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A major cause of death arising from traumatic injuries in civilian and military segments is hemorrhage or he-
mostatic, wherein a notable degree of demise and complexities take place prior to paramedic involvement and
hospital intervention. Therefore, it has become imperative to fabricate hemostatic materials capable of being
applied via simplified steps to enable bleeding control through inducement of fast hemostasis, un-invasively,
prior to reception of essential medical care by individuals. This paper elucidates emerging advancements in
synthesization and construction of biodegradable hemostatic nanomaterials as well as bionanocomposites. The
assemblage manipulation and fine-tuning of absorbable and degradable composition of hemostatic supramo-
lecular architectures and nanoarchitectures have facilitated the fabrication of smart scaffolds and gadgets with
capability of effective bleeding control thereby minimizing surgical and hospitalization time-frame. Therefore,
this paper presents recently emerging advancements in biopolymeric bionanocomposites containing bioactive
nanostructures for effective hemorrhage and hemostatic control and effect of interfaces.
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Introduction

essential oils, and so on, to construct superior biopolymeric compos-
ites and bionanocomposites for effective hemorrhage, hemostatic

The interest in extorting differing synthetic techniques and mac-
romolecular assemblage in fabricating effective hemostatic biopoly-
meric bionanocomposites possessing degradable backbones has
recently escalated with the aim of effectively controlling their phys-
icochemical features for attainment of the capability of interacting
with blood constituents for rapid and effective hemostasis. A vast
range of biopolymeric matrices/scaffolds/encapsulates including chi-
tosan, polyethylene glycol (PEG), gelatin, PLGA, collagen, polycapro-
lactan (PCL), and so on, have been embedded with differing bioac-
tive species/hemostatic agents (calcium, tranexamic acid, antibiotic
agents (gentamicin, vancomycin, minocycline,etc.)), and/or nanopar-
ticulates (silver, zinc, molybdenum disulfide, titanium dioxide, etc), as
well as other natural products including cabreuva, turmeric and clove

control and wound mending [1-5]. Nanotechnological exploration has
demonstrated capability of transforming and utilizing the microstruc-
ture on a nanometric level, to bequeath nanomaterials exhibiting ver-
itable features including enhanced diffusivity and solubility, ease of
penetrating physiologically affiliating barricades, broad specific sur-
facial area, gradual controlling, and specific releasing of drugs [6,7].

Asides the chemical constitution of hemostatic materials, other
critical parameters includes size, dimension and morphology [8].
Recently, in depth studies has been conducted on nano-hemostatic
nanomaterials including nanoparticles, nanosheets, liposomes, and
self-assemblage nano-peptides, which offer greater leverage for the
development of hemostatic materials [9,10]. Nanoparticles are col-
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loidal particulates constituting of macromolecular substrates with a
solid particulate dimension in range of 10-1000 nm. Here, charged
nanoparticulates are capable of releasing electrostatic effects on
blood cells or fibrinogens possessing opposite charges, and neutral-
ize the surfacial charges, initiate its agglomeration, while promoting
blood coagulation [11]. The blood is a veritable medium for assisting
nanoparticulates in attaining specific tissues and organs possessing
peculiar flow features, affecting platelets and nanoparticulates distri-
bution within the vascular system [12]. Nanocomposite hydrogels are
elevatable molecular polymeric matrices possessing a three-dimen-
sional (3-D) network architecture capable of absorbing broad levels
of water or biologically affiliated fluids [13].

Recently, nanocomposite hydrogels have become novel form of
biomaterials because of enhancement of shear thinning features [14].
Inherent features of hydrogels are capable of enhancement through
inclusion of differing nanomaterials as nano-reinforcements with-
in the soft polymeric matrices, garnering nanocomposite hydrogels
exhibiting enhanced features [15]. Hydrogel nanocomposites are
made up of elevated hydrophilicity, high water absorption, flexibility,
broad specific surface area as well as high adsorption capacity. Hy-
drogel nanocomposites are capable of concentrating blood cells and
platelets, thereby facilitating bleeding stoppage. Simultaneously, a
gel-like film layer is formed on the wound surface thereby mending
the wound [16]. Numerous acute injuries/wounds induce irregular
wounds or intra-porous bleeding thereby hindering efficiency by pre-
venting the thin films or sheets of hemostatic materials from deep
penetration within the wound. On the other hand, hydrogel nanocom-
posites appear in powdery form thereby forming in situ gel, capable
of being utilized for hemostasis in irregularly and deep wounds/inju-
ries [17]. Nanoparticulates are capable of easy penetration of biolog-
ical barricades, wherein the can penetrate circulatory systems, and
cells through endocytically affiliated processes, such as pinocytosis,
phagocytosis, and endocytosis [18].

Nanoparticulates induce variations in erythrocytes, affecting
blood viscosity thereby functioning as hemostasis [19]. In a study, bo-
vine serum albumin (BSA) and chitosan (CS) were encapsulated with-
in mesoporous bioactive glass (MBG) nanoparticulates (MBG@BSA/
CS), thereby activating physiologically affiliated coagulation routes
[20]. Silver nanoparticulates (AgNPs) possessing antibacterial fea-
tures and prospects for promoting platelet agglomeration are prev-
alently utilized hemostatically affiliated nano-medical materials, ca-
pable of inducing dosage based hemolysis [21]. Individual super thin

films, known as nano-films or nano-sheets, are two dimensional (2-D)
nanomaterials which has garnered great attention in nanotechnolo-
gy sphere recently. Nanosheets possesses broad surface area/aspect
ratio with elevated transparency and high flexibility. On application
to wounds, platelets, blood cells, and coagulation parameters can be
concentrated through rapid water absorption [22].

