and suturing for
primary wound closure, intravenous administration of blood
products, and systemic or topical delivery of procoagulation
agents.

Modern biotechnology has developed many new topical
hemostats for surgical use, including formulations based on
oxidized cellulose, gelatin, collagen, fibrin and thrombin,
hyaluronic acid, and cyanoacrylates. All of these topical
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FIGURE 5 | Hemostatic mechanism of action of RADA16 self-assembling peptide hydrogel on bleeding wound surfaces. Upon contact with physiological fluids
present at the surgical site, the RADA16 solution rapidly forms a transparent hemostatic in situ hydrogel barrier on the oozing suture lines of vascular anastomoses
(A) and the topical/surgical oozing sites such as ulcer and resected tissue after surgery (B). In a porcine model using the femoral artery, a longitudinal suture line was
conventionally irrigated and sponge-dried, and RADA16 was syringe-applied to the suture line on the vessel’'s outer surface. The white arrow shows the direction of
syringe movement during application. RADA16 solution can stop residual bleeding at blood vessel suture lines and anastomoses sites during cardiothoracic and
vascular surgeries (A). In a general topical/surgical bleeding site, in situ hemostatic hydrogel formation is initiated at the interface between the bleeding site and the
applied RADA16 layer. This is represented diagrammatically (B). The transparent nature of the hydrogel allows easy visualization of the surgical field and underlying
sutures and bleeding sites, thus enabling the surgeon to evaluate the surgical site for satisfactory hemostasis and the possible need to perform revisions.
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hemostatic classes have unique strengths and limitations
(Achneck et al., 2010; Pereira et al., 2018). An ideal topical
hemostatic agent would be easy to administer in diverse surgical
and post-operative scenarios, rapid-acting, effective, completely
biocompatible, non-animal derived, resorbable, easy to use, and
cost-effective. A newer class of self-assembling topical hemostats
including RADA16 may best satisfy all of these requirements.

SURGICAL HEMOSTASIS USING
RADA16

PuraStat and PuraBond are 2.5% RADAI16 formulations that
are CE-marked as Class III medical devices for hemostatic
use in humans. They are indicated as adjunctive hemostatic
supplements to intraoperative ligation and suturing, to
control exudative bleeding from small blood vessels and
parenchyma of solid organs, at vascular anastomoses, and in
the case of PuraStat from small vessels of the gastrointestinal
(GI) tract mucosa following endoscopic and laparoscopic
tissue resection (Figures 4-6; 3-D Matrix Europe SAS,
2014). A related product, PuraSinus (also a 2.5% aqueous
RADAI16 formulation), was cleared by the FDA in 2019 as
an intraoperatively applied wound dressing for achieving
hemostasis, preventing adhesion formation, and as an adjunct to
wound healing after nasal surgery or trauma repair (Figure 4-6;
US Food and Drug Administration, 2021).

Sterile-filtered acidic RADA16 hemostatic  solutions
exhibit long-term stability during storage at refrigerator

temperatures (3-D Matrix Europe SAS, 2014; US Food and
Drug Administration, 2021). Syringe delivery of SAP solutions
facilitates easy one-handed application in most circumstances,
without the need to mix or dissolve components before
application as with some fibrin-based hemostats (Spotnitz,
2010), for example. Thus, it is “ready to use, with no
preparation requirements or complicated handling that may
prove cumbersome for surgeon or nurses.

The RADA16 aqueous formulations can be precisely applied
within tight surgical fields; their fluidity conforms to irregular
tissue surfaces, and their viscosity allows filling tissue voids and
prevents unwanted migration away from the application site.
Unlike some topical hemostats, RADA16 does not absorb bodily
fluids and expand in volume after application, which avoids the
risk of compressive injury when used in pressure-sensitive tissues
or physically constrained structures such as the coronary arteries
and nerves (Schonauer et al., 2004; Tomizawa, 2005; Pereira
et al., 2018). The RADA16 hydrogel remains transparent even
after gelation (Figures 4, 5), so clear visualization of the surgical
site and suture lines is maintained. This facilitates continuous
surveillance of the operative area to evaluate the need for
wound closure repair or revision, because any residual bleeding
is instantly identifiable. Hemostats based on RADA16 can be
used in combination with electrosurgical coagulation forceps,
and clips and sutures may be placed through the hydrogel after
application. Prophylactic administration of RADA16 solutions
can also be used to reduce the likelihood of delayed-onset
bleeding after surgical procedures such as endoscopic resection
(Subramaniam et al., 2019).
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FIGURE 6 | Current and future clinical uses of the self-assembling peptide RADA16. Hemostatic RADA16 formulations are currently in use for stopping
intraoperative bleeding and preventing delayed/rebleeding in cardiovascular, gastrointestinal, and otorhinolaryngological surgical procedures. Experimentation is
underway to determine if RADA16 can act as a surrogate extracellular matrix to improve wound healing and tissue regeneration in diverse tissues and organs, and

possibly act as a precisely regulated drug delivery depot.

Gelation of applied aqueous RADA16 begins upon contact
with physiological fluid which buffers the acidic aqueous
solution and provides an appropriate ionic microenvironment
for hydrogel formation (Ellis-Behnke et al., 2006a; Wang et al.,
2012). Exposure to tissue interstitial fluids in the absence of
frank bleeding will also initiate RADA16 gelation (Subramaniam
et al., 2019). Compared to animal- and plant-derived hemostats
such as collagen and cellulose agents, pure synthetic SAP
formulations such as RADAI16 carry no risk of containing
unwanted contaminants that may be pyrogenic or present other
safety concerns (Genove et al., 2005). The RADA16 3D meshwork
pore sizes are small enough (50-200 nm) to restrict platelet (2-
3-pm diameter) and erythrocyte (6-8-pum diameter) penetration
and achieve hemostasis. Instead, the blood-contacting RADA16
solution begins rapid gelation (as quickly as 15-20 s) from its
surface and presents a hemocompatible surface for platelets and
erythrocytes to accumulate on and initiate hemostasis, thereby
enhancing the hemostasis achieved by the RADA16 matrix’s
physical barrier function alone (Figure 5; Saini et al., 2016;
Taghavi et al,, 2018). The hydrogel components themselves,
however, do not appear to directly activate either platelets
or complement C3a/C4, but do provide a substratum upon
which physiological coagulation reactions, likely initiated by
wound-released factors, may proceed (Saini et al, 2016;

Taghavi et al., 2018). The PuraStat matrix contains 97.5% water,
which allows the unhindered diffusion of soluble nutrients,
growth factors, and oxygen that are essential mediators of healing
at the wound surfaces.

Unlike some topical hemostatic agents, neither RADA16
hydrogel nor its constituents induce inflammatory or immune
reactions (Genove et al, 2005 Wang et al, 2019). Over
time, applied PuraStat and PuraSinus™ are degraded to their
constituent natural and entirely biocompatible L-amino acids by
endogenous proteolytic/hydrolytic mechanisms, the fragments
of which are then either metabolized or recycled, ultimately
removing all residual RADA16 from the surgical site.

Topical hemostatic formulations should be convenient to
administer in diverse operative settings, act quickly to efficiently
staunch bleeding, be non-allergenic and non-inflammatory,
facilitate and not inhibit wound healing, be resorbable, and cost-
effective. Members of the SAP family such as RADA16 may best
fulfill these criteria, and eventually become a standard-of-care for
controlling and preventing mild-to-moderate bleeding associated
with many surgical scenarios.

Indeed, following the approval of RADA16 for clinical use
as a topical hemostatic agent, its utility has been demonstrated
in multiple surgeries that are commonly performed in, for
example but not limited to, cardiothoracic and vascular
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surgery, gastroenterology, and otorhinolaryngology specialties
(Figure 6).

RADA16 Hemostasis in Cardiac and

Vascular Surgery

After demonstrating excellent hemostasis with 2-2.5% RADA16
solutions (from 3-D Matrix Inc.) in pre-clinical models of rabbit
aortic puncture and dog aortic graft anastomoses, RADA16
was evaluated for safety and hemostatic effectiveness in human
subjects undergoing cardiovascular surgery (Masuhara et al,
2012). Subjects comprised 25 individuals (22 male/3 female; age
54-80 years), who underwent coronary artery bypass grafting
(n = 9), abdominal aortic graft replacement (n = 4), or
peripheral artery bypass (n = 12) at two Japanese medical
centers. The target sites for 2.5% RADA16 application were mild-
to-moderate remnant bleeding at vessel-to-vessel anastomoses,
graft anastomoses, and autologous vein patch plasty sites; other
hemostatic approaches were employed if bleeding was copious
or spurting. All subjects had been heparinized during surgery,
which was reversed by protamine sulfate injection immediately
after RADA16 application. Of 33 total bleeding sites, the mean
application area was 3.3 cm? using an average of 1.5 mL (range
0.5-3.0 mL) RADA16 solution at each site. Approximately 1 mL
of RADA16 was applied to coronary anastomoses, 2 mL to aortic
anastomoses, and 1 mL to other peripheral vascular anastomotic
sites. The immediate hemostasis effectiveness rate was 88% (29/33
sites), and mean hemostasis time was 154 =+ 39 s. Effectiveness
was 100% if a second treatment was used to treat post-operative
bleeding. No RADA16-related safety issues were observed. The
researchers concluded that RADA16 is an efficacious hemostatic
agent for stopping oozing bleeding in cardiovascular surgery.

The safety, performance, and ease of use of RADAILG6
(PuraStat) as a hemostatic agent during left ventricular assist
device (LVAD) implantation was evaluated in a prospective
study of 15 patients at a single center in Germany (Morshuis
et al., 2019). Application sites included the apical cannulation,
and the outflow graft anastomoses. Hemostatic effectiveness was
confirmed in 93% (27/29) of evaluated bleeding sites, with a
rapid average time to hemostasis of 19.4 £ 13.0 s. There were
no RADA16-related adverse events (AEs), and no inflammation,
excessive granulation, or foreign body reaction was observed
through post-operative 24 months.

Thoracic surgeons were queried about experiences using
RADA16 for hemostasis in 50 consecutive cardiovascular surgery
patients (mean age 72 years) at two medical centers in the
United Kingdom who underwent various procedures including
coronary artery bypass, valve repair or replacement, sometimes
with grafting, and aortic repair or replacement (Giritharan
et al., 2018). The most common application sites for RADA16
were aortotomy closures (62%) and graft suture lines (18%).
Other areas of RADA16 application included oozing bleeding
at cannulation sites, patch repairs, needle hole bleeds from
prosthetic grafts, and at the top end anastomosis of vein grafts
during coronary artery bypass. Surgeons rated the syringe-
delivered product as easy-to-use, even in hard-to-reach surfaces.
Hemostasis was achieved with RADA16 alone in 84% of

applications and it worked well in conjunction with other
hemostatic agents (e.g., Bioglue® and Fibrillar®). The distinctive
transparent nature of PuraStat was appreciated because it allowed
clear visualization of suture lines after its application. Mean blood
product use of packed red cells, platelets, fresh-frozen plasma,
and cryoprecipitate was below the national average for these
procedures. No RADA16-related AEs were reported.

