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ABSTRACT: High-performance cellulose−halloysite hemostatic nanocomposite ﬁbers (CHNFs) are fabricated using a onestep wet−wet electrospinning process and evaluated for human plasma coagulation by activated partial thromboplastin time.
These novel biocompatible CHNFs exhibit 2.4 times faster plasma coagulation time compared with the industry gold standard
QuikClot Combat Gauze (QCG). The CHNFs have superior antileaching property of clay with 3 times higher post-wetting
clotting activity compared to QCG. The CHNFs also coagulate whole blood 1.3 times faster than the QCG and retain twice the
clotting performance after washing. Halloysite clay is also more eﬀective in plasma coagulation than commercial kaolin clay. The
physical and thermal properties of the CHNFs were evaluated using scanning electron microscopy, energy-dispersive X-ray
spectroscopy, X-ray diﬀraction, Brunauer−Emmett−Teller surface area analysis, and thermogravimetric analysis. CHNFs show
a 7-fold greater clay loading than QCG and their small average diameter of 450 ± 260 nm aﬀords a greater speciﬁc surface area
(33.6 m2 g−1) compared with the larger average diameter of 12.6 ± 0.9 μm for QCG with a speciﬁc surface area of 1.6 m2 g−1.
The CHNFs were shown to be noncytotoxic and human primary ﬁbroblasts proliferated on the composite material. The drastic
reduction in coagulation time makes this novel nanocomposite a potential lifesaving material for victims of rapid blood loss such
as military personnel and patients undergoing major surgical procedures or to aid in the treatment of unexpected bleeding
episodes of patients suﬀering from hereditary blood clotting disorders. Since a person can die within minutes of heavy bleeding,
every second counts for stopping traumatic hemorrhaging.
KEYWORDS: hemostatic, cellulose, halloysite clay, kaolin clay, electrospinning

■

severe hemorrhage and transpire within the ﬁrst hour of
receiving a wound. Thus, the patient’s chance of survival
depends on the ability of a ﬁrst responder to minimize blood
loss.
There have been a number of topical antihemorrhagic agents
designed and developed to stop external hemorrhages. Many
consist of a polymer or polymer blend mixed with a bloodclotting agent. HemCon, Chitoseal, Celox, Celox-D, and
WoundStat represent several commercially available wound
dressings that contain the biopolymer chitosan as the
hemostatic agent.2,3 Most common commercially available
hemostatic dressings are produced either by immersing or

INTRODUCTION

There remains an urgent need in the medical community for
the development of novel hemostatic agents to treat
hemorrhage associated with traumatic injuries, surgical
procedures, and frequent bleeding events resulting from
blood coagulation disorders.1 Patients suﬀering from hereditary blood clotting disorders, such as hemophilia and von
Willebrand disease, suﬀer from often unexplained and
recurrent internal and external bleeding episodes throughout
their lives. These external bleeding episodes include prolonged
nosebleeds (epistaxis), bleeding from the gums, and excessive
bleeding from small cuts or wounds. Even though many of
these episodes are non-life-threatening, they can cause extreme
discomfort in such patients. In the case of severe hemorrhage,
it is critical to cease bleeding as quickly as possible to prevent
imminent death. In a battleﬁeld, most fatalities are due to
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Figure 1. Wet−wet, monoaxial electrospinning process and the method for preparing halloysite clay-coated CNFs. (a) Schematic of the process,
(b) photograph of the process, and (c) photograph of halloysite-coated cellulose nanocomposite ﬁbers (CHNFs) after collection and freeze-drying.