Hemostatic nanofibers, constructed via electrospinning, have
extensively been utilized for the wound dressing preparation, and in
fabricating scaffolds for tissue engineering as well as drug delivery
applications [23]. Chitosan and gelatin are usually applied in nanofi-
bers formation for antimicrobial and hemostatic applications [23,24].
Nano-constructions which have shown hemostatic pre-clinic effec-
tiveness in animal models, and sharing degradability features and
nano-assemblies presence within their constitutions are notable. De-
gradable/absorbable hemostatic nano-constructions are separated
into nanoparticulates, nanofibers and nano-sponges [23-25]. There-
fore, this paper elucidates recently emerging advancements in bio-
polymeric bionanocomposites containing bioactive nanostructures
for effective hemorrhage and hemostatic control.

Mechanism and Bio-Absorption of Hemostatic
Nanocomposites

Nanocomposites are multi-phased solid nanomaterials composed
of varying phases wherein at least a single phase has one dimension
in the nanometric range [26]. Nanometric materials display notable
prospects as effective hemostatic entities. Studies have revealed novel
knowledge of the interactivities between materials and coagulation
components at the nanometric level, thereby revealing critical prop-
erties of nanomaterials in blood coagulation including nanofibers
aspect ratio, nanoparticles and nanofibers diameter, and the pore-ar-
chitectures of nano-porous materials as elucidated in Figure 1 [27].
Differing nanomaterials are embedded during fabrication of hemo-
static biopolymeric bionanocomposites including nanofibers and
nanoparticulates [28,29]. Numerous hemostatic agents have been
embedded within biopolymeric bionanostructures with demonstra-
tion of highly efficient hemostatic acumen. These hemostatic agents
have differing mechanisms of operations, whereby for instance, chi-
tosan, a naturally occurring positively charged polysaccharide, under-
go interaction with the negatively charged thrombocytes and erythro-
cytes thereby facilitating adherence at the bleeding sites, thus aiding
platelet agglomeration, hence, resulting in the creation of blood clots
[30].
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Figure 1: Nanometric features of different hemostatic agents [27].

Nanoclay Embedded Biopolymeric Bionanocomposites
for Hemostatic Application

Nanoclay oriented hemostatic substrates have garnered great at-
tention recently, even with reportage of hemostatic nanocomposite
films composed of naturally occurring mixed-dimensional nanoclay
constituting of naturally occurring 1-D and 2-D nanoclay minerals
[31-34]. In a study, a series of chitosan-sepiolite (CS-SEP) nanocom-
posites films were constructed via conventional solution casting tech-
nique [31]. Here, sepiolite inclusion greatly incremented WVTR, fold-
ing propensity, porosity, and blood clotting abilities of the garnered
bionanoarchitectures. Additionally, CS-SEP nanocomposite films
demonstrated enhanced antibacterial abilities when compared with
chitosan against gram positive (B. subtilis) and gram negative bac-
teria (E. coli). Furthermore, cytotoxicity assay revealed that the con-
structed nanocomposite film (CS7SEP3) displayed enhanced cell via-
bility and cell proliferation rate against L929 mouse fibroblast cells in
comparison with CS and hence, the constructed nanocomposite films
can be utilized as a potential substrate for wound management. In
another work, Lupeol embedded chitosan-gelatin hydrogel (LCGH)
films were constructed via solution cast technique through chitosan
and gelatin solution blending and with glycerol acting as plasticizer,
subsequented by cross-linking with glutaraldehyde [32].

Antioxidant assay affirmed that lupeol and LCGH film demon-
strated outstanding antioxidant features through the scavenging of
both radicals at steadily incrementing rate which increased with time
because of steady lupeol releasing. The MTT assay exposed that the
CGH film obviously provided satisfactory cell viability and nil-toxic-
ity demonstrating that chitosan/gelatin hydrogel film is a good de-

livery structure for sustained releasing of lupeol and LCGH films for
improved wound mending [32]. In a similar work, chitosan/montmo-
rillonite bionanocomposite films constituting of Chlorhexidine (CLX),
with capability of offering extended CLX releasing were constructed
with investigation of the antimicrobial, antibiofilm and cytotoxicity
activities [33]. CLX was subjected to intercalation between the mont-
morillonite (MONT-Na) layers. Results reveal that all constructed
films displayed good anti-microbial and anti-biofilm activities. Rela-
tive to cytotoxicity, the film constituting of MONT-CLX at 1% CLX in-
clusion resulted in zero cytotoxic thereby confirming the prospective
usage of chitosan films containing MONT-CLX as prospective wound
dressing substrate in hindering microbial wounds colonization [33].
In another investigation, elevatedly performing hemostatic nanocom-
posite films were constructed through the incorporation of naturally
mingled dimensional palygorskite nanoclay enclosed with oxalic acid
(0-MDPal) within chitosan/polyvinylpyrrolidone (CS/PVP) matrix.

Thus, Varying animals including snails and Chinese giant sala-
manders are capable of secreting mucus for moisturization, swelling
and inflammation removal, and wound mending capability; depicting
that these highly viscous bio-functionalized materials with inspira-
tion from mucus are likely to demonstrate feasibility for biomedical
usage. Thus, in a study, maltose-appearing injectable nanocompos-
ites were developed via synergy of chitosan polysaccharide and clay
rectorite for hemostatic application [35]. Attributable to the rectorite
hemostatic features, the viscous nanocomposites decremented in vi-
tro clotting duration by 43%. Furthermore, an in vitro porcine skin
model affirmed that the viscous nanocomposite have stability for skin
adherence while impeding blood bleeding successfully. Hence, these

Copyright@ : Christopher Igwe Idumah | Biomed ] Sci & Tech Res | BJSTR.MS.ID.010038.