RADA16 Hemostasis in Gastrointestinal

Endoscopic Surgery

Intraprocedural bleeding (IPB) and delayed bleeding or
rebleeding are significant challenges encountered during
endoscopic resection of lesions or endoscopic intervention
for acute GI bleeding (Kataoka et al., 2016). Current standard
treatment modalities such as electrocoagulation, argon plasma
coagulation, and mechanical clip placement pose a risk of
thermal injury or perforation and can be technically challenging
depending on the bleeding site and endoscopist experience
(Chetcuti Zammit and Sidhu, 2018). Recently, topical hemostatic
powders have been introduced as additional options for
managing bleeding in the GI tract (Mourad and Leong, 2018; de
Rezende et al., 2019). However, these powders do not precisely
cover the target lesion, but typically are dispersed well beyond the
margins of the bleeding defect. Additionally, existing hemostatic
powders are opaque, which can block the surgeon’s view of the
operative field and hinder evaluation of the bleeding source and
are prone to premature gel formation that may clog the catheter
(de Nucci et al.,, 2020). The bleeding in the GI tract can also
be treated with RADA16-based hemostats, which can staunch
unwanted bleeding while the transparent nature of the hydrogel
maintains excellent visualization of the surgical field, and
premature gelation within the catheter does not occur (Yoshida
et al., 2014; Pioche et al., 2016; Subramaniam et al., 2019).

The hemostatic utility of RADA16 was reported in 12
subjects who experienced oozing bleeding during interventional
endoscopic mucosal resection (EMR) or endoscopic submucosal
dissection (ESD) for gastric tumors (Yoshida et al, 2014).
Hemostasis with RADA16 was deemed “remarkably effective”
in 11 patients and “effective” in 1 patient. Time-to-hemostasis
was 105 £ 87 s, using an average of 3.3 & 2.1 ml of RADAI16
per lesion. No secondary hemorrhages occurred in any subject.
Following this initial proof-of-concept study that indicated good
feasibility and effectiveness, these surgeons indicated the need to
perform further studies involving a larger number of patients in
Japan and in Europe.

A study at two centers in France evaluated the hemostatic
effectiveness of RADA16 on delayed bleeding in 56 subjects
(age 67 £ 11 years) with 65 diverse GI lesions (22 stomach, 15
rectum, 10 duodenum, 8 esophagus, 7 colon, and 3 ampullary)
(Pioche et al., 2016). Forty patients underwent ESD procedures
and 18 EMR procedures. The rate of delayed bleeding after
RADA16 use was only 6% despite 45% of lesions (29/65) having
been considered at high-risk of rebleeding. No device-related
AEs occurred, and endoscopists reported easy administration
of the peptide solution through the catheter and continuous
visualization of the resection bed.
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The effectiveness of RADA16 was evaluated for preventing
delayed bleeding in 45 consecutive patients (51 lesions) who
underwent gastric ESD in Japan (1% RADA16 was used, termed
PuraMatrix by the authors) (Uraoka et al., 2016). RADA16 was
applied to the resected base at the end of the procedure. The
rate of post-ESD bleeding was 2% (1/51 lesions), defined as any
case requiring endoscopic or surgical intervention or having a
decrease in hemoglobin level of 2 g/dL. Endoscopic follow-up was
performed at 1, 4, and 8 weeks after ESD and no AEs related to
RADA16 occurred. The rate of healing at week 1 and the rate of
scarring at weeks 4 and 8 were higher than rates reported in the
literature, suggesting that the peptide facilitated ulcer healing.

Safety, effectiveness, and technical feasibility of using RADA16
(as PuraStat; 3-D Matrix Europe SAS., France) as a topical
GI hemostat was reported in a study of 100 subjects (mean
age 69.3 years; 32% female) undergoing complex endoscopic
resection (ER) (79 ESD, 21 EMR) procedures at a single
United Kingdom medical center (Subramaniam et al.,, 2019).
Surgeries comprised 48 esophageal, 31 colorectal, 11 gastric,
and 10 duodenal sites, and 30% of the patients were on
antithrombotic therapy. Mean lesion size was 3.7 £ 2.1 cm
and the mean resection base area was 14.1 £ 16.5 cm?.
RADA16 was used to control IPB that occurred in 64% of
cases (33 esophageal, 5 gastric, 6 duodenal, 20 colorectal), and
was applied prophylactically to cover the resection base in all
100 cases. Diathermy was employed when RADA16 alone did
not completely stop bleeding. RADA16 was delivered through
the endoscope channel via 3-mL pre-filled syringes connected
to 1600-mm (gastric) or 2200-mm (colonic) custom catheters
(PuraStat Nozzle System Type-E, Top Corporation, Tokyo,
Japan). RADA16 alone was an effective hemostat in 75% of these
cases (73% of venous type mild oozing-to-moderate bleeding,
and 50% of spurting bleeds). Thus, while having some utility for
adjunctively controlling spurting bleeds, SAP-based hemostasis
is best suited for controlling mild-to-moderate surgical bleeding,
and for prophylactically preventing delayed bleeding onset. Only
a small volume of RADA16, mean 1.8 + 1.4 mL per lesion,
was required for hemostasis of IPBs, whereas 2.6 = 1.8 mL was
used to completely cover the resection base. Hemostasis with
RADA16 occurred in 70 & 69 s. The delayed bleeding rate of 3%
(two antral gastric cancer ESDs and one esophageal cancer ESD)
was lower than anticipated in this high-risk cohort. Resection
sites were clearly visible at all stages before, during, and after
RADA16 application. The transparent and viscous nature of the
RADA16 solution and resultant hydrogel permits its use as an
adjunct therapy to traditional hemostatic methods such as clips or
coagulation to control complex bleeding. There were no reported
technical challenges such as catheter blockage and RADA16 was
delivered successfully to the desired site in all cases with no
technical challenges. No RADA16-associated AEs occurred.

The same United Kingdom group subsequently designed a
randomized trial to compare RADA16 (PuraStat) adjunctive
use (interventional group) against thermal coagulation-only
(control group) for controlling IPB during ESD (Subramaniam
et al., 2020). No other treatments (prophylactic coagulation or
clipping) were performed in either group. This was a single-
center study of 101 treatment-blinded subjects (N = 91 analyzed

in the modified intention-to-treat cohort after exclusions and
withdrawals) who underwent esophageal or colorectal ESD for
lesions sized between 2 and 5 cm. Mean subject age was
71.5 & 11.2 years in the diathermy-only control group (n = 45)
and 68.6 + 10.6 years in the RADAI16 group (n = 46).
Uninterrupted single antiplatelet therapy with aspirin was
allowed, and all other anticoagulants were discontinued per local
guidelines. Learning from their previous study (Subramaniam
et al,, 2019), grade 3 spurting bleeds were excluded and treated
with other modalities. Fifty percent of the RADA16 group and
38% of Controls had significant comorbidities, and 40% of
study participants had anticoagulant therapy stopped prior to
their procedure. Lesion locations for the RADA16 group were
61% esophageal (n = 28) and 39% colorectal (n = 18), and
44% esophageal (n = 20) and 56% colorectal (n = 25) for
the Control group.

The Control group had 269 IPBs in 45 subjects and RADA16
group experienced 232 IPBs in 46 patients (Subramaniam et al.,
2020). The RADA16 group demonstrated a 50% reduction in the
use of diathermy, with an overall 92.6% hemostatic effectiveness
rate. Time-to-hemostasis was 70 £ 76 s in the RADA16 group
and 78 £ 274 s in thermocoagulation-only Controls (p = 0.14).
Total procedure times were similar in the RADA16 group
at 74.2 + 48.7 min and Controls at 80.7 & 56.6 min. The
RADAI6 group received prophylactic hydrogel application to
the resection base, and there was no difference in delayed bleed
rates from lesions between the two groups (4% in both groups).
Resection base healing was a secondary study end point and
was significantly faster in RADA16-treated subjects than control
subjects (detailed below in section “RADA16 to Enhance Wound
Healing and Tissue Regeneration”).

Acute gastrointestinal bleeding (AGIB) is associated
with significant morbidity and mortality (Gralnek et al,
2015). Depending on the cause and location of bleeding,
managing AGIB can prove challenging. A recent retrospective
observational study performed at three Italian hospitals evaluated
endoscopically applied RADA16 (as PuraStat; 3-D Matrix Europe
SAS) as an adjunct hemostatic method in 77 patients (41 upper
GI, 36 lower GI) with AGIB (de Nucci et al., 2020). Cases in which
RADA16 was used for primary hemostasis or prophylactically
to prevent delayed bleeding after polypectomy, EMR, or ESD
were excluded. The primary outcome was immediate hemostatic
effectiveness with a secondary outcome being re-bleed rate
within 7 days. Bleed types were defined as either spurting
(n = 13) or oozing (n = 64). Sixty-five percent (50/77) of
patients had an iatrogenic bleed, primarily as delayed bleeds
following EMR (n = 29) and IPBs during EMR (n = 14). Of the
27 cases with non-iatrogenic bleeds, most were due to peptic
ulcer (n = 19) and cancer (n = 5). Immediate hemostasis was
achieved in 90% (70/77) of cases using adjunctive RADAI6.
Hemostatic failure was observed in 7 of the 13 spurting bleeds,
comprising duodenal ulcer (n = 2), gastric ulcer (n = 2),
and post-EMR (n = 1 each for colonic, gastric, and duodenal
sites). Of these seven spurting-bleeding cases, bleeding was
slowed enough with RADAI6 in five cases to allow hemostasis
achievement by another approach. The rebleeding rate within
7 days post-operatively was 10% (8/77 patients), consisting of
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gastric cancer (n = 3), gastric ulcer (n = 2), post-EMR gastric
bleeds (n = 2), and duodenal ulcer (n = 1). Six of the eight
rebleed patients were stabilized after RADA16 re-application,
and the remaining two patients (both cancer) underwent surgery
for bleeding. These data suggest the likely utility of RADA16 for
treating AGIB, which will be assessed in more depth in planned
prospective trials.