polymeric ﬁbers from solutions of polymers in volatile organic
solvents.20−23 However, biopolymer cellulose is a complex
polysaccharide that does not dissolve in volatile organic
solvents because of its extensive hydrogen-bonding network.24
A special class of nonvolatile solvents, known as roomtemperature ionic liquids (RTILs), is required for electrospinning of cellulose.25−28 The electrospinning of cellulose
from a nonvolatile RTIL, referred to as wet−wet electrospinning, is quite diﬀerent from the conventional wet−dry
electrospinning of a synthetic polymer from a volatile organic
solvent.26,29 In wet−wet electrospinning, a biopolymer, such as
cellulose, is dissolved in a nonvolatile primary solvent, typically
an RTIL, which is miscible with the secondary solvent, such as
water or alcohol, in the coagulation bath collector. This
secondary solvent selected for use in the coagulation bath
needs to be a nonsolvent of the polymer to promote its
precipitation in the coagulation bath.30 In the case of cellulose
electrospinning, RTILs are the most commonly used primary
solvent and water or water−ethanol mixtures are the general
secondary (or coagulation) solvent.28,31
In the current study, halloysite nanoclay was physically
embedded onto the cellulose nanoﬁbers (CNFs) by suspending halloysite nanoclay in the coagulation bath secondary
solvent. This one-step process aﬀords halloysite-coated
cellulose nanoﬁbers (CHNFs). The resulting CHNFs are
thoroughly washed with alcohol−water mixture to remove the
residual RTIL.32 QuikClot Combat Gauze (QCG), marketed
by Z-MEDICA, LLC,5,33,34 approved by the United States
Food and Drug Administration (FDA), and also endorsed by
the US Department of Defense for external use because of its
ability of controlling severe arterial hemorrhage,10,35,36 was
selected as the commercial standard to compare the
procoagulant eﬃcacy of these CHNFs. As the CHNFs are
intended for use as an emergency clotting gauze and not as a
wound dressing, this precludes studies such as ﬂuid uptake,
water vapor transmission, and antimicrobial activity, which are
irrelevant in this situation because of the very short time scale
of application (on the order of minutes). These studies would
be important in the design of wound dressings, which are
intended for long-term use on the order of several hours or
days.37 The CHNFs are envisioned to be stacked, ﬁlled into,
and supported by a gauze pad, such as typical medical cotton
wool-ﬁlled wound dressing pads. These gauze pads are made
out of a thin layer of highly porous material, which would allow
for intimate contact between the blood and the CHNFs.