56465


https://dx.doi.org/10.26717/BJSTR.2026.64.010038

Volume 64- Issue 3

DOI: 10.26717/BJSTR.2026.64.010038

viscous injectable nanocomposite films offer applicability as sustain-
able biomaterial for skin hemostasis [35]. The nanocomposite film
demonstrated feasibility for wound mending usage [34]. The fabrica-
tion of effective, safe, ecobenign, and user-friendly hemostatic dress-
ings is greatly challenging for researchers. A set of nanoclay minerals
and plant extracts have attracted great attention attributable to their
exceptional hemostatic efficiency and bio-safety.

Therefore, a facile solution casting technique has been utilized in
fabricating nanocomposite films via inclusion of naturally occuring
nanorod-appearing palygorskite (Pal) and herb-garnered hemostat
dencichine (DC) originating on chitosan and polyvinylpyrrolidone.
Significantly, the nanocomposite film displayed notable antibacteri-
al efficiency and satisfactory cytocompatibility, in addition to in vitro
wound mendability [36]. Summarily, Pal/DC synergized nanocom-
posite films display efficacy and suitability for wound repairing. The
lower gastro intestinal bleeding (LGIB) duration of clotting can be
minimized via simplified, cost-efficient, and naturally occurring hal-
loysite nanotubes (HNTs). Hence, in a study study to minimize clotting
duration through application of chitosan (CHT) and its microcompos-
ites (MCs) constructed via a suspension emulsification approach with
HNTs (CHT/HNTs MC). Furthermore, enhanced hemostatic and clot-
ting features were CHT/HNTs MC1 > CHT/HNTs MC2 > CHT/HNTs
MC3 > CHT > HNTs, respectively. Hence, it promoted the mitigation of
bleeding disorders in LGIB with any antibacterial agents, especially
ciprofloxacin [37]. During in dept nil-compressible wound mitigation,
surgery, transplantation or post-surgical hemorrhage, rapid blood ab-
sorption and hemostasis are critical parameters considered to mini-
mize unexpected demise from severe trauma.

Hence, in a study, a novel hemostatic biodegradable nanocompos-
ite was constructed where decellularized liver extracellular matrix
(L-ECM) was enclosed with two naturally occurring polymeric ma-

trices (oxidized cellulose and chitosan) in association with thrombin
[39]. Plant-garnered oxidized cellulose nanofiber (TOCN) and Chi-
tosan (CS) from deacylated chitin were self-arranged with each other
via electrostatic interactivities as depicted in Figure 2. ECM was con-
structed using whole tissue de-cellularization procedure and embed-
ded within the bionanocomposite as a collagen source along with oth-
er integrated growth parameters for promotion of wound mending.
Thrombin was additionally incorporated with the polymeric matri-
ces via freeze drying for the material improved hemostatic efficiency
[38]. Unmitigated bleeding is capable of resulting in critical injury and
eventual death, occurring in some emergency scenarios. Previously,
keratin has been depicted as good hemostatic substrate. Neverthe-
less, the hemostatic usage of pristine keratin materials is hindered by
keratin’s inferior physical features.

Thus, in a work, a hemostatic hydrogel was fabricated through
the addition of keratin-catechin nanoparticulates (KE-NPs) within
cellulose hydrogel. Keratin garnered from human hair was initially
synergized with EGCG, the basic component of catechins, to attain the
self-assemblage of nanoparticulates [39]. The fabricated KE-NPs pos-
sess a spherical geometry with a particulate dimension of around 40
nm. KE-NPs were subsequently embedded within cellulose hydrogel,
resulting in cellulose/keratin-catechin bionanocomposite hydrogel
(KEC). The garnered KEC displayed good adherence and hemadsorp-
tion, causing fast blood coagulation (Figure 3). Rat model study re-
vealed that KEC displayed capability of restraining blood loss thereby
serving as a novel hemostatic material [39]. A notable mechanism
through which nanomaterials inhibit bleeding is via activation of
platelets by mimicking platelet-activating parameters. Certain stud-
ies utilized this hemostasis technique in fabricating collagen mimetic
peptides created by nanofibers for activating platelets thereby hin-
dering bleeding [40]. Additionally, nanomaterials parameters includ-
ing roughness are linked with platelet activation [41].
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Figure 2: Elucidation of the features of synergized CS-TOCN bionanoarchitectures [39].
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Hemostasis

Figure 3: Mechanism of operation of TOCN/ Chitosan bionanocomposite for hemostasis and wound mending [40].

Biodegradable Cellulose Bionanocomposite Hemostatic
Nanomaterial

A new biodegradable cellulose-oriented composite hemostatic
material was prepared by cross-linkage of sodium carboxymethyl
cellulose (CCNa) and hydroxyethyl cellulose (HEC), subsequented by
vacuum freeze-drying route [42]. The garnered cellulose composite
material was neutral in pH and spongy possessing a density of 0.042
g/cm3, a porosity of 77.68%, and an average pore size of 13.45 um.
The composite’s compressive and tensile strengths were 0.1 MPa and
15.2 MPa, respectively. Data garnered revealed that the new cellulose
composite is potentially an implantable hemostatic material in clini-
cal settings [42]. The cellulose hemostatic composite sponge fabricat-
ed in circular disk-configured molds was white, spongy, and pliable

SIS0 T 0

Figure 4:
a)  Cellulose composite morphology,

b) A hemostatic degradable substrate.

c¢)  SEM image of cellulose hemostatic composite substrate [43].

with good flexibility and slightly rough on the upper and lower surfac-
es (Figures 4(a) & 4(b)) [42]. Post 21 days of implantation, no residue
visible appeared to the naked eye, hence variations in the materials
are presented in Figure 5 [42]. Herein, the cellulose composite ma-
terial exhibited a good hemostatic disposition with biocompatibility,
and degradability. Furthermore, it also exhibited good physical and
mechanical features, with further capability to be tuned by alteration
of the ratio of the cellulosic polymeric or material architecture to bet-
ter satisfy clinical requirements. Additionally, being an implantable
biomaterial, the cellulose composite is capable of being optimized
in drugs conveyance, like hemostatic entities and antitumor drugs,
thereby playing double function in attaining both hemostasis and tu-
mor dissemination for the future [42].
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Figure 5:

a)  Morphological variations in cellulose composite degradation in rats. Post degradation.
b)  Histo-pathological observations revealed some inflammatory cellular infiltration in both implant and control groups (a-1) [43].