RADA16 Hemostasis in Gastrointestinal
Laparoscopic Surgery

Post-operative ~ lymphorrhea  can  occur  following
lymphadenectomy during pelvic laparoscopic or open surgery
(Ghezzi et al.,, 2012). Colorectal dissection often exposes large
raw pre-sacral surfaces and can transect lymphatics and blood
vessels, causing fluid leakage into the peritoneal cavity (White
et al, 1985). Excess peritoneal fluid is usually reabsorbed;
however, it can cause AEs including secondary infection from
colorectal anastomosis leakage, sepsis, and thrombosis from
vascular compression (Rudralingam et al., 2017). Several studies
have investigated the utility of hemostatic RADA16 during
laparoscopic colorectal resection, to staunch bleeding and
exudative fluid flow into the peritoneal cavity.

A single-center Japanese study of 20 subjects that underwent
laparoscopic pelvic surgery for rectal cancer reported reduced
peritoneal effusion in the half of subjects (n = 10) who received
1% RADA16 (as PuraMatrix) treatment (Kondo et al., 2014).
RADA16 was applied to the bleeding wound at 2 mL/5-cm?
surface area, twice, and this procedure was repeated if hemostasis
was not initially achieved. Both groups were statistically similar in
age, disease stage, and tumor location. Hemostasis was achieved
within 5 min in all 10 RADA16-treated individuals. Operation
time, bleeding volumes during surgery, hospitalization duration,
and time with drain insertion were similar in both groups.
Subjects receiving 1% RADA16 displayed significantly less post-
operative pelvic drainage fluid (2170 mL) compared with control
subjects (~350 mL; p < 0.01). No AEs occurred during the 2-3-
month follow-up that were related to RADA16. The researchers
concluded that 1% RADAI16 was a safe and effective sealing
material for preventing lymphorrhea after pelvic surgery.

A prospective observational study of 20 consecutive subjects
(mean age 61 & 2 years, range 52-70 years; 40% female) who
underwent laparoscopic colorectal surgery was performed at
one United Kingdom medical center (Ortenzi and Haji, 2020).
Procedures included anterior resection (55%), sigmoidectomy
(25%), and right hemicolectomy (20%). RADA16 (as PuraStat)
was used as a method of hemostasis when conventional methods
such as pressure application or thermal ablation were either
insufficient or not recommended due to proximity to the ureter,
pelvic/sacral veins, or other delicate structures. Mean overall
surgery time was 185 £ 45 min. Mean RADA16 application
time was 40 & 17 s, and mean time to achieving hemostasis
was 17.5 £ 3.5 s after treatment. Wound beds averaged
5.4 + 2.3 cm?. No RADA16-related post-operative complications
were observed; no delayed post-operative bleeding occurred.

In an abstract presented at the 2019 European Colorectal
Congress, robust hemostasis was reported when RADAI16

(PuraStat) was used in laparoscopic and robotic bowel
resections (Stefan et al., 2019). Of 20 consecutive rectal cancer
surgical cases, 10 received RADA16 adjunctive intraoperative
hemostasis; controls used traditional hemostatic approaches
only. Median drain output on Day 1 was 70 mL in the RADA16
group compared with 103 mL in the No-RADA16 group,
indicating superior control of wound oozing and fluid exudate
accumulation with the hydrogel. Median hospitalization duration
was 5 days in both groups. Post-operative septic complications
occurred in one RADA16 case and four conventional hemostasis-
only cases. Post-operative ileus occurred in two RADA16 subjects
and five patients in the No-RADA16 group. RO resection was
achieved in all patients. The authors appreciated the utility and
effectiveness of RADAL16 in significantly reducing pelvic oozing
and bleeding after rectal cancer surgery.

RADA16 Hemostasis for
Radiation-Induced Proctitis

Radiation therapy is a common treatment modality for diverse
pelvic cancers including prostate, bladder, cervical, uterine,
rectal, and anal malignancies (Trzcinski et al., 2018). Radiation
proctitis or proctopathy (RP) is a radiation-induced injury most
commonly to the rectum seen in patients who have undergone
pelvic radiotherapy (Tabaja and Sidani, 2018). Radiation proctitis
can present as an acute inflammatory response involving only the
superficial mucosa, or as a chronic pathogenic change in bowel
function due to progressive endothelial dysfunction and vascular
sclerosis, which includes bleeding, ischemia, and subsequent
fibrosis (Weiner et al., 2016; White and Henson, 2021). Acute
RP affects up to 75% of patients receiving pelvic radiotherapy,
appearing within 1-6 weeks of treatment and with symptoms
typically resolving within 3 months (Weiner et al., 2016). Chronic
RP can occur months to years after radiation treatment, with a
variably reported incidence ranging between 2.5 and 30%. Rectal
bleeding is the most frequent symptom of chronic RP, occurring
in 29-90% of patients (Tabaja and Sidani, 2018).

A report described a case series of 21 RP subjects (18 men;
17 prostate, 2 vaginal, 2 rectal; median age 76 years, range
47-84 years) who were administered RADA16 (as PuraStat)
for hemostasis after rectal bleeding that remained refractory to
standard treatment with sucralfate enema, hyperbaric oxygen
therapy, and/or argon plasma photocoagulation (White and
Henson, 2021). RADA16 was applied endoscopically at weekly
intervals up to three times, with further treatments as determined
by symptoms. Even in subjects with the most severe cases of RP,
treatment with RADA16 improved self-recorded rectal bleeding
amounts. Median episodes of bleeding reduced from 4.5 (range
0-27) to 2 (range 0-16) in the 7 days prior to the first and
third treatment, respectively; Eight patients (38%) had no rectal
bleeding following treatment, and 14 patients (67%) reported
reduced bleeding episodes. Endoscopic grade defined by the
Zinicola score (Zinicola et al., 2003) improved in 12 patients
and 9 showed no change; however, 4/9 patients with no change
in endoscopic grade started the study at the lowest grade and
5/9 with no grade change experienced a reduced number of
bleeding episodes. Mean hemoglobin levels increased by 3.7 g/L
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from baseline to third treatment, and by 6.7 g/L from baseline
to last follow up (median 12 months; range 3-18 months). Of
patients followed up >12 months beyond their first RADA16
treatment, only one had recurrence of significant bleeding.
Of 6 blood transfusion-dependent patients, four required no
further transfusions; of the two patients that required additional
transfusions, one had thrombocytopenia secondary to cirrhosis
and the other had recurrent severe bleeding upon resuming
aspirin monotherapy, which was then stopped.

Additional early data has been collected in a United Kingdom
registry of prospective endoscopic studies to evaluate the role
of RADA16 in diverse GI bleeding events, including RP.
Initial data were presented at the 2019 European Society
of Gastroenterology Congress detailed 226 procedures across
three indications, including 22 RP cases (Arndtz et al., 2020).
In these RP cases, RADA16 was used as a sole therapy in
14 individuals and secondary therapy in 8, and all resulted
in a recorded improvement in patient-reported symptom
score and measured hemoglobin levels. These results with RP
cases support the expanded use of RADA16-based hemostasis
to effectively treat bleeding sequelae arising from diverse
iatrogenic causes, including pathologies arising from therapeutic
radiation administration.

RADA16 for Otorhinolaryngological
Surgery

A case series report was the first to evaluate using RADA16
(as PuraStat) as a hemostatic agent in endonasal procedures
(Lee et al., 2017). In that study, 60 subjects with severe
allergic rhinitis and intractable nasal obstruction underwent
endoscopic turbinoplasty by a single surgeon at three Australian
hospitals. Remnant bleeding commonly occurs after turbinate
resection surgery because the tissues are highly vascularized.
This is typically an outpatient procedure and, after attempting
conventional hemostatic approaches, patients are frequently
discharged with nasal packaging tamponade to control bleeding.
Nasal packing can cause discomfort, endonasal adhesions and
infection, and delay healing (Fairbanks, 1986). One mL of
RADA16 could cover an area of 1 cm?, so a single 5-mL syringe
was sufficient for each bilateral turbinoplasty. The fluidity and
transparent nature of the RADA16 solution allowed easy vertical
application that ensured thorough coverage of the resected area
while maintaining good wound visibility. No subject experienced
adhesion formation or rebleeding, and all demonstrated normal
operative site healing. Subsequently, another group reported the
successful application of RADA16 for hemostasis in a 49-year-old
man who underwent endoscopic endonasal surgery in Australia
to divide a severe nasopharyngeal stenosis that arose secondary
to chemoradiotherapy for squamous cell cancer of the tongue
base (Wong et al., 2020). The patient was discharged the same
day, having reported immediate post-operative improvement in
subjective nasal patency. At 2 months follow-up, no rebleeding
was reported by the patient, and complete resolution of his
nasal obstructive symptoms was maintained. No evidence of
recurrence or residual adhesion tissue was noted. These initial
results suggest that RADA16 is suitable for consideration as

an appropriate hemostatic agent in endonasal surgery. As
mentioned previously, PuraSinus™ has been cleared in the
United States as a sinus hemostat but is also indicated for the
prevention of adhesion formation and as an adjunct to wound
healing (Figure 6).

RADA16 FOR WOUND HEALING AND
TISSUE REGENERATION

Appropriate wound healing and tissue regeneration relies on a
complex orchestration of multiple influences within the wound
microenvironment, including cytokine, chemokine, and growth
factor signals that recruit and activate cellular participants,
vascularization and oxygenation status, mechanical forces, and
the construction and remodeling of an ECM scaffolding
(Rodrigues et al., 2019). The composition and structure of
synthetic mesh-like ECM biomimetics, such as the interwoven
fibers of the RADA16 hydrogel, may provide a favorable template
for the repair of tissues damaged by surgery, pathology or trauma,
including those of skin, bone, nerve, heart, liver, and other organs
(Figure 6; Yi et al., 2017; Lee et al., 2019; Wang et al., 2019; Gelain
et al., 2020).

Support for using RADA16 as an ECM surrogate for
wound healing has been strengthened by numerous in vitro
models in which RADA16 hydrogel supported proliferation, and
differentiation of diverse cell types (Kakiuchi et al., 2013; Wang
et al, 2019; Song et al., 2020). The simple peptide structure
of RADAL16 allows easy addition of various chemical moieties,
which can then be rapidly screened for functional effects in
wound-healing models (Bradshaw et al., 2014). An elegant 3D
laboratory model of human skin was created by embedding
human dermal fibroblasts and keratinocytes within a collagen
type-I matrix (Schneider et al., 2008). Punchouts of these model
tissue constructs underwent re-epithelialization at an accelerated
rate when overlaid with 1% RADA16 hydrogel compared to
healing observed without treatment, and even more so when
epidermal growth factor was embedded within the RADA16
matrix. Thus, in addition to assisting wound healing by providing
a physical 3D scaffold resembling native ECM, the RADA16
nanoporous matrix might also serve as a useful reservoir for the
regulated release of therapeutic drugs and biologics (Figure 4).