spraying the ﬁbrous substrate with a slurry or suspension
containing a clotting agent.4−7 A new sterile gauze pad
developed recently using bentonite and halloysite clay has
shown to decrease the blood-clotting time in Wistar albino
rats. This material was developed by curing a mixture of
bentonite and halloysite clay in petroleum jelly onto gauze
pads.7 These products fail to provide prolonged clotting
activity because of the loss of clotting agent due to leaching.
Extrusion of blends of polymers and clotting agents has also
been used to produce hemostatic ﬁbrous materials.8 However,
the clotting agents inside these ﬁbers have minimum or no
contact with the external environment, making these ineﬀective
in promoting coagulation. Furthermore, the heterogeneous
nature of extrusion processes can negatively impact the
mechanical properties of these polymeric ﬁber products.
Naturally occurring aluminosilicate clay is the most popular
choice of hemostatic agent used in a wide range of hemostatic
wound dressings.9 Kaolin aluminosilicate clay promotes
coagulation by activating factor XII (Hageman factor) of the
coagulation cascade without an accompanying exothermic
reaction.7,10 In contrast, zeolite clays release thermal energy
upon contact with the water in the blood, and this exothermic
reaction can cause second-degree burns in patients treated with
zeolite-based hemostatic products. Thus, the current generation of clay-based topical hemostatic wound dressings almost
exclusively contains kaolin clay.4
Halloysite (Al2Si2O5(OH)4·2H2O) is a naturally occurring
aluminosilicate nanoclay that exhibits a unique hollow tubular
scroll structure.11,12 It has been demonstrated to be
biocompatible13,14 and to promote blood coagulation.11,15
Halloysite nanotubes are less toxic than sodium chloride table
salt and easily removed from an organism by macrophages.
Several studies show that halloysite nanotubes are safe to be
used as oral drug delivery systems, creams, implants, and
wound treatment materials.13 In studies performed on rabbit
blood, hemolysis ratios less than 0.5% were observed,
indicating the nonhemolytic nature of the halloysite nanotubes.15 In recent years, halloysite clay has sparked the interest
of the scientiﬁc community working on biomaterials and has
inspired a number of studies exploring its various applications.
Some of these include its use in antimicrobial materials, as drug
delivery scaﬀolds, and in cosmetic applications.11,12,16,17
Cellulose is often chosen as a matrix on which the nanoclay
can be immobilized because of its biocompatibility, low cost,
and extensive use in wound dressings.18,19 Electrospinning has
been widely used for preparing synthetic micro- and nano15448
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transferred into a clean 50% distilled water−ethanol bath for a
washing step. Finally, the ﬁbers were freeze-dried to obtain the
halloysite clay-mixed CNFs, MCHNFs. All of the electrospinning
processes were carried out inside an antistatic polycarbonate box
within a standard laboratory fume hood at 20 ± 3 °C with a relative
humidity controlled at 59 ± 5%. AcuRite digital humidity and
temperature monitor was used to measure the temperature and the
relative humidity. When referring to washed CHNFs and QCG
composites, the samples were additionally vigorously stirred in a
beaker of distilled water for 1 min.
Characterization. Thermogravimetric Analysis. CHNFs,
MCHNFs, CNFs, and QCG were subjected to thermogravimetric
analysis (TGA-Q50 apparatus, New Castle, Delaware, USA) to
deduce the amount of clay present in the ﬁber composites. The
composite ﬁbers before and after a water wash were also analyzed
along with halloysite and kaolin clay controls. All the samples were
heated from room temperature (25 °C) to 1000 °C at a constant
heating rate of 10 °C/min under dry atmospheric conditions. The
average decomposition temperatures and the ﬁnal ash contents were
determined by TA Instruments Universal Analysis software V4.7A.
Furthermore, TA Instruments deﬁne the detection limit of TGA as
0.1% by mass of the sample.47
Morphology and Elemental Composition. A Carl Zeiss Supra
ﬁeld emission scanning electron microscope (Hillsboro, USA
resolution at 1 kV2.5 nm) with energy-dispersive X-ray (EDX)
spectroscopy was used to investigate the morphology and the
elemental composition of the CHNFs. QCG was imaged before
and after subjecting to a washing step to empirically evaluate the
leaching of kaolin clay from the ﬁbers. CNFs, halloysite nanoclay, and
kaolin clay were also subjected to SEM and EDX analysis as controls.
The average ﬁber diameters were calculated using NIH ImageJ
software (National Institute of Health, MD, USA). Diameters from
100 individual ﬁbers from 10 identical electrospinning experiments
were employed in this ﬁber diameter analysis.
Crystalline Structure. Crystallinity of the clay in the CHNFs and
QCG was studied using a Bruker D8-DISCOVER X-ray diﬀractometer and compared to halloysite and kaolin clay controls. The
crystallinity of the CNFs was also evaluated. The X-ray diﬀraction
(XRD) pattern analysis was performed using Bruker’s DIFFRAC.EVA
software.
Speciﬁc Surface Area. The surface area of the CHNFs was
estimated by conducting a Brunauer−Emmett−Teller (BET) surface
area analysis using a Quantachrome Autosorb IQ system (Boynton
Beach, Florida, USA). A sample of CHNFs (117 mg) was degassed at
100 °C for 24 h. This was followed by N2 adsorption−desorption at
77.35 K (−196 °C) under a relative vapor pressure (P/P0) of 0.05−
0.3.48 An electrospun CNF sample (70 mg) was used as a control in
this experiment. QCG samples before (447 mg) and after (241 mg)
undergoing a washing step were also subjected to surface area analysis
using the same experimental conditions as CHNFs. Quantachrome
ASiQwin V 4.01 software was used to analyze the adsorption−
desorption data and construct the BET/Langmüir plots.
Plasma Clotting Assay. aPTT assay was employed to evaluate
the coagulation performance of the CHNFs, QCG, clay controls, and
CNFs using citrated human plasma. This assay is a two-step process
that measures the time taken to form a ﬁbrin clot in a citrated plasma
sample. A sample of citrated human plasma (1 mL) was incubated
with ∼1 mg of ﬁber or clay sample (the activator) for 5 min followed
by the addition of 500 μL of 25 mM Paciﬁc Hemostasis calcium
chloride solution at 37 °C. A stopwatch was turned on immediately
upon the introduction of calcium chloride solution. An inoculating
loop was used to detect the formation of the ﬁbrin clot and the time
taken to form the ﬁbrin clot was recorded. The inoculating loop is
passed through the submerged reaction tube until the ﬁbrin clot is
retracted with the loop. Similar procedures have been reported in the
literature.49,50 Because of the unique feature of having a solid
composite hemostatic clotting material in the tube, experience
showed that the reliability of clot detection was improved over the
conventional tilt method51−53 by using this inoculating loop method.
This process was repeated with CHNFs and QCG before and after