Porous Cellulose Based Fibrous Composite with Versatile
Hemostatic Efficacy and Geometric Alignment for Hemorrhage:
Herein, a self-broadening porous composites (CMCP) emanating from
novel carboxymethyl cellulose (CMC) fibers and acetalized polyvinyl
alcohol (PVA) was constructed for controlling lethal hemorrhage. The
CMC fibers possessing even fibrous architecture, elevated absorption
of liquid and pro-coagulating ability, were evenly distributed within
the biopolymeric bionanocomposite matrix. The garnered composites
exhibited unique fiber-porous architecture, outstanding absorption
capacity, rapid liquid-powered self-expanding capacity and elevated

fatigue inhibition, and physical-chemically, their performance dis-
played capability of fine-tuning via varying CMC composition (Figure
6) [43]. The CMC fibers constructing routh is presented in Figure 6a.
Vital FTIR peaks are depicted in Figure 6b, while mechanical strength
and adhesiveness relative to adherence to the glassware in the wet
state are presented in Figure 6¢. The micro-architecture of the CMC
is observable in Figure 6d [43]. Post complete water absorbtion, the
fibers are almost transparent revealing a certain strength, while ab-
sorbed water could not undergo seeping under pressure (Figure 7a).
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Figure 6:
a)  CMC fibers fabrication.
b)  FTIR spectra of varying CMC specimens.

c¢)  Macroscopic observation of varying cellulose and CMC samples in wet state.

d)  CMC micro-architecture in dry and wet state [44].

The treated fibers also displayed outstanding spinnability with
capability of being spun into even fibrous cloths with elevatable de-
formability (Figure 7b) [43]. In vitro examination reveals that this po-
rously composite display strong blood clotting propensity (Figure 8).
CMCP composite morphology post and prior water absorption cor-
responding to self-expanding mechanism depicted in Figure 8d. The
vast CMC fibers are observable within CMCP, both residing within the
internal pores and interspersed within the polymeric matrix (Figure

8b), and CMC composition, whereas the pore size distribution grad-
ually became uniform (Figure 8c). The schematic representation of
CMCP absorbing water and undergoing self-expansion is presented in
Figure 8d. The morphology of the CMCP composite before and after
absorbing water corresponded with the self-expanding mechanism
depicted in Figure 8d. CMCP composites exhibited higher cell bio-
compatibility with cell number higher in comparison with the control
group on daily counting (Figure 9a).
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Figure 7:

a)  CMC original architecture and the morphological variation during water absorption.

b)  The CMC fibers are capable of being spun into fibrous cloth with outstanding flexibility.

c)  Fibrous cellulose macroscopic images with differing CMC fibers prior and post absorbing normal saline.

d)  The link between the DS of differing CMC specimens and the duration of reaction. The swelling ratio, adsorption capacity
e)  And the mechanical strength and toughness

f) Of CMC with differing DS. Schematic representation

g)  And macroscopic images

h)  Of the in vivo hemostatic evaluation of the CMC2.

i) Blood releasing and hemostatic duration.
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Figure 8:
a)  Schematic elucidation of CMCP composites fabrication.

b)  SEM images of porous PVA materials and CMCP composites.

c¢)  Pore dimensional distribution, porosity and overall pore segment of differing materials.

d)  Elucidation of the liquid-triggered self-expansive mechanism.

e)  CMCP surfacial morphology in compressed state, original geometry and configuration-fixated state.
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a)  CMCP composites cyto-toxicity with differing CMC composition.

b)  Live-Dead staining of L929 cells seeded on the surface of differing composites post culturing for 7 days. Live cells emit green fluorescence,

while dead cells emit red fluorescence. Scale bars: 100 pm.

c¢)  Effects of differing material architectures on cell binding and spreading [44].

The water absorption affinity for CMCPs, mildly decremented
with incrementing CMC composition, attributable to high compact
fiber- interspersed porous network creation which delayed or hin-
dered water from penetrating the composites (Figure 10a). Tensile
stress-strain curves of the composites are exhibited in Figure 10b.
Figure 10 (c-f) depicts notable fiber filling effects of CMC on CMCPs as
well as the elevated composites compressive strength. The compres-
sion stress-strain curves of the materials post 50 cycles at the strain

of respectively, are also depicted in Figure 10 (g-i) [44]. Figure 11
(a-f) depicts notable fiber reinforcing effects of CMC on CMCPs and
elevated composites compressive strength. The compression stress-
strain curves of the materials post 50 cycles at the strain of 40%, 60%
and 80%, respectively, depicted in Figure 11 (gh) [43]. Figure 12 re-
veal that varying mechanisms within CMCP acted synergistically to
enhance hemostasis attributable to numerous activities.
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Figure 10:

a)  CMCP composites possessing differing CMC content cytotoxicity (n = 3 per group).
b)  Live-Dead staining of L929 cells situated on the surface of differing composites post 7 days culturing.
c)  Impact of differing material architectures on cell binding and spreading [44].
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Figure 11:

a)  CMCP macroscopically images prior and post liquid absorption, and the compression inhibiting capacity, flexibility, deformability and
expansion disposition of CMCP in wet state.

b)  Elucidation of dynamic expansion force test and variation in expansion forces of differing materials during progressive blood absorption.
c¢)  Schematic elucidation of impact hindering examination and equivalent anti-impact stress of differing materials.

d)  Water absorbing tendency and tensile features of differing materials.

e)  Axial forces of differing composites on bearing of a 90% compression strain

f) and the cycling compressive curves (50 cycles) of differing composites with strains of 40%

g) 60%

h)  And 80%

i) Respectively [44].
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Figure 12: CMCP multiple mechanisms synergistically improve hemostasis.
a)  CMCP quickly absorbed in blood, engulfed and concentrates blood cells by its fiber- interspersed porous network.
b)  Adhered platelets and blood clotting parameters were activated by CMCP.

e)

) Rapid formation of stable thrombus.