Cartilage and bone defects might also be amenable to
RADA16-mediated regenerative approaches. For example,
chondrocytes embedded in RADA16 hydrogels maintained
their differentiated status and expressed collagen type-II and
glycosaminoglycans, with expression continuing to intensify
through 3 weeks of culture (Liu et al., 2010). Scaffolds of RADA16
hydrogel containing co-embedded osteogenic adipose-derived
stem cells and endothelial adipose-derived stem cells in a 1:1
ratio demonstrated both strong osteogenic and angiogenic
differentiation, as gauged by expression of multiple cell-specific
markers (Yang et al, 2018). Thus, RADA16 may serve as
a useful scaffold for treating damaged or eroded cartilage
and bone defects.

Animal studies have also supported a promising role for
RADAI16 not only as a hemostatic agent, but to facilitate

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

June 2021 | Volume 9 | Article 679525


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Sankar et al.

RADA16 for Hemostasis and Regeneration

wound healing, tissue regeneration, and angiogenesis (Cheng
et al., 2013a,b; Wang et al., 2017, 2019; Gelain et al., 2020;
Han et al, 2020). In a rat model of middle ear mucosal
damage, cultured middle-ear mucosal epithelial cells were able
to successfully repopulate and heal mucosal defects when cells
were administered within a 2.5% RADA16 hydrogel matrix (as
PuraStat), but instillation of cells suspended in culture media
alone were unable to survive and repair the damaged mucosa
(Akiyama et al., 2013). Purposefully created periodontal defects
in rats showed significant healing and bone regeneration at
4 weeks when defects were initially filled with 2.5% RADA16
solution compared to defects filled with Matrigel (a mouse-
derived ECM-like product) or left unfilled (Takeuchi et al,
2016). In a rat model of inflammatory colitis simulated by
chemically induced colon mucosal ulceration, topical application
of 1% RADA16 (as PuraMatrix) significantly suppressed colonic
injury as viewed by endoscopy, downregulated expression of
inflammatory cytokines, and increased expression of wound-
healing factors (Araki et al., 2021). Topical application of
RADAL16 in an assessor-blinded porcine EMR study suggested
enhanced neomucosal coverage and less submucosal damage
with RADA16 versus no-RADAIG6 treatment, at 6 days after
lesion creation (Tsiamoulos et al., 2017). Furthermore, a more
recent study demonstrated that RADA16 reduces the incidence
of esophageal stricture after 5-cm circumferential ESD in a
porcine model by facilitating re-epithelialization (Oumrani et al.,
2019, 2021). In a rat bone defect model, RADA16 formulations
supported osteoregeneration, and showed utility as a depot
for fibroblast growth factor (He et al., 2017). Human-induced
pluripotent stem cells were encapsulated within RADA16
microspheres before induction toward a neural phenotype
and transplantation into the brains of immunocompromised
mice (Francis et al., 2016). The RADA16-encapsulated neurons
displayed robust survival and neurite outgrowth in vivo,
outnumbering surviving neurons that had been transplanted
in suspension by two orders of magnitude. When injected at
the injury site in rats with transected sciatic nerves, RADA16
hydrogel supported axonal outgrowth from damaged neurons,
and the addition of functional motifs to the peptide monomers
enhanced this activity. Similarly, the RADA16 meshwork is a
permissive milieu for axonal regrowth from the severed optic
tract of adult hamsters, sufficient to restore vision at least
partially (Ellis-Behnke et al., 2006b). These observations suggest
that RADA16 and related SAPs might deserve consideration as
potentially effective reprogramming and transplantation vehicles
for neurons and other cell types in future regenerative medicine
studies (Figure 6).

Peptide chemistry allows the precise attachment of various
functional moieties to RADA16 to confer novel biological
activities to the hydrogel including enhanced tissue regenerative
capacity. For example, GRGDS and YIGSR are peptide sequences
unique to the ECM proteins fibronectin and laminin-1,
respectively, which mediate cell adhesion to the matrix. In
a rat liver injury model, application of 1% RADAI6, either
alone or coupled to either ECM moiety, resulted in more
extensive wound healing after 2 weeks versus thermocautery
control sites (Cheng et al., 2013a). The number of proliferating

hepatocytes was greater in wounds managed with RADAI16
coupled to either ECM sequence than in the RADA16-alone or
control groups. In this model, dissolution of all three hydrogel
scaffolds was obvious within 3-7 days and was complete by
2 weeks. In a rat traumatic brain injury model (forebrain
punch biopsy), neural stem cells were suspended in either plain
1% RADAI16 or in RADAI16 coupled to another functional
laminin motif IKVAV, and suspensions were applied to wound
sites to polymerize (Cheng et al, 2013b). Addition of the
ECM motif to RADA16 enhanced stem cell differentiation in
hydrogels toward a neuronal phenotype and minimized astrocyte
formation at 3 and 6 weeks compared to cells encapsulated in
unmodified RADA16, suggesting enhanced regenerative capacity
in functionalized RADA16 hydrogels. Histological analysis of the
wound sites revealed hydrogel presence at 1 week, which was
not visible at 3 weeks suggesting complete scaffold dissolution
by this time. A subsequent study demonstrated enhanced
endogenous neural stem cell differentiation, neurogenesis and
functional recovery, and neovascularization in a zebrafish
brain injury model when 1% RADA16 alone or coupled
to SVVYGLR, an angiogenic «-integrin-binding sequence
derived from osteopontin, was applied to wound sites (Wang
et al., 2017). Thus, diverse pre-clinical experiments have
demonstrated the unique potential of RADA16 and several
of its variants in facilitating the recruitment, proliferation,
and differentiation of multiple cell types, resulting in effective
wound healing, neurogenesis, and angiogenesis. Future trials
will capitalize on these observations to explore potential new
clinical uses for RADA16 as a surrogate ECM in human
regenerative medicine.

Several of the clinical trials mentioned earlier also explored
RADAI16 effects beyond achieving hemostasis, including
observations on wound healing in humans. Gastric ESD
ulcer healing by was assessed by evaluating mucosal coverage
and margins of the ulcer (Uraoka et al., 2016), according to
the Sakita classification (Sakita et al., 1971). An increased
healing rate was observed after 1 week, and scarring was
more extensive than anticipated between 4 and 8 weeks post-
operatively, leading the authors to conclude that RADA16
might improve healing of ESD-induced gastric ulcers. In the
randomized control trial that explored RADA16 use during
esophageal and colorectal ESD (Subramaniam et al, 2020),
resection base healing was a secondary study end point. At
4 weeks post-procedure, 75% of RADA16 ulcers showed
either complete wound healing or scarring compared with
only 54% of ulcers in the diathermy-only group. At Week 4,
significantly more RADA16 subjects, 49%, achieved complete
wound healing compared with 25% of control subjects. In a
series of individuals who underwent bilateral turbinectomy,
RADA16 was associated not only with effective hemostasis but
also with the lack of adhesion formation during healing (Lee
etal., 2017). Taken together, it appears that the porous meshwork
of the RADA16 hydrogel not only functions as an effective
barrier to bleeding, but also might support wound healing by
acting as a temporary scaffold that facilitates the integration,
proliferation, and maturation of the cells needed to create new
tissue. Incorporating specific structural modifications into the
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RADA16 molecule might allow us to tailor hydrogel biological
activities to provide optimal regenerative environments for
different clinical applications.

RADA16 HYDROGELS AS DRUG
RESERVOIR AND DELIVERY SYSTEMS

The RADA16 nanoporous matrix might also serve as a useful
reservoir for the regulated release of therapeutic drugs and
biologics, to enhance various biological processes such as
angiogenesis and neurogenesis that are important in wound
healing and tissue regeneration. Sections of surrogate human
skin tissue were created in vitro by embedding human dermal
fibroblasts within a collagen type-I matrix and overlaying these
with a stratified layer of keratinocytes (Schneider et al., 2008).
After punch-out “wounding” of the skin construct, a drop of 1%
RADAL16 suspension was placed into and above the wound to
polymerize. Inclusion of recombinant epidermal growth factor
(10 pg/mL) in the RADA16 hydrogel caused an ~24-fold increase
in re-epithelialization over the wounded region versus RADA16
alone. Sequential measurements of the tissue culture media
indicated that growth factor was released from the RADA16
hydrogel in a linear fashion through 24 h, at which point
65% of incorporated cytokine had been released, and significant
addition growth factor egress from the hydrogel was not
observed afterward. Furthermore, in a rat myocardial infarction
model, injection of 1% RADA16-II (RARADADARARADADA)
suspension containing platelet-derived growth factor-BB (PDGF)
into the infarct border zone immediately after infarction was
cardioprotective and resulted in improved cardiac function
and reduced cardiomyocyte apoptosis measured 2 weeks post-
infarction (Hsieh et al., 2006). Myocardial cell proliferation,
neovascularization, regional blood flow, and local inflammation
were not changed by RADA/PDGF treatment. Without the
SAP scaffold, PDGF-BB injected alone rapidly disappeared from
injected sites within 24 h, and only a negligible amount of
PDGF-BB could be detected after 3 days. In contrast, when
PDGEF-BB was co-administered with RADA16-1I, the resultant
hydrogel scaffolding facilitated controlled growth factor release,
and 16.1 £ 2.4% of PDGF-BB remained at the targeted delivery
sites after 14 days.

Converse to regenerative and wound healing applications,
RADA16 has also been explored as a potential delivery vehicle for
antineoplastic agents, to destroy solid tumors. Syringe-delivery
of a liquid therapeutic/RADA16 mixture directly into a solid
tumor might polymerize into a biodegradable hydrogel that
restricts gradual drug release to the local environment. This
might be a promising approach to effectively obliterate individual
tumors while minimizing the systemic toxicity associated with
many cancer drugs. When the potent antitumor drug paclitaxel
was embedded in RADA16 matrices, drug release kinetics were
dependent upon RADAI16 concentrations used to form the
hydrogels, and controlled release from 1% RADA16 markedly
inhibited proliferation of the human breast cancer cell line
MDA-MB-435S for at least 1 week (Liu et al.,, 2011). Another
group performed pre-clinical studies to explore the idea of

loading RADA16 with tamoxifen and injecting it directly
within the breast following lumpectomy, to exert cytotoxicity
on any remnant breast cancer cells (Wu et al, 2017). Other
peptide-based hydrogels and nanogels have also been explored
in vitro to deliver doxorubicin, an antineoplastic drug used in
stomach, bladder, breast, lung, and ovarian cancer therapies
(Gallo et al., 2021).