EXPERIMENTAL SECTION

Materials. Pure absorbent cotton balls (CVS health sterile cotton
balls) were purchased from a local pharmacy. HPLC-grade RTIL, 1ethyl-3-methylimidazolium acetate ([EMIM][Ac], ≥95.0%), absolute
ethanol (≥99.8%), and halloysite nanoclay, a product of Applied
Minerals Inc., were obtained from Sigma-Aldrich (St. Louis, Missouri,
USA). Kaolin clay was also purchased from Sigma-Aldrich that meets
the USP testing speciﬁcations. QCG developed by Z-Medica LLC
(New York, New York, USA) was obtained from a popular online
seller. Citrated human plasma, Paciﬁc Hemostasis activated partial
thromboplastin time (aPTT) clinical diagnostic kit, Dulbecco’s
modiﬁed Eagle’s medium (DMEM/F12), 10% fetal bovine serum
(FBS), and Alamar Blue cell viability reagent were acquired from
Thermo Fisher Scientiﬁc LLC (Waltham, MA, USA). Citrated bovine
whole blood (3.2% sodium citrate) was obtained from BioIVT
(Hicksville, NY, USA) and human primary ﬁbroblasts (hFB) were
obtained from Lonza (Basel, Switzerland). Paraformaldehyde in
phosphate-buﬀered saline (4% solution ChemCruz) was purchased
from Santa Cruz Biotechnology Inc. (Dallas, Texas, USA). Doubledistilled water from an in-house water puriﬁcation system was used for
all the relevant experiments mentioned in this study.
Preparation of Fibers. Cotton balls (1.06 g) were mixed with
50.0 g of RTIL ([EMIM][Ac] density = 1.027 g/mL) using a
magnetic stirrer at 80 °C for 12 h to obtain a 2.12% (w/w)
homogeneous cellulose solution. A halloysite nanoclay suspension
(10% (w/v)) was prepared by mixing 10 g of halloysite nanoclay in
100 mL of distilled water. The clay solution was then transferred into
a large glass Petri dish and placed on top of an orbital shaker. A
schematic and a photograph of the wet−wet, monoaxial electrospinning process are shown in Figure 1a,b. A small piece of aluminum
foil was placed inside the Petri dish and connected to the negative
lead of a high-voltage supply (CZE1000R, Spellman, Hauppauge,
New York, USA) using electrically insulated copper wires. This highvoltage electrospinning system is capable of generating a dc voltage up
to 30 kV. The electrospinning process used in this study is based on
previously published work on electrospinning of cellulose ﬁbers.31,38−44 The electrospinning parameters (i.e., needle diameter,
distance between electrodes, polymer concentration, ﬂow rate, etc.)
were optimized by an interactive approach similar to that of any novel
electrospinning study.31,45
The cellulose solution was placed in a Norm-Ject syringe (10 mL)
that was connected to a spinneret (MECC, Ogori, Fukuoka, Japan)
with a ﬁtted aluminum needle. The needle used has a blunt tip with
an internal diameter of 0.635 mm (23 gauge). Polytetraﬂuoroethylene
tubing is used to deliver the cellulose solution from the syringe to the
spinneret. The spinneret was connected to the positive terminal of the
high-voltage supply. The distance between the tip of the aluminum
needle and the surface of the clay solution was ﬁxed at 10 cm. Finally,
a high voltage of 18 kV was applied between the spinneret set up and
the coagulation bath as the cellulose solution was pumped at a
constant rate of 60 μL/min into the clay suspension (coagulation
bath) using a NE-1000 mechanical syringe pump from New Era
Pump Systems Inc. (Wantagh, New York, USA). The orbital shaker
was run at 70 rpm to prevent sedimentation of clay on the bottom of
the Petri dish. At the end of the spinning process, the solidiﬁed
cellulose-halloysite ﬁbers were removed from the coagulation bath
and transferred into a clean 50% distilled water−ethanol bath to
further remove ionic liquid from the ﬁbers.46 Finally, the ﬁbers were
freeze-dried to obtain the halloysite clay-coated CNFs, CHNFs
(Figure 1c).
This electrospinning process was repeated using a distilled water
coagulation bath instead of the halloysite nanoclay suspension, to
produce CNFs as a negative control. CNFs after electrospinning were
mixed with halloysite clay (halloysite clay mixed cellulose nanoﬁbers,
MCHNFs) and were used as a second control to evaluate the
commonly used method of ﬁber production in the commercial
products previously described. This process for producing MCHNFs
involves immersing electrospun CNFs in a halloysite nanoclay
suspension (10% (w/v)) for 24 h. The MCHNFs were then
15449
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subjecting to a washing step to evaluate the depletion of coagulation
performance because of the loss of clay from the composite ﬁbers. A
positive control experiment was conducted using 200 μL of citrated
human plasma, 100 μL of calcium chloride, and 100 μL of the
particle-based Kontact activator (which contains 1.2% rabbit brain
phospholipid, 0.03% magnesium aluminum silica, 0.4% phenol, 0.8%
buﬀer, salt, and stabilizers) of the standard Paciﬁc Hemostasis aPTT
assay. All the above clotting experiments were run in borosilicate glass
culture tubes.
Blood Clotting Test. The blood coagulation activity of the
CHNFs and QCG was evaluated using citrated bovine whole blood. A
sample of citrated bovine whole blood (1 mL) was incubated with ∼1
mg of the ﬁber sample for 5 min followed by the addition of 500 μL of
25 mM calcium chloride solution at 37 °C. A stopwatch was turned
on immediately upon the introduction of calcium chloride solution.
An inoculating loop was used to detect the formation of the ﬁbrin clot
and the time taken to form the ﬁbrin clot was recorded. This process
was repeated with CHNFs and QCG before and after subjecting to a
washing step to evaluate the depletion of coagulation performance
because of the loss of clay from the composite ﬁbers. All the above
clotting experiments were run in borosilicate glass culture tubes.
Biocompatibility AssessmentCytotoxicity and Cell Viability. hFB were grown in DMEM/F12 supplemented with 10% FBS
at 37 °C and 5% CO2. Prior to cell seeding, the electrospun ﬁber
samples and QCG samples were sterilized in 70% ethanol for 10 min,
followed by 10 min of UV exposure. hFB cells were seeded at 150 000
cells/cm2. The cells were allowed to adhere for 1 h before the addition
of 1 mL of fresh media. Alamar Blue cell metabolic activity assay was
used according to the instructions of the manufacturer to
quantitatively evaluate the proliferation on seeded mats (n = 3),
and cell number was determined using a calibration curve. Cells
seeded on tissue culture plates (TCPs) served as the control. Cells
seeded on TCPs and treated with 0.5 g of halloysite and kaolin clay
were used as controls. At a predetermined time point (24 h), media
were removed and the samples were washed with PBS twice to
remove unattached cells. Incubation media containing the Alamar
Blue was then transferred in a volume of 200 μL to a 96-well plate and
ﬂuorescence was measured at 590 nm. To assess cell attachment and
proliferation, seeded mats were ﬁxed with 4% paraformaldehyde
overnight at 4 °C and observed using a Carl Zeiss Supra ﬁeld emission
scanning electron microscope (Hillsboro, USAresolution at 1 kV
2.5 nm).
Origin Pro 2018b (Northampton, MA USA) was used to construct
the ﬁgures containing oﬀset TGA thermograms, derivative TGA
thermograms, and XRD patterns. Origin Pro 2018b was also used to
generate ﬁber diameter distribution histograms, BET adsorption−
desorption isotherms, BET plots, aPTT assay plots, blood clotting test
plots, and cytotoxicity/cell viability assay graphs.