Q.

)  CMCP samples were made into differing geometry for the arterial bleeding treatment.

e)  CMCP absorbed blood and self-elongated, closed the wound via tamponade effect, imparted auxiliary pressure at enveloping tissues and
vessels, and finally entirely took the configuration of the wound cavity via shape-adaptive capability to thereby attaining hemostasis [44].

Nanoclay-Polyvinylpyrrolidone (PVP) Membranes for He-
mostatic Control: Hemostatic nanoclay nanoparticles can undergo
connection by polymeric matrices to change nanoclay flour into nano-
clay membranes for acute hemostasis. Some biomaterials fabricated
involving nanoclays have functioned as efficient hemostats, including
hydrogels such as gelatin/polyacrylamide (PAAm)/laponite hydro-
gels and sponges such as graphene (GN)-kaolinite or GN-montmo-
rillonite composite sponge [44-47], depicted as strict and intricate
modifications with elevated costs as medical hemostats. Hydrogels
and sponges exhibit good shape memory but inferior mechanical

strength attributable to their inherent inter-linked macro-porous ar-
chitectures, and polymeric binders’ fill-up and inhibit the nanoclay
pores and layer gaps, inducing low clay utilization as active parts [48].
Electrostatic spinning is a prevalently utilized membrane synthesiz-
ing route which is capable of being embedded within nanoclays to fa-
cilitate easy fabrication of light, fluffy, and soft membrane substrates
[49]. Herein, an efficient and fast nanoclay-oriented hemostatic mem-
brane with nanoclay particulates embedded within polyvinylpyrroli-
done (PVP) electrospun fibers was constructed [50].
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The nanoclay electrospun membrane (NEM) with 60 wt% kaolin-
ite (KEM1.5) demonstrated better and more rapid hemostatic dispo-
sition in vitro and in vivo with satisfactory biocompatibility compared
with most other NEMs and nanoclay-oriented hemostats, gaining
from its fertile hemostatic functioning sites, robust fluffy framework,
and hydrophilic surface. The effective hemostatic bandages situated
on nanoclay electrospun membrane are efficient potential hemostat
material in practical application [50]. Fast efficient bandages situated
on NEMs were fabricated by electrospinning with sheet-like kaolin-
ite, tube-like halloysite and rod-like palygorskite (Figure 13a) [50].

The nanoclays were embedded with PVP electrospun membranes
(PVPEM), including kaolinite EM (KEM1.5, 2.0, 2.4), halloysite EM
(HEM1.5) and palygorskite EM (PEM1.5), respectively. The elevated
flexibility (easily twisting 360° in situ) and of NEMs fabricability are
garnered from the electrospun substrate (Figure 13b), positioning
them appropriate for hemostatic uses. The SEM images (Figure 13c)
revealed that kaolinite particulates with single sheet physical archi-

tectures were evenly and partially positioned on the KEM surface (the
best architectures were garnered with a mass ratio of 1:1.5 (KEM1.5)
[50].

Figure 13: Construction, surfacial architecture and features of the nanoclay membranes.
a)  SEM images of kaolinite, halloysite and palygorskite, respectively. Scale bar, 500 nm.
b)  Photographic images of clay-membrane strips with differing extents of in situ twisting. Scale bar, 10 cm.

<) SEM images of PVPEM, HEM1.5, PEM1.5, KEM1.5, KEM2.0, and KEM24, respectively. Scale bar, 10 pm. The insets in (c) are the
corresponding magnified SEM images. Scale bars in the insets of (c), 2 pm.

d)  The localized magnified FT-IR spectra of PVPEM, HEM1.5, PEM1.5, KEM1.5, KEM2.0 and KEM2 4, respectively. Data were analyzed from
at least three independently experiments in (a) and (c). Source data are provided as a Source Data file [51].
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Nevertheless, bulkish agglomerates on KEM 2.0 and KEM 2.4 were
ascribed to the over-high kaolinite particulate mass ratio, piecing the
completely enclosed architecture and restraining its hemostatic ef-
fectiveness [50]. The coagulation prospects and clot integrity were
studied via continual experimental study and assessment of the ab-
sorbance (optical density, OD) of the supernatant. The clot post NEM
modification demonstrated a steady state (best: KEM1.5, almost no

hemolysis) after 120 min, while the clot with PVPEM displayed grad-
ual hemolysis, and almost all clot was terminally hemolytic (Figure
15c¢), depicting inferior coagulation ability in vitro devoid active parts
[50]. Summarily, serially designable nanoclay-organic self facilitated
membranes were developed, displaying prospects to be directly uti-
lized as acute hemostasis bandages [50].
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Figure 14: The interior architecture, interactivities and distribution attributes for nanoclay membranes.

a) Cross-section SEM images of PVPEM, HEM1.5, PEM1.5, KEM1.5, KEM2.0, and KEM2.4. Scale bar, 2 pm. The inset in (a) are the equivalent
magnified SEM images of fiber section. Scale bars in the insets of (a), 2 pm.

b)  The elucidation of the bonding interactivities between kaolinite and PVP.
c¢)  The SEM images of individual sheet membranes (including the individual fiber in the inset),

d) TEMand

e)  Mapping analysis images for PVPEM, HEM1.5, PEM1.5, KEM1.5, KEM2.0, and KEM2 .4, respectively. Scale bars in (c-e) were 10 pm, 0.5 pm
and 1 pm, respectively. Scale bars in the insets of (c), 2 pm. Data were analyzed from at least three independently experiments in (a) and (c-e).

