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A B S T R A C T   

Halloysite nanotubes (HNTs), a traditional mineral Chinese medicine, have been used to stop bleeding for 
thousands of years. However, the coagulation mechanisms of HNTs and their practical application potential have 
not been fully elucidated. In this study, HNTs were found to accelerate hemostasis via multiple dependent ap
proaches: (i) absorbing water and concentrating blood due to their super-hydrophilicity and unique tubular 
nanostructure; (ii) triggering an intrinsic coagulation cascade by negatively charged surface interaction; and (iii) 
accelerating clot formation by activating and linking with platelets. To solve the difficulty in the application of 
powder, a HNT-coated polyester fiber dressing was designed by an impregnation method. The HNT coating 
enables the dressing to resist massive hemorrhaging of the liver and vessels, as well as epidermal bleeding. 
Moreover, the HNT-coated fiber dressings are not accompanied by burning or adhesion at the wound sites. In 
summary, this work provides profound insight into HNT hemostasis through the physical and biological in
teractions between HNTs and blood, which represents a promising strategy for effective prehospital treatment 
and civilian needs.   

1. Introduction 

Unnecessary bleeding caused by trauma, surgery, and coagulopathy 
contributes to the majority of deaths on the battlefield and daily life [1]. 
A few types of hemostatic materials including polysaccharides, [2,3] 
silicates, [4] biological products, [5] and nano-self-assembled peptides, 
[6] have been developed to accelerate coagulation. Among these, sili
cate hemostats, including zeolite, kaolin, and Montmorillonite (MMT), 
have become popular owing to their high efficiency, manipulability, 
cost-effectiveness, and minimal tissue reactivity [7]. Silicate hemostats 
usually operate through three different mechanisms: (i) absorbing water 
highly efficiently, resulting in blood concentration (zeolites); (ii) acti
vating Hageman factor XII (FXII) to initiate the intrinsic coagulation 
pathway, in which FXII binds to a negatively charged surface via posi
tively charged amino acids in its heavy chain (kaolin and diatomite); 
[8,9] and (iii) forming a physical barrier to block blood flow (MMT). 
Animal and clinical trials have shown that clay-based hemostats are 
superior to zeolite because they can stop bleeding without heat, thus 

avoiding burns. 
However, commercial clay hemostats still present challenges. 

WoundStat® based on MMT swells with fluid, resulting in difficulty in 
debridement and inflammation; [10] QuikClot® Combat Gauze (CG), a 
kaolin-impregnated dressing, has been the only hemostatic dressing 
used by the US military since 2008, [11] however, the restricted surface 
area and insufficient cation exchange [12] of kaolin lead to the subop
timal hemostatic effect of CG, which might not be suitable for cases of 
coagulopathy [13]. In recent years, great progress has been made in the 
development of novel clay hemostatic materials. For example, Long 
et al. developed a kaolin/α-Fe2O3 composite for effective and rapid 
hemostasis via activating Red blood cells (RBCs) aggregation [14]. The 
flexible zeolite–cotton hybrid hemostat prepared by the on-site tem
plate-free growth method exhibited higher procoagulant activity, 
minimized the loss of active components, and demonstrated better 
scalability for practical applications [15]. 