forms an intermediate hydrogel with water migrating into the
ﬁbers concomitant with RTIL diﬀusion into the water bath.55
The hydrogel ultimately collapses into CNFs that are collected
and freeze-dried to obtain nonwoven CNF balls. In contrast,
simple air-drying results in the collapse of morphology
resulting in a cellulose mat. When the coagulation bath
containing water is replaced with an aqueous suspension of
halloysite nanoclay, the intermediate hydrogel entrains
halloysite in the surface of the CNFs and cellulose−halloysite
nanoﬁber balls are collected by freeze-drying (see the
Supporting Information Video). This process physically
embeds halloysite clay nanoparticles primarily on the surface
of the ﬁbers during the intermediate hydrogel state of cellulose
in the coagulation bath. The freeze-dried CHNFs appear
identical to cotton balls but with an oﬀ-white color because of
their halloysite surface (Figure 1c).
TGA in Figure 2 shows that the CHNFs left a higher
residual mass at 1000 °C when compared to MCHNFs and

Figure 2. TGA analysis. Amount of clay in the ﬁber composites
studied demonstrated by residual mass at 1000 °C. The residual mass
of CHNFs is statistically diﬀerent from the residual mass of QCG (n =
3, p < 0.001).

QCG. The residual mass corresponds to halloysite nanoclay
and the amount of clay present in the CHNFs was calculated
to be 57.0 ± 0.8%. In contrast, the MCHNFs contained only
18.8 ± 2.2% halloysite nanoclay, making our one-step
fabrication process superior to commercial processes. Similarly,
the amount of kaolin clay in QCG based on residual mass was
8.2 ± 1.0%, and this amount was reduced to 1.6 ± 0.5% after a
single washing step. Thus, we conclude that CHNFs have
approximately 7 times more active clay than QCG.
The major mass loss of neat halloysite and kaolin clay
occurred over the temperature range of 400−600 °C,
consistent with the dehydroxylation of structural Al−OH
groups in the endothermic dehydration of clay.56 The CNFs
showed the two characteristic decompositions associated with
combustion and smoldering of cellulose taking place at 200−
350 and 400−500 °C, respectively.38,57 The purity of CNFs
was substantiated by the absence of decomposition peaks
associated with hemicellulose (∼220 °C)58 and lignin (∼100
°C) impurities.59
Halloysite nanoclay used to fabricate the CHNF composite
appeared to have the typical tubular morphology with
diameters ranging from 30 to 120 nm (Figure 3a,b).11 The
SEM images showed the common plate morphology of kaolin