Source data are provided as a Source Data file [51].
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Figure 15: Shrinking and coagulating features of nanoclay electrospun membranes in vitro.
a)  Specimen 7-day shrinking examination and results under the condition of steady temperature and humidity.
b)  Photographic images of KEM1.5, CIG and CoG specimen for permeability and use on the skin.

c¢)  Photographic images from the in vitro blood-clotting measurement and the corresponding relative OD values of the supernatant absorbance.
d)  The SEM images of blood cells on the KEM1.5 surface.

e)  Elucidation of blood parts permeation and contact to the KEM1.5 [51].

Copyright@ : Christopher Igwe Idumah | Biomed ] Sci & Tech Res | BJSTR.MS.ID.010038. 56478


https://dx.doi.org/10.26717/BJSTR.2026.64.010038

Volume 64- Issue 3

DOI: 10.26717/BJSTR.2026.64.010038

Fabrication of Cellulose Nanofibril/Casein-Situated 3-D Com-
posite Hemostasis Scaffold for Prospective Wound-Mending Us-
age: Bleeding excessively in traumatic hemorrhage is main focus for
naturally occurring wound mending and major reason for fatal trau-
ma. The 3-D bio-printing of bio-inks gives required architectural com-
plexity required for hemostasis process and specific cell proliferation
in fast and controlled wound mending [51]. However, it is a challenge
to fabricate appropriate bio-inks to construct specific 3-D scaffolds

constructed utilizing bio-printing technology and combined hemosta-
sis system of cellulose nano-fibrils (TCNFs), chitosan, and casein in
controlling blood-loss in traumatic hemorrhage (Scheme 1) [51]. Bio-
inks consisting of casein bio-conjugated TCNF (composed of 104.5 +
34.1 mg/g casein) utilizing the carbodiimide cross-linkage chemistry
underwent subjection to bio-printing for customizable 3-D scaffold
construction [51]. Furthermore, the 3-D scaffold composite under-
went in situ cross-linkage utilizing a greenish ionic complexation

required for wound mending. Herein, a 3-D composite scaffold was route.
R -
I =
& ? =) a ic
Il
H,0H (l|_“ 'I H.08 C—1 b r
b o 31 4 M=% e A + .
on fon A on P4 om S 4 et
N/ [ P \\ ./ — i \|||
ol L] = Ol ol |
L y X ¥ R’

EDC mediated TCNF NHS

EDC-NHS conjugated TCNF Casein

EDC-NHS conjugated TCNF

TCNF/casein composite

Scheme 1: EDC/NHS-mitigated bio-conjugation reaction between TCNF and Casein [52].

The covalent conjugation among TCNF, casein, and chitosan was
affirmed using Fourier transform infrared (FTIR) spectroscopy, nu-
clear magnetic resonance (NMR), X-ray photoelectron spectroscopy
(XPS), sodium dodecyl sulfatepolyacrylamide gel electrophoresis
(SDS-PAGE), and X-ray diffraction (XRD) examination (Figure 16)
[51]. The in vitro hemostasis prospects of the 3-D composite scaffold
underwent examination via human thrombin-antithrombin (TAT) as-
say and adsorption of red blood cells (RBCs) and platelets. The 3-D
composite scaffold displayed improved swelling disposition and rapid
complete rate of blood clotting at individual duration compared with
3-D TCNF scaffold and commercial cellulose-situated dressings (Fig-
ure 17) [51]. Hence, in this study, an efficient concept for fabricating
a 3-D composite scaffold from bio-printing of TCNF-situated bio-inks
is capable of accelerating blood clotting and wound mending, demon-
strating its prospective usage in minimizing blood loss during trau-
matic hemorrhage (Figure 18) [51]. In Figure 18a, TCNF TEM images
exposed that the nano-fibrils varied in length, as they possessed even

widths of 5-10 nm. Post casein bioconjugation to TCNF, the width of
TCNF@casein conjugate nanofibril incremented to 15-20 nm with a
few agglomerates, as observed in Figure 18b.

3-D composite scaffold’s SEM images cross-section exposed nota-
ble fibrous structure alignment, as presented in Figure 18c-f. The ar-
chitectural evaluation of the 3D scaffolds prior and post cross-linkage
is demonstrated in Figure 18c-f [51]. In Figure 19, the SEM images
expose adsorption. Broad RBC agglomerates and extended platelet
pseudopods were seen on the surface of 3-D composite scaffold as
observed in Figure 19 a-f [51]. The 3-D composite scaffold cytocom-
patibility underwent evaluation via 3-D cell culture routes in the pres-
ence of NIH 3T3 fibroblast cells for 72 h of incubation, as displayed by
representative confocal images of cells in Figure 20. The in vitro cy-
to-compatibility examination is a notable attribute for any ECM mim-
icking matrix. The major objective of the cell-laden study was mimick-
ing the cell survival on the 3-D composite scaffold and examines the
cytotoxicity, which is paramount for wound mending [51].
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Figure 16: TCNF XPS survey spectra

a)
b)
<)
d)

And TCNF@casein conjugate

With surface atomic content (%), C 1s high-resolution de-convolution XPS spectra for TCNF

And TCNF@casein conjugate

O 1s high-resolution deconvolution XPS spectra for TCNF

And TCNF@casein conjugate

N 1s high-resolution deconvolution XPS spectra for TCNF@casein conjugate
SDS-PAGE analysis of bioconjugation between casein and TCNF

TCNF,

TCNF@casein mixture without conjugation,

TCNF@casein bioconjugate, and

casein protein were examined through electrophoresis [52].
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Figure 17: TCNF gel (1.25 wt. %) digitalized images

o (ai), 1.75 wt %

aii), and TCNF@casein conjugate (1.75 wt. %)
aiii); 3-D printed model and printing procedure
aiv—av), 3-D printed TCNF

(bi) front view),

(bii) side view) and TCNF@casein

(biii) front view),

(biv) side view); freeze-dried 3-D printed TCNF
(ci) front view),

.
N SN S N S S S~~~

(ciii) front view),
© ((civ) side view).