Halloysite, with the trade name Chishizhi, is a traditional mineral 
hemostatic medicine that has been used in China to stop bleeding for 
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thousands of years. Microscopically, halloysite shows a perfect tubular 
morphology with an empty lumen. Chemically, Halloysite nanotubes 
(HNTs) have the molecular formula Al2Si2O5(OH)4⋅nH2O. It is unclear 
whether a relationship exists between hemostatic properties and the 
structure and/or chemical composition of HNTs. HNTs share a similar 
chemical structure to kaolin but roll into a hollow tube with a diameter 
of approximately 50 nm and length of approximately 1000 nm. The 
tubular morphology endows HNTs with a negative Si–O–Si external 
surface and a positive Al–OH internal surface. Compared with platy 
kaolin multilayer stacks, [16] the unique tubular structure and high 
aspect ratio of HNTs provide higher surface area, pore volume, and 
Cation exchange capacity (CEC), [17] implying higher hemostasis po
tential. Previous studies have reported that the doping of HNTs can 
enhance the hemostatic effect of materials. For instance, our work 
demonstrated that the addition of 67% HNTs to a chitosan sponge 
resulted in an 89% increase in clotting ability [18]. Likewise, Alavi et al. 
reported that bentonite-HNT-impregnated gauze significantly decreased 
clotting time in a rat model [19]. Udangawa et al. also found that the 
average plasma coagulation time of HNTs was 55 s, which is faster than 
that of kaolin, confirming that HNTs were superior to kaolin in hemo
stasis [20]. As an economically feasible and biocompatible clay mate
rial, HNTs show promising potential in multiple biomedical areas such 
as drug delivery, wound healing, and bone regeneration [21]. Several 
reports have demonstrated the high biocompatibility and biosafety of 
HNTs [22,23]. A comparative study on paramecium caudatum protozoans 
confirmed that HNTs were more biocompatible than other nanoclays 
(MMT, bentonite, and kaolin) [22]. Cytotoxicity assays showed that 
HNTs were nontoxic to human umbilical vein endothelial cells.[23,24] 
In addition, polymer/HNT composite tissue engineering scaffolds in rats 
exhibited excellent hemocompatibility, [25] and a blood compatibility 
study on rabbit blood reported a hemolysis ratio of less than 0.5% when 
treated with HNTs, indicating the non-hemolytic property of HNTs [26]. 
Therefore, compared with other silicate hemostatic materials, HNTs are 
expected to be more promising owing to their higher biocompatibility 
and safety. 

Although the improved hemostatic effect of HNTs has been observed 
in previous studies, [18,19,20] the underlying coagulation mechanisms 
and practical application forms of HNTs have not been fully elucidated. 
In this study, we explored the coagulation mechanisms of HNTs and 
designed an HNT-coated Polyethylene terephthalate (PET) fiber dres
sing (HNTs-PET) that exhibits superior hemostatic activity and safety in 
in-vitro and in-vivo rat experiments. 

2. Experimental section 

2.1. Materials 

Purified HNTs were obtained from Guangzhou Runwo Materials 
Technology Co., Ltd., China. PET fiber dressings were produced by 
Johnson and Johnson (USA). QuikClot Combat Gauze was obtained 
from Chinook Medical Gear, Inc., USA. Zeolite, kaolin, MMT, calcium 
chloride, paraformaldehyde, and glutaraldehyde were purchased from 
Shanghai Macklin Biochemical Co., Ltd., China. 

The Activated partial thromboplastin time (APTT) kit was purchased 
from Beijing Leagene Biotechnology Co., Ltd., China. FITC anti-rat CD41 
and PE anti-rat CD62p antibodies were purchased from Beijing 4A 
Biotech Co., Ltd. (China), and BD Biosciences (USA), respectively. Tir
ofiban was purchased from Selleck Chemicals (Houston, TX, USA). 
Collagen I was acquired from BioFroxx (Germany), and isoflurane was 
obtained from the RWD (China). Depilatory cream was purchased from 
Veet (France). 

Citrated sheep whole blood (1:9 ratio of sodium citrate to blood) was 
acquired from Shanghai Yuduo Biological Technology Co., Ltd., China, 
and the L929 cell line was purchased from the American Type Culture 
Collection (USA). The animals were ordered from the Guangdong 
Pharmaceutical University Undergraduate Laboratory Animal Center, 

China. 
All cell culture reagents were ordered from Thermo Fisher Scientific 

(USA). Acridine orange/Ethidium bromide (AO/EB) staining solution 
was purchased from Beijing Solarbio Science & Technology Co., Ltd., 
China. Cell Counting Kit-8 (CCK-8) reagents were acquired from Dojindo 
Laboratories (Japan). Ultrapure water was prepared using a Milli-Q 
Integral Water Purification System (Germany). 