■

RESULTS AND DISCUSSION
A previously developed wet−wet electrospinning technique38,39 was employed to produce CNFs and CHNFs in a
one-step process. In conventional wet−dry electrospinning,
synthetic polymers are generally dissolved in volatile organic
solvents, which rapidly evaporate upon the exit of the ﬁber jet
from the needle forming a ﬁber mat on dry metal collectors.54
In contrast, in wet−wet electrospinning, a polymer is dissolved
in a nonvolatile primary solvent and electrospun into a
coagulation bath collector containing a secondary nonsolvent
for the polymer. The primary solvent, in which the polymer is
dissolved, is miscible with the secondary solvent so that the
primary solvent is drawn away from the polymer, resulting in
its precipitation in the coagulation bath collector. Thus, in
wet−wet electrospinning, ﬁber formation occurs through
precipitation in the coagulation bath not through the solvent
evaporation occurring in wet−dry electrospinning.
In this study, cellulose was dissolved in RTIL and
electrospun into a water bath. As cellulose coagulates, it
15450
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Figure 3. Morphology and elemental composition of the clay samples. SEM images of halloysite nanoclay (a) magniﬁcation 50 000× and (b)
magniﬁcation 100 000×, SEM images of kaolin clay (d) magniﬁcation 50 000× and (e) magniﬁcation 100 000×, and EDX spectra of (c) halloysite
nanoclay and (f) kaolin clay. Scale bar 1 μm (a,d) and 100 nm (b,e).

Figure 4. Morphology and elemental composition of the ﬁber samples. SEM image (a) and EDX spectrum (e) of an electrospun CNF
(magniﬁcation 100 000×), SEM image (b) and EDX spectrum (f) of an electrospun CHNF washed once (magniﬁcation 100 000×), SEM image
(c) and EDX spectrum (g) of a microﬁber of QCG (magniﬁcation 20 000×), and SEM image (d) and EDX spectrum (h) of a microﬁber of QCG
washed once (magniﬁcation 20 000×). Scale bar 100 nm (a,b) and 1 μm (c,d).

Figure 5. Histograms of the diameter distribution of the ﬁber samples. Fiber diameter histograms of cellulose (a), CHNFs (b), and QCG combat
gauze (c) observed during SEM imaging. The mean diameter of CHNFs and CNFs is statistically diﬀerent from that of QCG (p < 0.001).

clay, the clotting agent used in QCG (Figure 3d,e). In contrast
to halloysite nanoclay, kaolin clay ﬂakes stack together to form
large agglomerates (Figure 3d).60 EDX analysis of both clay
samples resulted in the same elemental composition as they are
chemically identical (Figure 3c,f).12
Electrospun CNFs have a cylindrical structure (Figure 4a)
with an average diameter of 380 ± 140 nm (Figure 5a). This is

consistent with previous studies conducted on electrospun
CNFs.61 The EDX spectrum of cellulose (Figure 4e) reveals
the characteristic Kα1 X-ray peaks corresponding to carbon
(0.277 keV) and oxygen (0.525 keV).39 CHNFs were much
smaller in size (see the SEM image in Figure 4b) with an
average diameter of 450 ± 260 nm (Figure 5b). In contrast,
15451
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Figure 6. Surface area analysis of the composite ﬁbers. Nitrogen adsorption−desorption isotherms (a,b) and the BET plots/Langmuir ﬁts (c,d) of
CHNFs (a,c) and QCG (b,d).