(cii) side view) and TCNF/ casein after cross-linking with chitosan

Rheological features of the composite bio-inks, shear-thinning features of bioinks (1.75 wt %) at a shear rate ranging from 10 to 1000 s—1 (d), and
variation of storage (G') and loss (G") moduli of bioinks within an oscillation torque of 0-150 pN m (e) [52].
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Figure 18: TCNF TEM images
. (a) and bio-conjugated TCNF@casein nanofibrils
. (b); and cross-section SEM images of 3-D TCNF

. (c,d) and 3-D composite scaffold

. (e,f) at differing magnifications [52].

Figure 19: 3-D composite scaffold with RBCs
1. (a-c) SEM images and platelets
2. (d-f) bonded on the surface [52].
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Figure 20: 3-D composite scaffold (D-F) con-focal images of cells and the controlled specimen (A-C) post 72 h of incubation in growth media. The cells
cytoskeleton was stained with Actin-Tracker Green 488 (in green), and the nucleus was counterstained with Hoechst 33342 (in blue) [52].

Polymeric Nanoarchitectures for Hemostatic

Applications

Nanoarchitectures refer to a multi-phased solid nanomaterial
consisting of numerous phases wherein at least one of them has a
single dimension in the nanometric range. Differing nanomaterials
can be embedded in fabrication of these nanoarchitectures such as
nanofibers and nanoparticulates. A vast range of hemostatic entities
has been embedded into nanostructures and exhibited elevated he-
mostatic effectiveness. Some investigations have included nanopar-
ticulates within polymeric matrices. The polymeric-nanoparticulates
design improves the interfacial adherence energy, and increment the
fracture energy of the hydrogel structure by restraining voids, which
enhances the propensity to maintain injuries. In emergency bleeding
scenarios, hemostatic materials need rapidly bond and seal the site of
bleeding requiring shortening the time of preparation of hemostatic
materials, like the time appropriate for in situ injection and time of
gelation [52]. It is essential to further enhance the interactivity be-
tween the material performance and its practical usage to fabricate
the hemostatic materials for emergency usage. In a work, a multifunc-
tional hydrogel with capability of ROS-scavenging features through

cross-linking of 2-(hydroxyethyl) methacrylamide (HEMAA), acryl-
amide (AM), and borax with a greenish tea derivative epigallocate-
chin-3-gallate (EGCG) was constructed [53].

Further, to hinder bleeding, the scavenged hydrogels accumulated
ROS to hinder the cells from ROS-mitigated cell death and prolifera-
tion inhibition, thus facilitating wound mending (Figure 21) [53]. In
another work, Au NPs were embedded within halloysite nanotubes
(HNTs) to garner photo-thermally affiliated impact, wherever the
NPs were comingled with chitin for hydrogel preparation [54]. The
hydrogel exhibited excellent hemostatic features which effected pho-
to-thermal sterilization, thereby reducing wound afflictions which
facilitated fast wound mending (Figure 22) [54]. A study fabricated
an intercalated composite, TXA-MTT, situated on montmorillonite
(MTT) and tranexamic acid (TXA). The interstitial complexity can
low-regulate the mode of the inflammatory parameters IL-1f3, IL-6
and TNF-a and composition of endo-toxin caused by radiation, having
prospects for utilization in radiation enteritis and intestinal hemo-
stasis. Though, a water-proof sheet on the dressing surface hindered
external surrounding fluid from penetrating the wound with capacity
not to absorb or eliminate internal biological fluid [55].
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Figure 21: EGCG@PHEMAA@PAM hydrogel scavenged ROS to restrain inflammation and facilitated diabetic wound mending. Reproduced
under the terms of the CC BY-NC-ND Creative Commons Attribution 4.0 International License [54]. Copyright 2023, published by Elsevier.
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Figure 22: Elucidation of the fabrication procedure of Au@HNTs and photo-thermally affiliated impact of Au@HNTs-chitin hydrogel for
attainment of antibacterial and wound mending features. Reproduced under the terms of the CC BY-NC-ND Creative Commons Attribution 4.0
International License. Copyright 2023, published by Elsevier [55].
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In an investigation, a biocompatible hyper-long hydroxyapatite
(HAP) nanowires/PVA was fabricated as freeze-dried aerogel [56].
The 3D porous aerogel can absorb a large amount of wound exudate
thereby preventing thrombus accumulation and excessive inflamma-
tion and slowly releasing active Ca** through HAP; this led to promot-
ing chronic diabetic wound healing in a diabetic mouse model. An-
other work fabricated a wound dressing through electrospinning of
polyurethane for medical gauze garnering a peculiar fluid self-pump-
ing contacting point between the hydrophilic cotton fibers and the
hydrophobic nanofibers [57]. Contrastingly to conventional usage of
the hydrophobically affiliated sheet in the dressing exterior water-
proofing sheet, the hydrophobically inclined sheet in the dressing un-
derwent utilization as a contact sheet on the wound for practical uses
[57]. In a bid to facilitate controlling of the wound surrounding during
tissue mending, a variety of antibacterial routes have been utilized in
hindering bacterial bonding or proliferation, like physical barricades,
metal cations/metallic nanoparticulates, cationic polymeric matrices,
and so on. Thus, a work fabricated a quaternized chitosan-oxidized
sodium alginate hydrogel with 3-Ga203 nanoparticulates embedded
as antibacterial portion [58].