Structural modifications to RADA16 can alter its function as
a hydrogel drug delivery system. One group created hydrogels
out of two differently modified RADA16 peptides with different
functions (Huang et al., 2019). One peptide was end-linked
to a QLK motif that facilitates crosslinking of the peptides
by transglutaminase activity. Microbial transglutaminase was
used to mimic the bioactivity expected from the intrinsic
coagulation factor XIIla, an endogenous enzyme activated by
thrombin cleavage. Subsequent covalent crosslinks are resistant
to proteolytic degradation thus providing increased mechanical
stability of the hydrogel. The second RADA peptide was modified
by the attachment of an LRK moiety, which regulates binding to
heparan sulfates that are integral glycosaminoglycan components
of native ECM. Importantly, heparan sulfates form non-covalent
complexes with potent angiogenic molecules such as vascular
endothelial growth factor (VEGF) and growth promoters such
as hepatocyte growth factor (Rajangam et al., 2006). In vitro,
enzyme crosslinking of 2% RADA16-QLK/LRK resulted in a
5-fold increase in hydrogel rheological stiffness. Crosslinked
hydrogels were more resistant to degradation, showing 20%
dissolution in 3 days versus 40% in non-crosslinked gels. At
the 35-day study terminus, 61% of crosslinked and 82% of
control gel volumes were degraded. Modified RADA16 hydrogels
spiked with heparan-binding cytokines before polymerization
displayed reproducible release kinetics in vitro. With VEGE
32% of total cytokine was released within 3 days, and 62%
through 28 days. In a chick chorioallantoic membrane assay,
the modified RADA16 formulation resulted in significantly
greater angiogenesis with larger-caliber vessels, when the applied
hydrogel contained angiogenic growth factors. Thus, two minor
RADA16 modifications resulted in significantly strengthened
hydrogels with sustained growth factor release over 4 weeks. In
a rodent myocardial infarction model, RADA16 was modified
by attachment of a LRK-containing sequence and injected with
VEGF into infarction-damaged hearts resulted in increased
angiogenesis, better cell survival, less scar formation, and
improved cardiac function at 1 month than injecting unmodified
RADA16 plus VEGF (Guo et al., 2012). Such studies demonstrate
the feasibility of modulating RADA16 structure to sequester and
regulate the controlled release of therapeutic agents that drive
wound healing and tissue regeneration.

Release kinetics of cytokines and other therapeutic agents
from RADA-based hydrogels can likely be fine-tuned by altering
the peptide concentration and chemistry (Gelain et al., 2020).
Thus, in addition to assisting wound healing by providing a
physical 3D scaffold resembling native ECM, both unmodified
and structurally tailored RADA16 hydrogels might have unique
abilities to direct specific tissue healing and reconstruction events
through the selective presentation and release of incorporated
biologics (Lee et al., 2019; Wang et al., 2019; Gelain et al., 2020).
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POTENTIAL LIMITATIONS OF RADA16
HYDROGELS

For hemostatic applications, RADA16 formulations are currently
approved as topical agents to halt oozing and low-pressure
bleeding. Unmodified RADAI16’s shear-thinning/thixotropic
nature probably precludes its utility in high shear environments
(e.g., intra-arterial) where strong hemodynamic and rheological
forces might inordinately increase the hydrogel’s disassembly
rate. Hydrogel resistance to shear stress can be increased by
either increasing the peptide concentration to form more
durable hydrogels or by modifying the RADA16 structure
by attaching motifs that enhance crosslinking or adhesion to
surrounding tissues or endogenous coagulation components
to provide additional anchoring strength. Still, for currently
approved hemostatic applications, predictable RADA16 hydrogel
dissolution to non-toxic metabolites occurs comfortably after the
risk of delayed bleeding has passed and is a desirable trait.

As a surrogate ECM scaffolding for facilitating wound healing
and tissue regeneration, the ability of RADA16 hydrogels to fill
tissue voids and easy syringe and catheter application to difficult-
to-reach sites are positive attributes. In some highly mobile or
load-bearing sites such as joints and bones, different resident
tissues and structures (e.g., tendon/sheath appositions within
tendon sheaths, ligament insertions, long bone appositions
after repair/reconstruction) are subject to variable and often
strong mechanical forces. In these environments, the limited
mechanical strength of RADA16-based hydrogels might risk
damage to the structural integrity of the surrogate hydrogel ECM,
and potentially compromise or delay regenerative outcomes.
Although modifications to the RADA16 peptide concentration
or chemistry might appreciably increase intrinsic gel strength
and strengthen hydrogel attachments to surrounding tissues,
hydrogel-based wound healing/regenerative approaches will still
probably remain suitable only for environments where physical
forces are either not extreme or can be temporarily restrained,
for example by splinting/casting/anchoring (joint and long bone
applications) or suturing (soft but mobile tissue applications).

Alternatively, to strengthen RADAI16-based hydrogels,
RADA16 might be co-polymerized with more mechanically
durable polymeric scaffold materials. For example, composite
nanoscaffolds created with functionalized RADA16 blended and
co-polymerized within electrospun poly (L-lactic-co-glycolic
acid) nanofibers generates a 3D matrix that displays stronger
mechanical properties and slower degradation than RADA16
alone and promoted expression of molecular indicators of
nerve repair and cell survival in an in vitro rat Schwann
cell model (Nune et al.,, 2016). Similarly, a composite of 1%
RADA16 modified with an RGD integrin binding motif was
polymerized interspersed with a 5% photocrosslinkable polyester
nanofiber suspension, and the resulting hydrogel was nearly
three-fold stronger (storage modulus, G') than 1% RADA16-
only hydrogels and also had a reduced degradation rate (Zhai
et al.,, 2020). Additionally, this combination improved wound

healing in a rat spinal cord transection model. The ability to easily
modulate RADA16-based hydrogel structure, cell and molecular
interactions, and physical durability offer diverse possibilities for
creative design of new hemostatic, tissue regenerative, and drug
delivery platforms.

CONCLUSION

Synthetic SAPs, exemplified in this review by RADAI16, are
unique in both character and in potential clinical utility.
The ability of SAPs to spontaneously form higher-order
structures, and our growing aptitude at customizing these
peptides to selectively modify their polymeric architecture
and associated biological interactions, together allow diverse
new opportunities for biomedical exploration and therapeutic
development. RADA16 has proven utility as an effective topical
hemostatic agent in a variety of surgical and pathological
scenarios. Now, accelerating research continues to clarify the
functionality of RADA16 as a surrogate ECM that may have
meaningful practical implications for wound healing in diverse
organs. Additionally, the permissive microenvironment provided
by the RADA16 nanofiber meshwork might be harnessed and
modified to optimally synchronize the complex mechanics of
cell and tissue development that are necessary for regenerative
medicine applications. The unique and customizable nature
of RADA16 and other SAPs also provides new prospects for
use as a depot and targeted delivery system for drugs and
biopharmaceuticals.

AUTHOR CONTRIBUTIONS

All authors were involved in all facets of literature review,
manuscript construction and content, and critical revisions and
approved the submitted version.

FUNDING

This work was supported by 3-D Matrix, Ltd., Tokyo, Japan.

ACKNOWLEDGMENTS

The authors thank Subinoy Das, MD, FACS (U.S. Institute
for Advanced Sinus Care and Research, Columbus, Ohio)
and Hiroyuki Aihara, MD, Ph.D. (Brigham and Women’s
Hospital, Boston, MA) for their suggestions and critical
review of the manuscript. The authors also thank Matthew
Silverman, Ph.D. (Writing Assistance Inc., Plymouth, MN,
United States and Biomedical Publishing Solutions, Delray
Beach, FL, United States) for expert writing and editorial
assistance. Silverman’s fees were paid by 3-D Matrix, Ltd.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

June 2021 | Volume 9 | Article 679525


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Sankar et al.

RADA16 for Hemostasis and Regeneration

REFERENCES

Achneck, H. E,, Sileshi, B., Jamiolkowski, R. M., Albala, D. M., Shapiro, M. L., and
Lawson, J. H. (2010). A comprehensive review of topical hemostatic agents:
efficacy and recommendations for use. Ann. Surg. 251, 217-228. doi: 10.1097/
SLA.0b013e3181c3bcca

Akiyama, N., Yamamoto-Fukuda, T., Takahashi, H., and Koji, T. (2013). In situ
tissue engineering with synthetic self-assembling peptide nanofiber scaffolds,
PuraMatrix, for mucosal regeneration in the rat middle-ear. Int. . Nanomed. 8,
2629-2640. doi: 10.2147/1JN.S47279

Alkilzy, M., Santamaria, R., Schmoeckel, J., and Splieth, C. (2018). Treatment of
carious lesions using self-assembling peptides. Adv. Den Res. 29, 42-47. doi:
10.1177/0022034517737025

Argudo, P. G., Contreras-Montoya, R., Alvarez de Cienfuegos, L., Cuerva,
J. M., Cano, M., et al. (2018). Unravelling the 2D self-assembly of Fmoc-
dipeptides at fluid interfaces. Soft Matter 14, 9343-9350. doi: 10.1039/c8sm
01508b

Araki, T., Mitsuyama, K., Yamasaki, H., Morita, M., Tsuruta, K., Mori, A., et al.
(2021). Therapeutic potential of a self-assembling peptide hydrogel to treat
colonic injuries associated with inflammatory bowel disease. J. Crohns. Colitis
jjab033. doi: 10.1093/ecco-jcc/jjab033 [Epub ahead of print].

Arndtz, S., Subramaniam, S., Hossain, E., Abdelrahim, M., Ang, Y., Beintaris,
L, et al. (2020). Outcomes from the UK PuraStat registry — a multi-centre
prospective observational study to evaluate the role of PuraStat in the
management of gastrointestinal bleeding (POPS). Abstract (virtual). ESGE Days
Congress, April 23-25, 2020. Endoscopy 52, S1-S350. doi: 10.1055/s-0040-
1704116

Bradshaw, M., Ho, D., Fear, M. W., Gelain, F., Wood, F. M., and Iyer, K. S. (2014).
Designer self-assembling hydrogel scaffolds can impact skin cell proliferation
and migration. Sci. Rep. 4:6903. doi: 10.1038/srep06903

Chen, P. (2005). Self-assembly of ionic-complementary peptides: a
physicochemical viewpoint. Colloids Surf. 261, 3-24.