compared with QCG (1.6 m2 g−1). This represents nearly 6
times the speciﬁc surface area of CNFs (5.7 m2 g−1). The
additional surface area of CHNFs must result from the
nanoclay particles coating the ﬁber surface. The speciﬁc surface
area of the washed QCG was 3.5 m2 g−1. This corresponds to
approximately 125% increase in the speciﬁc surface area of
QCG (see Figure S4). This could result from the removal of
large ﬂaky agglomerates of kaolin clay from the QCG ﬁbers
during the washing step.65
The TGA, SEM, EDX, XRD, and BET characterization
results all conclusively demonstrate the removal of kaolin clay
from QCG even after a single washing step. Thus, in severe
bleeding cases or identical wetting in the ﬁeld, the
procoagulant clay particles are rapidly lost, which will result
in reduced procoagulant activity for QCG. In contrast, the
CHNFs not only show a higher initial clay loading but also
remarkably less leaching of halloysite nanoclay particles from
the ﬁbers.
The procoagulant activity and stability of the CHNFs were
next conﬁrmed by the plasma clotting studies using the aPTT
assay. The aPTT assay was used because hemostatic clotting
agents aﬀect the coagulation cascade through the intrinsic
pathway, which the aPTT clotting assay measures.3,66,67
Phyllosilicate hemostatic agents such as kaolin, halloysite,
and bentonite activate factor XII, which causes coagulation
through the intrinsic pathway.7,68 The presence of tissue factor
is needed to activate the extrinsic coagulation pathway, which
is not present on the hemostatic agent (and, thus, not present
in the aPTT assay).69 The CHNFs generate the fastest average
plasma coagulation time of all samples tested, 143 ± 19 s
(Figure 7). This coagulation time is 2.4 times faster than that
observed for QCG, 244 ± 41 s. Both CHNFs and QCG

QCG is composed of micron-sized ﬁbers ranging from 11 to 15
μm with an average diameter of 12.6 ± 0.9 μm (Figure 5c).
The surface of CHNFs was completely covered with
halloysite nanoclay particles, while QCG showed a sparse
kaolin clay coating of the microﬁber (Figure 4c). The EDX
spectrum of CHNFs (Figure 4f) validated this observation,
displaying higher-intensity Kα1 X-ray peaks for Al (1.487 keV)
and Si (1.740 keV) than those observed in the EDX spectrum
of QCG (Figure 4g). The loss of signiﬁcant amounts of kaolin
clay after a single water wash was evident in the SEM image of
washed QCG (Figure 4d). This observation was conﬁrmed by
the absence of the characteristic Al and Si X-ray peaks in the
EDX spectrum of washed QCG (Figure 4h). Even though
hydrogen is present in all the samples, it cannot be detectable
in EDX because of its inability to generate characteristic Xrays. For additional SEM images and EDX spectra of
composite ﬁbers, see Figures S1 and S2.
XRD analysis further supported the conclusions made based
on TGA, SEM, and EDX studies (Figure S3). The XRD
pattern of CHNFs was identical to that of the neat halloysite
nanoclay,16,56,62 and peaks belonging to cellulose63,64 were not
apparent. This veriﬁes the abundance of halloysite nanoclay
coating on the surface of the CHNFs. In contrast, the XRD
pattern of QCG showed broad peaks belonging to cellulose
along with the two most intense peaks originating from the
kaolin clay.60 These two peaks were not observed in the XRD
pattern of the washed QCG. This supports the conclusion that
most of the kaolin clay on the ﬁbers was lost after a single
washing step. Moreover, the crystallinity of both halloysite and
kaolin clays was retained in the composite ﬁbers.
The speciﬁc surface area of the composite ﬁbers was
calculated using BET isotherms (Figure 6). CHNFs showed a
signiﬁcantly higher speciﬁc surface area (33.6 m2 g−1)
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Figure 7. aPTT assay. The time taken to form a ﬁbrin clot in a
citrated plasma sample is shown. CHNFs are represented in red stars
and QCG in blue diamonds. CHNFs before and after washing are
statistically diﬀerent from QCG before and after washing, respectively
(n = 10, p < 0.05).

Figure 8. Results of the blood clotting test. The time taken to form a
blood clot in a citrated bovine blood sample is shown. CHNFs are
represented in red stars and QCG in blue diamonds. CHNFs before
and after washing are statistically diﬀerent from QCG before and after
washing, respectively (n = 3, p < 0.01).