Another investigation utilized a miniature electrospinning device
in fabricating CuS composite nanofibers fastly decorated on wounds
externally to hinder bleeding, an integrate photo-heat deterioration
of hyper bacteria and shorten wound mending duration. In compar-
ison with conventional electrospun fiber mats, the fibers dropped
in situ were highly compacted on rough wound surfaces, offering a
more rapid hemostasis which was simple in usage during emergen-

cy scenarios. Furthermore, methylene blue-included keratin/alginate
composite scaffolds was constructed using cryogel route in mediating
antibacterial photo-dynamic therapy (aPDT) and produced reactive
oxygen species (ROS) to efficiently mitigate drug-resisting pathogens
[59]. These drug-enclosed scaffolds underwent highly-bursting re-
leasing wound exudates absorbtion in earlier phase of wound mend-
ing thereby further hindering bacterial development to eliminate in-
fection [59]. A work has constructed Ag@CA hydrogel through AgNPs
modification with oleic acid and n-butylamine to construct hydrophil-
ic stable colloids [60]. Ag release was hindered via interaction of the
hydrogel network/colloids. This construct presented this hydrogel
quite different from conventional Ag NPs substrates, which emit the
silver ions thereby offering the antibacterial impact [60].

Additionally to enhancement of biocompatible and degradable
features of materials, the degree of varying parameters can liably un-
dergo regulation during mending can undergo more regulation to en-
able the promotion of tissue mending. Hence, another study applied
Lycium barbarum polysaccharides in functionalizing montmorillon-
ites (MMT) and deposited it on polyvinyl alcohol hydrogel. The mate-
rial restrained the secretion of inflammatory parameters, minimized
tissue degradation induced by inflammation, minimized feasibility
of wound inflammation, and limited the wound repair duration [61].
L-arginine component was embedded within synthetic polyurethane
(PU) architecture, a paramount mediator in the wound mending pro-
cedure, and regulated the PU structure to inculcate degradability and
facilitate gradual releasing of L-arginine to enable promotion of vas-
cularization of the wound tissue (Graphical Abstract) [62].

Biopolymeric matrices +
Nanomaterials

Hemostatic Biopolymer
Bionanoarchitectures

Graphical Abstract.
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Another work fabricated a multifunctionalized CS@Ag@TA cryo-
gel, wherein the TA functioned as a cross-linking entity as well as a
reducing entity for Ag NPs, while scavenging free radicals to enable
wound tissue mending [64]. The porous architecture is another ben-
efit of cryogel, maintaining the material mechanical strength while
forming a comfortable micro-surrounding for proliferation of cells
[63]. A study constructed a strong polyacrylamide (PAAM)/TA/ka-
olinite (KA) adhesive hydrogel [64]. Another study embedded silica
particulates within poly (lactic-co-glycolic acid) (PLGA) -PEG poly-
meric sealant to promote tissue adherence. The solution combined
with silica underwent spraying directly unto the wound in situ, as the
intestinal burst pressure was up to that of cyanoacrylate glue (160
mm Hg) [65].

Challenges and Future Perspectives

Unmitigated bleeding is a notable inducer of traumatic death.
Thus, elevatedly efficient hemostats perform a critical function in al-
leviating hemorrhage and minimizing the degree of death in pre-hos-
pital treatment. Commercially affiliated wound dressings, situated on
conventional hemostatic substrates such as fibrin, zeolite and colla-
gen are available on the market. Nevertheless, there are numerous
dis-benefits of these products, including infection risks, poor tissue
adherence and secondary deterioration. Elevated performing hemo-
static substrates are, greatly in quest for alleviating these challenges.
Therefore, versatile research with development has undergone pro-
duction in elevated-performing wound dressings to improve hemo-
static effectiveness hence promoting wound repairs. Extensive work
is required in mitigating prevalent challenges. Low cost hemostatic
substrates are also in great quest. Thus, future investigation of he-
mostatic substrates may rely on the fabrication of multifunctionalized
and cost-efficient hemostatic substrates to satisfy differing clinical
enable as elucidated [66].

Chemically treated biopolymeric oriented hemostats with high
adherence to tissue will require development for passive hemostasis,
devoid of activating the coagulating procedure or inducing system-
ic thrombosis and embolism. As per clinically translating, surgeons
are questing for developing elevated-quality hemostats with fast
blood clotting sagacity and simplified usage in any conditions. Hence,
researchers in hemostats segment are continuously moved by the
quests of surgeons for enhanced device making it easier for in perfor-
mance of technically challenging surgeries.

Conclusion

Nanotechnological exploration has demonstrated capability of
transforming and utilizing the microstructure on a nanometric lev-
el, to bequeath nanomaterials exhibiting veritable features including
enhanced diffusivity and solubility, ease of penetrating physiologi-
cally affiliating barricades, broad specific surfacial area, gradual con-
trolling, and specific releasing of drugs. Asides the chemical constitu-
tion of hemostatic materials, other critical parameters includes size,
dimension and morphology. Recently, in depth studies has been con-

ducted on nano-hemostatic nanomaterials including nanoparticles,
nanosheets, liposomes, and self-assemblage nano-peptides, which
offer greater leverage for the development of hemostatic materials.
Nanoparticles are colloidal particulates constituting of macromolecu-
lar substrates with a solid particulate dimension in range of 10-1000
nm.

Here, charged nanoparticulates are capable of releasing elec-
trostatic effects on blood cells or fibrinogens possessing opposite
charges, and neutralize the surfacial charges, initiate its agglomera-
tion, while promoting blood coagulation. A vast range of hemostatic
entities has been embedded into nanostructures and exhibited ele-
vated hemostatic effectiveness. Some investigations have included
nanoparticulates within polymeric matrices. The polymeric-nanopar-
ticulates design improves the interfacial adherence energy, and in-
crement the fracture energy of the hydrogel structure by restraining
voids, which enhances the propensity to maintain injuries. With en-
larging scope of nanoparticles and inclusion in biopolymers, a vast
range of multifunctional hemostatic bionanoarchitectures with im-
proved features are feasible in future.
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