Cheng, T. Y., Chen, M. H., Chang, W. H., Huang, M. Y., and Wang, T. W.
(2013b). Neural stem cells encapsulated in a functionalized self-assembling
peptide hydrogel for brain tissue engineering. Biomaterials 34, 2005-2016. doi:
10.1016/j.biomaterials.2012.11.04

Cheng, T. Y., Wu, H. C,, Huang, M. Y., Chang, W. H,, Lee, C. H., and Wang,
T. W. (2013a). Self-assembling functionalized nanopeptides for immediate
hemostasis and accelerative liver tissue regeneration. Nanoscale 5, 2734-2744.
doi: 10.1039/c3nr33710c

Chetcuti Zammit, S., and Sidhu, R. (2018). Small bowel bleeding: cause and the
role of endoscopy and medical therapy. Curr. Opin. Gastroenterol. 34, 165-174.
doi: 10.1097/MOG.0000000000000429

Choi, S.J., Jeong, W. J., Kang, S. K., Lee, M., Kim, E., Ryu, et al. (2012). Differential
self-assembly behaviors of cyclic and linear peptides. Biomacromolecules 13,
1991-1995. doi: 10.1021/bm3005947

Cormier, A. R., Lopez-Majada, J. M., Alamo, R. G., and Paravastu, A. K. (2013).
Distinct solid and solution state self-assembly pathways of RADA16-I designer
peptide. J. Pept. Sci. 19, 477-484. doi: 10.1002/psc.2524

Corning Life Sciences Inc (2021). Corning® PuraMatrix™ Peptide Hydrogel:
Frequently Asked Questions. Available online at: https://www.corning.com/
media/worldwide/global/documents/faq_DL_028_Corning_PuraMatrix_
Peptide_Hydrogel.pdf (accessed April 22, 2021).

3-D Matrix Europe SAS (2014). PuraStat® Absorbable Haemostatic Material
Instructions for Use. Available online at: https://www.nicolai- medizintechnik.
de/anweisungen/544_IFU_PuraStat_03_2014.pdf  (accessed ~ April 22,
2021).

Dagi, T. F. (2005). The management of postoperative bleeding. Surg. Clin. North
Am. 85,1191-1213. doi: 10.1016/j.5uc.2005.10.013

de Nucci, G., Reati, R., Arena, I, Bezzio, C., Devan, M., della Corte, C., et al.
(2020). Efficacy of a novel self-assembling peptide hemostatic gel as a rescue
therapy for refractory acute gastrointestinal bleeding. Endoscopy 52, 773-779.
doi: 10.1055/a-1145-34

de Rezende, D. T., Brunaldi, V. O., Bernardo, W. M., Ribeiro, I. B., Mota, R. C. L.,
Baracat, F. L, et al. (2019). Use of hemostatic powder in treatment of upper
gastrointestinal bleeding: a systematic review and meta-analysis. Endosc. Int.
Open 7, E1704-E1713. doi: 10.1055/a-0977-2897

Edwards-Gayle, C. J. C., and Hamley, I. W. (2017). Self-assembly of bioactive
peptides, peptide conjugates, and peptide mimetic materials. Org. Biomol.
Chem. 15, 5867-5876. doi: 10.1039/c70b01092c

Ellis-Behnke, R. G., Liang, Y., Tay, D., Kau, P., Schneider, G., Zhang, S., et al.
(2006a). Nano hemostat solution, immediate hemostasis at the nanoscale.
Nanomed 2,207-215.

Ellis-Behnke, R. G., Liang, Y. X., You, S. W,, Tay, D. K., Zhang, S., So, K. F,, et al.
(2006b). Nano neuro knitting: peptide nanofiber scaffold for brain repair and
axon regeneration with functional return of vision. Proc. Natl. Acad. Sci. U.S.A.
103, 5054-5059. doi: 10.1073/pnas.0600559103

Fairbanks, D. N. (1986). Complications of nasal packing. Otolaryngol. Head Neck
Surg. 94, 412-415. doi: 10.1177/019459988609400337

Francis, N. L., Bennett, N. K., Halikere, A., Pang, Z. P, and Moghe, P. V.
(2016). Self-assembling peptide nanofiber scaffolds for 3-D reprogramming and
transplantation of human pluripotent stem cell-derived neurons. ACS Biomater.
Sci. Eng. 2, 1030-1038. doi: 10.1021/acsbiomaterials.6b00156

Gallo, E., Diaferia, C., Rosa, E., Accardo, A., and Morelli, G. (2021). Peptide-
based hydrogels as delivery systems for doxorubicin. J. Pept. Sci. 16, 1617-1630.
doi: 10.1002/psc.3301

Gelain, F., Luo, Z., and Zhang, S. (2020). Self-assembling peptide EAK16 and
RADA16 nanofiber scaffold hydrogel. Chem. Rev. 120, 13434-13460. doi: 10.
1021/acs.chemrev.0c00690

Genove, E., Shen, C., Zhang, S. G., and Semino, C. E. (2005). The effect of
functionalized self-assembling peptide scaffolds on human aortic endothelial
cell function. Biomaterials 26, 3341-3351.

Ghezzi, F., Uccella, S., Cromi, A., Bogani, G., Robba, C., Serati, M., et al. (2012).
Lymphoceles, lymphorrhea, and lymphedema after laparoscopic and open
endometrial cancer staging. Ann. Surg. Oncol. 19, 259-267. doi: 10.1245/
s10434-011-1854-5

Giritharan, S., Salhiyyah, K., Tsang, G. M., and Ohri, S. K. (2018). Feasibility of a
novel, synthetic, self-assembling peptide for suture-line haemostasis in cardiac
surgery. J. Cardiothorac. Surg. 13:68. doi: 10.1186/s13019-018-0745-2

Gralnek, I. M., Dumonceau, J. M., Kuipers, E. J., Lanas, A., Sanders, D. S.,
Kurien, M., et al. (2015). Diagnosis and management of nonvariceal upper
gastrointestinal hemorrhage: European Society of Gastrointestinal Endoscopy
(ESGE) Guideline. Endoscopy 47, al-46. doi: 10.1055/s-0034-1393172

Guo, H. D., Cui, G. H,, Yang, J. J., Wang, C., Zhu, J., Zhang, L. S., et al. (2012).
Sustained delivery of VEGF from designer self-assembling peptides improves
cardiac function after myocardial infarction. Biochem. Biophys. Res. Commun.
424, 105-111. doi: 10.1016/j.bbrc.2012.06.080

Han, C.,, Zhang, Z., Sun, J, Li, K, Li, Y., Ren, C,, et al. (2020). Self-asssembling
peptide-based hydrogels in angiogenesis. Int. J. Nanomed. 15, 10257-10269.
doi: 10.2147/IJN.S277046

Hartgerink, J. D., Beniash, E., and Stupp, S. I. (2001). Self-assembly and
mineralization of peptide-amphiphile nanofibers. Science 294, 1684-1688. doi:
10.1126/science.1063187

He, B., Ou, Y., Chen, S., Zhao, W., Zhou, A., Zhao, ]., et al. (2017). Designer bFGE-
incorporated d-form self-assembly peptide nanofiber scaffolds to promote bone
repair. Mater. Sci. Eng. C. Mater. Biol. Appl. 74, 451-458. doi: 10.1016/j.msec.
2016.12.042

Hsieh, P. C., Davis, M. E., Gannon, J., MacGillivray, C., and Lee, R. T. (2006).
Controlled delivery of PDGF-BB for myocardial protection using injectable
self-assembling peptide nanofibers. J. Clin. Invest. 116, 237-248. doi: 10.1172/
JCI25878

Huang, L. C., Wang, H. C,, Chen, L. H, Ho, C. Y., Hsieh, P. H., Huang, M. Y.,
et al. (2019). Bioinspired self-assembling peptide hydrogel with proteoglycan-
assisted growth factor delivery for therapeutic angiogenesis. Theranostics 9,
7072-7087. doi: 10.7150/thno.35803

Kakiuchi, Y., Hirohashi, N., and Murakami-Murofushi, K. (2013).
The macroscopic structure of RADA16 peptide hydrogel stimulates
monocyte/macrophage differentiation in HL60 cells via cholesterol synthesis.
Biochem. Biophys. Res. Commun. 433, 298-304. doi: 10.1016/j.bbrc.2013.
02.105

Kataoka, Y., Tsuji, Y., Sakaguchi, Y., Minatsuki, C., Asada-Hirayama, I., Niimi, K.,
et al. (2016). Bleeding after endoscopic submucosal dissection: risk factors and
preventive methods. World J. Gastroenterol. 22, 5927-5935. doi: 10.3748/wjg.
v22.i26.5927

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

June 2021 | Volume 9 | Article 679525


https://doi.org/10.1097/SLA.0b013e3181c3bcca
https://doi.org/10.1097/SLA.0b013e3181c3bcca
https://doi.org/10.2147/IJN.S47279
https://doi.org/10.1177/0022034517737025
https://doi.org/10.1177/0022034517737025
https://doi.org/10.1039/c8sm01508b
https://doi.org/10.1039/c8sm01508b
https://doi.org/10.1093/ecco-jcc/jjab033
https://doi.org/10.1055/s-0040-1704116
https://doi.org/10.1055/s-0040-1704116
https://doi.org/10.1038/srep06903
https://doi.org/10.1016/j.biomaterials.2012.11.04
https://doi.org/10.1016/j.biomaterials.2012.11.04
https://doi.org/10.1039/c3nr33710c
https://doi.org/10.1097/MOG.0000000000000429
https://doi.org/10.1021/bm3005947
https://doi.org/10.1002/psc.2524
https://www.corning.com/media/worldwide/global/documents/faq_DL_028_Corning_PuraMatrix_Peptide_Hydrogel.pdf
https://www.corning.com/media/worldwide/global/documents/faq_DL_028_Corning_PuraMatrix_Peptide_Hydrogel.pdf
https://www.corning.com/media/worldwide/global/documents/faq_DL_028_Corning_PuraMatrix_Peptide_Hydrogel.pdf
https://www.nicolai-medizintechnik.de/anweisungen/544_IFU_PuraStat_03_2014.pdf
https://www.nicolai-medizintechnik.de/anweisungen/544_IFU_PuraStat_03_2014.pdf
https://doi.org/10.1016/j.suc.2005.10.013
https://doi.org/10.1055/a-1145-34
https://doi.org/10.1055/a-0977-2897
https://doi.org/10.1039/c7ob01092c
https://doi.org/10.1073/pnas.0600559103
https://doi.org/10.1177/019459988609400337
https://doi.org/10.1021/acsbiomaterials.6b00156
https://doi.org/10.1002/psc.3301
https://doi.org/10.1021/acs.chemrev.0c00690
https://doi.org/10.1021/acs.chemrev.0c00690
https://doi.org/10.1245/s10434-011-1854-5
https://doi.org/10.1245/s10434-011-1854-5
https://doi.org/10.1186/s13019-018-0745-2
https://doi.org/10.1055/s-0034-1393172
https://doi.org/10.1016/j.bbrc.2012.06.080
https://doi.org/10.2147/IJN.S277046
https://doi.org/10.1126/science.1063187
https://doi.org/10.1126/science.1063187
https://doi.org/10.1016/j.msec.2016.12.042
https://doi.org/10.1016/j.msec.2016.12.042
https://doi.org/10.1172/JCI25878
https://doi.org/10.1172/JCI25878
https://doi.org/10.7150/thno.35803
https://doi.org/10.1016/j.bbrc.2013.02.105
https://doi.org/10.1016/j.bbrc.2013.02.105
https://doi.org/10.3748/wjg.v22.i26.5927
https://doi.org/10.3748/wjg.v22.i26.5927
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Sankar et al.