performed better than CNFs, which took over 27 min to
coagulate the plasma (Figure S5).
It has been shown that there is a correlation between
reduction in the aPTT coagulation time (intrinsic pathway)
compared to control, even without any reduction in the
prothrombin time (extrinsic pathway), with drastically reduced
times for the clotting of the femoral artery of rabbits.3 As the
CHNFs reduced the coagulation time of human plasma by
70% compared with the QCG gold standard clotting agent, it is
reasonable to conclude that these results should translate into
reduced clotting times in animal testing and preclude the need
for such testing in proof of concept. Furthermore, QCG has
been successfully evaluated in the clotting of porcine blood in
vivo.70 As our CHNFs outperformed the QCG, it is reasonable
to conclude that our results would translate into reduced
clotting times for pigs as well. CHNFs and QCG both showed
reduced procoagulant performance after a single washing step
with water, although CHNF clotting performance reduced by
only 24% compared to a 75% performance loss for QCG
(Figure 7). It is worth noting that the CHNF composite had
also been thoroughly washed with both water and ethanol in its
preparation to remove the residual ionic liquid. Thus, it is not
surprising that the additional washing step of the CHNFs with
water resulted in only a slight reduction in the procoagulant
activity (Figure 7). An additional advantage of CHNFs is that
the average plasma coagulation time of halloysite clay is 55 s
faster than kaolin clay, making the halloysite nanoclay superior
to kaolin.
The results of the blood clotting test showed the fastest
average clotting time for CHNFs, 67 ± 5 s (Figure 8). The
QCG sample clotted blood in 85 ± 5 s but lost 20% of its
clotting performance after one wash with water compared to
9% performance loss for CHNFs.
hFB cells were grown on ﬁber mats. An equivalent number
of cells for each sample (Figure S6), calculated from reduced
Alamar Blue, was determined 24 h after cell seeding. CNFs,
CHNFs, and QCG ﬁber mats showed statistically signiﬁcant
lower metabolic activity than the control TCPs (p < 0.05).
Because cellular adhesion is not a favorable outcome when
using these blood clotting gauzes, it is thus a positive design
characteristic for these composites. When comparing ﬁber
samples, QCG showed statistically insigniﬁcant metabolic

activity compared with the CHNFs. These results show that
the cytotoxicity/cell viability is comparable to the FDAapproved QCG. The compatibility of hFB cells exposed to
equal amounts of kaolin clay and halloysite clay was also
evaluated. The data showed that both clay samples have
reduced metabolic activity compared to the control TCPs.
Although the average number of cells proliferated on the
halloysite clay was less than that of the kaolin clay, a t-test
revealed that the diﬀerence between the means was not
statistically signiﬁcant. Another control examined in this study
was electrospun CNF mats. This group showed less, although
statistically insigniﬁcant, metabolic activity than QCG. Even
though the cell attachment is less than the control TCPs after
24 h, the SEM images of CHNFs (Figure S7) showed that the
attached hFB cells proliferated after 3 days. This conﬁrms that
the cells were able to adhere and grow on the CHNFs.

■

CONCLUSIONS
The halloysite-coated CNFs (CHNFs) clot human plasma and
bovine whole blood 2.4 and 1.3 times faster than the
commercial QCG, respectively. Two synergistic eﬀects can
explain the high performance of the CHNFs. First, the CHNFs
had 7 times higher clay loading compared to QCG, 57.0 ± 0.8
and 8.2 ± 1.0%, respectively. This resulted in part by the high
surface area of the electrospun CHNFs. The CHNFs had 22
times greater speciﬁc surface area compared to QCG, 33.6 and
1.6 m2 g−1, respectively. The smaller average diameter of the
CHNFs (450 ± 260 nm) compared to QCG (12.6 ± 0.9 μm)
accounts for part of this increase in surface area. The wet−wet
electrospinning process relying on a coagulation bath
containing the clay suspension was critical for obtaining high
clay loadings, also leading to increased speciﬁc surface areas.
Fibers electrospun into the clay suspension had 3-fold higher
clay loading than when CNFs were simply immersed in a
halloysite clay suspension to prepare MCHNFs. The choice of
halloysite nanoclay in place of kaolin clay further enhanced the
performance. Neat halloysite nanoclay coagulates human
plasma approximately 1.6 times faster than neat kaolin clay.
Thus, a combination of higher surface area supplied by the
electrospun ﬁbers and improved clotting performance of the
halloysite nanoclay enhanced the overall plasma clotting
performance of the CHNFs. The CHNFs also exhibited
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noncytotoxicity and cell viability with hFB, rendering this
composite a safe biocompatible material.
Furthermore, the CHNFs retained over 3 times the human
plasma clotting activity compared with the QCG after washing
once with water, losing only 24% of its clotting activity
compared to a 75% loss of procoagulant activity observed for
QCG. The CHNFs also retained more than twice the bovine
whole blood clotting activity than QCG. This inherent stability
of CHNFs is extremely important for stopping traumatic
external hemorrhages on the battleﬁeld and in the operating
room as continuous blood ﬂow greatly reduces the performance of QCG. When the QCG was subjected to washing in
distilled water, nearly 80% of its clay content was quickly lost.
The intermediate hydrogel state formed in the coagulation
bath during the wet−wet electrospinning process facilitates
kinetic entrapment of halloysite nanoclay particles giving rise
to higher clay retention of the CHNFs. This physical
embedding of nanoclay particles during the electrospinning
process does not occur with simple immersion of prefabricated
CNFs in a clay suspension, which is the same process used to
produce QCG.
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