RADA16 for Hemostasis and Regeneration

Kondo, Y., Nagasaka, T., Kobayashi, S., Kobayashi, N., and Fujiwara, T.
(2014). Management of peritoneal effusion by sealing with a self-assembling
nanofiber polypeptide following pelvic surgery. Hepatogastroenterology 61,
349-353.

Lee, S., Trinh, T. H. T., Yoo, M., Shin, J., Lee, H., Kim, J., et al. (2019). Self-
assembling peptides and their application in the treatment of diseases. Int. J.
Mol. Sci. 20:5850. doi: 10.3390/ijms20235850

Lee, M., Ma, Z., and Ananda, A. (2017). A novel haemostatic agent based on self-
assembling peptides in the setting of nasal endoscopic surgery, a case series. Int.
J. Surg. Case. Rep. 41, 461-464. doi: 10.1016/j.ijscr.2017.11.024

Liu, J., Song, H., Zhang, L., Xu, H., and Zhao, X. (2010). Self-assembly-peptide
hydrogels as tissue-engineering scaffolds for three-dimensional culture of
chondrocytes in vitro. Macromol. Biosci. 10, 1164-1170. doi: 10.1002/mabi.
200900450

Liu, J., Zhang, L., Yang, Z., and Zhao, X. (2011). Controlled release of paclitaxel
from a self-assembling peptide hydrogel formed in situ and antitumor study
in vitro. Int. J. Nanomed. 6, 2143-2153. doi: 10.2147/1JN.S24038

Masuhara, H., Fujii, T., Watanabe, Y., Koyama, N., and Tokuhiro, K. (2012). Novel
infectious agent-free hemostatic material (TDM-621) in cardiovascular surgery.
Ann. Thorac. Cardiovasc. Surg. 18, 444-451.

Morshuis, M., Schonbrodt, M., and Gummert, J. (2019). Safety and performance
of a self-assembling peptide haemostat for the management of bleeding after
left ventricular assist device implantation: outcomes of a post market clinical
follow-up study. J. Heart Lung Transplant. 38:5194. doi: 10.1016/j.healun.2019.
01.469

Mourad, F. H., and Leong, R. W. (2018). Role of hemostatic powders in the
management of lower gastrointestinal bleeding: a review. J. Gastroenterol.
Hepatol. 33, 1445-1453. doi: 10.1111/jgh.14114

Nune, M., Krishnan, U. M., and Sethuraman, S. (2016). PLGA nanofibers blended
with designer self-assembling peptides for peripheral neural regeneration.
Mater. Sci. Eng. C. 62, 329-337.

Ortenzi, M., and Haji, A. (2020). Safety and feasability of PuraStat in laparoscopic
colorectal surgery. Minim. Invasive. Ther. Allied. Technol. 2020, 1-6. doi: 10.
1080/13645706.2020.1739711

Oumrani, S., Barret, M., Bordagahar, B., Beuvon, F., Hochart, G., Pagnon-Minot,
A, et al. (2019). Application of a self-assembling peptide matrix prevents
esophageal stricture after circumferential endoscopic submucosal dissection
in a porcine model. PLoS One 14:€0212362. doi: 10.1371/journal.pone.02
12362

Oumrani, S., Barret, M., Beuvon, F., Nicco, C., Chene, C., Batteaux, F., et al.
(2021). Prevention of esophageal stricture after circumferential endoscopic
submucosaldissection using a modified self-assembling peptide. Dis. Esophagus
1-7. doi: 10.1093/dote/doaal33

Pereira, B. M., Bortoto, J. B., and Fraga, G. P. (2018). Topical hemostatic agents in
surgery: review and prospects. Rev. Col. Bras. Cir. 45:¢1900. doi: 10.1590/0100-
6991e-20181900

Pioche, M., Camus, M., Rivory, J., Leblang, S., Lienhart, I., Barret, M., et al. (2016).
A self-assembling matrix-forming gel can be easily and safely applied to prevent
delayed bleeding after endoscopic resections. Endosc. Int. Open 4, E415-419.
doi: 10.1055/s-0042-102879

Qiu, F.,, Chen, Y., Tang, C., and Zhao, X. (2018). Amphiphilic peptides as novel
nanomaterials: design, self-assembly and application. Int. J. Nanomed. 13,
5003-5022. doi: 10.2147/1JN.S166403

Rajangam, K., Behanna, H. A., Hui, M. J., Han, X. Q., Hulvat, J. F., Lomasney,
J. W, etal. (2006). Heparin binding nanostructures to promote growth of blood
vessels. Nano Lett. 6, 2086-2090.

Rodrigues, M., Kosaric, N., Bonham, C. A., and Gurtner, G. C. (2019). Wound
healing: a cellular perspective. Physiol. Rev. 99, 665-706. doi: 10.1152/physrev.
00067.2017

Rudralingam, V., Footitt, C., and Layton, B. (2017). Ascites matters. Ultrasound 25,
69-79. doi: 10.1177/1742271X16680653

Sedlakova Kondelova, P., Mannaa, A., Bommer, C., Abdelaziz, M., Daeniker, L.,
di Bella, E., et al. (2020). Efficacy of P11-4 for the treatment of initial buccal
caries: a randomized clinical trial. Sci. Rep. 10:20211. doi: 10.1038/s41598-020-
77057-3

Saini, A., Serrano, K., Koss, K., and Unsworth, L. D. (2016). Evaluation of the
hemocompatibility and rapid hemostasis of (RADA)4 peptide-based hydrogels.
Acta Biomater. 31, 71-79. doi: 10.1016/j.actbio.2015.11.059

Sakita, T., Oguro, Y., Takasu, S., Fukutomi, H., and Miwa, T. (1971). Observations
on the healing of ulcerations in early gastric cancer. The life cycle of the
malignant ulcer. Gastroenterology 60, 835-839.

Schneider, A., Garlick, J. A., and Egles, C. (2008). Self-assembling peptide nanofiber
scaffolds accelerate wound healing. PLoS One 3:€1410. doi: 10.1371/journal.
pone.0001410

Schonauer, C., Tessitore, E., Barbagallo, G., Albanese, V., and Moraci, A. (2004).
The use of local agents: bone wax, gelatin, collagen, oxidized cellulose. Eur.
Spine J. 13, $89-96. doi: 10.1007/s00586-004-0727-z

Song, H., Cai, G, Liang, J., Ao, D. S, Wang, H., and Yang, Z. (2020). Three-
dimensional culture and clinical drug responses of a highly metastatic human
ovarian cancer HO-8910PM cells in nanofibrous microenvironments of three
hydrogel biomaterials. J. Nanobiotechnol. 18:90. doi: 10.1186/s12951-020-
00646-x

Spotnitz, W. (2010). Fibrin sealant: past, present, and future: a brief review. World
J. Surg. 34, 632-634. doi: 10.1007/s00268-009-0252-7

Stefan, S., Siddiqi, N., Naqvi, S., Rawlinson, E., and Khan, J. (2019). The
Innovative Use of a Haemostatic gel to Reduce the Incidence of Pelvic Collection
After Rectal Cancer Surgery — Can We Enhance the Enhanced Recovery
Program? European Colorectal Congress. 1-5 December, 2019. St. Gallen,
Switzerland. Abstract 1667. Techniques Coloproctology. 24, 655. On page 75.
Available online at: https://www.colorectalsurgery.eu/custom/media/ECC2019/
Abstracts/ECC2019_Abstractbook.pdf (accessed April 22, 2021).

Subramaniam, S., Kandiah, K., Thayalasekaran, S., Longcroft-Wheaton, G., and
Bhandari, P. (2019). Haemostasis and prevention of bleeding related to ER: the
role of a novel self-assembling peptide. United Eur. Gastroenterol. J. 7, 155-162.
doi: 10.1177/2050640618811504

Subramaniam, S., Kandiah, K., Chedgy, F., Fogg, C., Thayalasekaran, S., Alkandari,
A., et al. (2020). A novel self-assembling peptide for hemostasis during
endoscopic submucosal dissection: a randomized controlled trial. Endoscopy 53,
27-35. doi: 10.1055/a-1198-0558

Tabaja, L., and Sidani, S. M. (2018). Management of radiation proctitis. Dig. Dis.
Sci. 63,2180-2188. doi: 10.1007/s10620-018-5163-8

Taghavi, L., Aramvash, A., Seyedkarimi, M. S., and Malek Sabet, N. (2018).
Evaluation of the hemocompatibility of RADA 16-I peptide. J. Biomat. Appl.
32,1024-1031. doi: 10.1177/0885328217748861

Takeuchi, T., Bizenjima, T., Ishii, Y., Imamura, K., Suzuki, E., Seshima, F., et al.
(2016). Enhanced healing of surgical periodontal defects in rats following
application of a self-assembling peptide nanofibre hydrogel. J. Clin. Periodontol.
43,279-288. doi: 10.1111/jcpe.12515

Tomizawa, Y. (2005). Clinical benefits and risk analysis of topical hemostats: a
review. J. Artif. Organs 8, 137-142. doi: 10.1007/510047-005-0296-x

Trzcinski, R., Mik, M., Dziki, L., and Dziki, A. (2018). “Radiation proctitis,” in
Proctological Diseases in Surgical Practice, ed. P. Cianci (London: IntechOpen
Ltd), 105-117. doi: 10.5772/intechopen.76200

Tsiamoulos, Z. P., Rajaratnam, R., Sibbons, P. D., and Saunders, B. P. (2017). Use
of a novel synthetic, topical gel to enhance healing post endoscopic mucosal
resection: a randomised, blinded preclinical study. Gastrointest. Endoscopy
85:AB512. doi: 10.1016/j.gie.2017.03.1181

Uraoka, T., Ochiai, Y., Fujimoto, A., Goto, O., Kawahara, Y., Kobayashi, N.,
et al. (2016). A novel fully synthetic and self-assembled peptide solution for
endoscopic submucosal dissection-induced ulcer in the stomach. Gastrointest.
Endosc. 83, 1259-1264. doi: 10.1016/j.gie.2015.11.015

US Food and Drug Administration (2021). 510(k) Premarket Notification K183015,
Summary. “Polymer, Ear, Nose and Throat, Synthetic, Absorbable”; PuraSinus®;
3-D Matrix Inc. Available online at: https://www.accessdata.fda.gov/scripts/
cdrh/cfdocs/cfpmn/pmn.cfm?ID=K183015 (accessed April 22, 2021).

Wang, R, Wang, Z, Guo, Y., Li, H, and Chen, Z. (2019). Design of a
RADA16-based self-assembling peptide nanofiber scaffold for biomedical
applications. J. Biomater. Sci. Polym. Ed. 30, 713-736. doi: 10.1080/09205063.
2019k

Wang, T., Zhong, X., Wang, S., Lv, L., and Zhao, X. (2012). Molecular mechanisms
of RADA16-1 peptide on fast stop bleeding in rat models. Int. J. Mol. Sci. 13,
15279-15290.

Wang, T. W., Chang, K. C., Chen, L. H,, Liao, S. Y., Yeh, C. W,, and Chuang,
Y. J. (2017). Effects of an injectable functionalized self-assembling nanopeptide
hydrogel on angiogenesis and neurogenesis for regeneration of the central
nervous system. Nanoscale 9, 16281-16292. doi: 10.1039/c7nr06528k

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

June 2021 | Volume 9 | Article 679525


https://doi.org/10.3390/ijms20235850
https://doi.org/10.1016/j.ijscr.2017.11.024
https://doi.org/10.1002/mabi.200900450
https://doi.org/10.1002/mabi.200900450
https://doi.org/10.2147/IJN.S24038
https://doi.org/10.1016/j.healun.2019.01.469
https://doi.org/10.1016/j.healun.2019.01.469
https://doi.org/10.1111/jgh.14114
https://doi.org/10.1080/13645706.2020.1739711
https://doi.org/10.1080/13645706.2020.1739711
https://doi.org/10.1371/journal.pone.0212362
https://doi.org/10.1371/journal.pone.0212362
https://doi.org/10.1093/dote/doaa133
https://doi.org/10.1590/0100-6991e-20181900
https://doi.org/10.1590/0100-6991e-20181900
https://doi.org/10.1055/s-0042-102879
https://doi.org/10.2147/IJN.S166403
https://doi.org/10.1152/physrev.00067.2017
https://doi.org/10.1152/physrev.00067.2017
https://doi.org/10.1177/1742271X16680653
https://doi.org/10.1038/s41598-020-77057-3
https://doi.org/10.1038/s41598-020-77057-3
https://doi.org/10.1016/j.actbio.2015.11.059
https://doi.org/10.1371/journal.pone.0001410
https://doi.org/10.1371/journal.pone.0001410
https://doi.org/10.1007/s00586-004-0727-z
https://doi.org/10.1186/s12951-020-00646-x
https://doi.org/10.1186/s12951-020-00646-x
https://doi.org/10.1007/s00268-009-0252-7
https://www.colorectalsurgery.eu/custom/media/ECC2019/Abstracts/ECC2019_Abstractbook.pdf
https://www.colorectalsurgery.eu/custom/media/ECC2019/Abstracts/ECC2019_Abstractbook.pdf
https://doi.org/10.1177/2050640618811504
https://doi.org/10.1055/a-1198-0558
https://doi.org/10.1007/s10620-018-5163-8
https://doi.org/10.1177/0885328217748861
https://doi.org/10.1111/jcpe.12515
https://doi.org/10.1007/s10047-005-0296-x
https://doi.org/10.5772/intechopen.76200
https://doi.org/10.1016/j.gie.2017.03.1181
https://doi.org/10.1016/j.gie.2015.11.015
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpmn/pmn.cfm?ID=K183015
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpmn/pmn.cfm?ID=K183015
https://doi.org/10.1080/09205063.2019k
https://doi.org/10.1080/09205063.2019k
https://doi.org/10.1039/c7nr06528k
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Sankar et al.

RADA16 for Hemostasis and Regeneration

Weiner, J., Wong, A., Schwartz, D., Martinez, M., Aytaman, A., and Schreiber,
D. (2016). Endoscopic and non-endoscopic approaches for the management
of radiation-induced rectal bleeding. World . Gastroenterol. 22, 6972-
6986.

White, M., Mueller, P. R, Ferrucci, J. T. Jr., Butch, R. J., Simeone, J. F., Neff,
C. C, et al. (1985). Percutaneous drainage of postoperative abdominal and
pelvic lymphoceles. AJR Am. ]. Roentgenol. 145, 1065-1069. doi: 10.2214/ajr.
145.5

White, K., and Henson, C. C. (2021). Endoscopically delivered PuraStat for the
treatment of severe haemorrhagic radiation proctopathy: a service evaluation
of a new endoscopic treatment for a challanging condition. Frontline
Gastroenterol. doi: 10.1136/flgastro-2020-101735 [Epub ahead of print].

Wong, E., Ho, J., Smith, M., Sritharan, N., Riffat, F., and Smith, M. C. (2020). Use
of Purastat, a novel haemostatic matrix based on self-assembling peptides in
the prevention of nasopharyngeal adhesion formation. Int. J. Surg. Case Rep.
70, 227-229. doi: 10.1016/j.ijscr.2020.04.027

Wu, H., Zhou, T., Tian, L., Xia, Z., and Xu, F. (2017). Self-assembling RADA16-
I peptide hydrogel scaffold loaded with tamoxifen for breast reconstruction.
Biomed. Res. Int. 2017:3656193. doi: 10.1155/2017/3656193

Yang, H., Hong, N, Liu, H., Wang, J., Li, Y., and Wu, S. (2018). Differentiated
adipose-derived stem cell cocultures for bone regeneration in RADA16-I
in vitro. J. Cell. Physiol. 233, 9458-9472. doi: 10.1002/jcp.26838

Yi, S., Ding, F., Gong, L., and Gu, X. (2017). Extracellular matrix scaffolds for tissue
engineering and regenerative medicine. Curr. Stem Cell Res. Ther. 12, 233-246.
doi: 10.2174/1574888X11666160905092513

Yokoi, H., Kinoshita, T., and Zhang, S. (2005). Dynamic reassembly of peptide
RADA16 nanofiber scaffold. Proc. Natl. Acad. Sci. U.S.A. 102, 8414-8419. doi:
10.1073/pnas.0407843102 k

Yoshida, M., Goto, N., Kawaguchi, M., Koyama, H., Kuroda, J., Kitahora, T., et al.
(2014). Initial clinical trial of a novel hemostat, TDM-621, in the endoscopic
treatments of the gastric tumors. ] Gastroenterol. Hepatol. 29, 77-79. doi: 10.
1111/jgh.12798

Zhai, H., Zhou, J., Xu, J., Sun, X., Xu, Y., and Qiu, X. (2020). Mechanically
strengthened hybrid peptide-polyester hydrogel and potential applications in
spinal cord injury repair. Biomed. Mater. 15:055031. doi: 10.1088/1748-605X/
ab9e45

Zhang, S., Lockshin, C., Herbert, A., Winter, E., and Rich, A. (1992). Zuotin, a
putative Z-DNA binding protein in Saccharomyces cerevisiae. EMBO J. 11,
3787-3796.

Zhang, S. (2017). Discovery and design of self-assembling peptides. Interface Focus
7:20170028. doi: 10.1098/rsfs.2017.0028

Zinicola, R., Rutter, M. D., Falasco, G., Brooker, J. C., Cennamo, V., Contini, S.,
et al. (2003). Haemorrhagic radiation proctitis: endoscopic severity may be
useful to guide therapy. Int. J. Colorectal. Dis. 18, 439-444. doi: 10.1007/s00384-
003-0487-y

Conflict of Interest: SS, KO'N, FR, MB, EA, ME, NM, EG, and LS are employees of
3-D Matrix, Ltd. MBD’A is a consultant for 3-D Matrix, Ltd.

Copyright © 2021 Sankar, O’Neill, Bagot D’Arc, Rebeca, Buffier, Aleksi, Fan,
Matsuda, Gil and Spirio. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

16

June 2021 | Volume 9 | Article 679525


https://doi.org/10.2214/ajr.145.5
https://doi.org/10.2214/ajr.145.5
https://doi.org/10.1136/flgastro-2020-101735
https://doi.org/10.1016/j.ijscr.2020.04.027
https://doi.org/10.1155/2017/3656193
https://doi.org/10.1002/jcp.26838
https://doi.org/10.2174/1574888X11666160905092513
https://doi.org/10.1073/pnas.0407843102
https://doi.org/10.1073/pnas.0407843102
https://doi.org/10.1111/jgh.12798
https://doi.org/10.1111/jgh.12798
https://doi.org/10.1088/1748-605X/ab9e45
https://doi.org/10.1088/1748-605X/ab9e45
https://doi.org/10.1098/rsfs.2017.0028
https://doi.org/10.1007/s00384-003-0487-y
https://doi.org/10.1007/s00384-003-0487-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Clinical Use of the Self-Assembling Peptide RADA16: A Review of Current and Future Trends in Biomedicine
	Introduction to Self-Assembling Peptides (Saps)
	Mechanism of Action of Rada16
	Topical Hemostatic Agents for Surgical Bleeding
	Surgical Hemostasis Using Rada16
	RADA16 Hemostasis in Cardiac and Vascular Surgery
	RADA16 Hemostasis in Gastrointestinal Endoscopic Surgery
	RADA16 Hemostasis in Gastrointestinal Laparoscopic Surgery
	RADA16 Hemostasis for Radiation-Induced Proctitis
	RADA16 for Otorhinolaryngological Surgery

	Rada16 for Wound Healing and Tissue Regeneration
	Rada16 Hydrogels as Drug Reservoir and Delivery Systems
	Potential Limitations of Rada16 Hydrogels
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