2.2. Preparation of HNTs-PET 

An aqueous dispersion of HNTs was freshly prepared and briefly 
homogenized by ultrasound (output frequency 40 kHz, 10 min, and 30 
W) before use. Then, the PET fiber dressing was immersed in the HNT 
dispersion, ultrasonically treated for 1 h, and dried at 60 ◦C for 8 h. 
Before their biological performance was assessed, the fiber materials 
were sterilized using ultraviolet radiation or moist–heat sterilization. 

2.3. Characterization of HNTs and HNTs-PET 

For Transmission electron microscopy (TEM), Atomic force micro
scopy (AFM), particle size distribution analysis, and zeta potential assay 
of the HNT samples, an aqueous dispersion of HNTs (0.05 wt%) was 
prepared. The morphologies were observed using a TEM instrument 
(JEM, 1400 Flash) at 100 kV and AFM instrument with a contacting 
model (BioScope Catalyst NanoScope V, Bruker Instruments Ltd., USA). 
The particle size distribution and zeta potential were analyzed using a 
Nano ZS zeta potential analyzer (Malvern Instruments Co., U.K.). 

The surface morphology of HNTs-PET was observed using a Field 
emission scanning electron microscope (FE-SEM) (ULTRA55, Carl Zeiss 
Jena Co. Ltd., Germany) after sputter-coating with gold with a thickness 
of 5 nm. Polarized microscopy (POM) photographs of the fibers were 
taken using a BX51 microscope (Olympus, Japan). The X-ray diffraction 
(XRD) patterns were recorded on a Miniflex 600 diffractometer (Rigaku 
Corporation, Japan) at 40 kV with a current of 40 mA. Fourier-transform 
infrared (FTIR) spectra were obtained by attenuated total reflectance 
using a Thermo Fisher spectrometer (Nicolet iS50, Thermo Fisher Sci
entific Co. Ltd., USA). The thermal stability of the materials was 
analyzed using Thermogravimetric analysis (TGA) on a TGA2 instru
ment (Mettler Toledo, Co. Ltd., Switzerland). 

2.4. Surface wettability and absorption property evaluation 

The HNT tablets (1 g of clay powder) were prepared using a universal 
pressing machine at a pressure of 10 MPa to avoid the capillarity 
interference of the uneven tablet surface. To measure the contact angle 
and blood absorption time, a 20 μL droplet (ultrapure water or blood) 
was delivered onto the tablets. The contact angles were measured using 
a DSA-100 goniometer (Kruss Co., Ltd., Germany). Videos were recorded 
from 0 min until the contact angles were less than 10◦, and photographs 
of clots generated on the HNT tablets were taken. 

2.5. Water absorption capacity 

An appropriate amount of clay powder was placed into a clean glass 
dish and weighed, and then water was added until the powder was fully 
saturated. Three tests were conducted for each group; the results are 
presented as mean ± Standard deviation (SD). The water absorption 
ratio was calculated as follows: 

Water absorption ratio (%) =
weightwater

weightmaterial
× 100%  

2.6. Whole blood clotting time assay 

The coagulation ability of different mineral materials was evaluated. 
All subsequent processes were performed in Eppendorf tubes at 37 ◦C. 
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After preheating, a 1 mL volume of sodium-citrated sheep blood was 
mixed with 1 mg of zeolite, MMT, kaolin, or 0, 1, 2, 4, 8, or 16 mg of 
HNT powder. Later, the test tubes were incubated in a water bath at 
37 ◦C for 5 min. A recalcification reagent (0.2 M CaCl2) was added to 
tubes in a volume ratio of 1:10 to initiate coagulation. The progress of 
clotting was observed by shaking and tilting the tubes every 10 s. The 
duration was recorded as clotting time until the blood was completely 
coagulated. To select an optimum HNT coating, several HNTs-PET 
samples (ranging from 0.05% to 2%, 1 mg mL− 1 blood in each tube, 
and 1 mg HNT powder as a positive control) were tested. 

A 200 μL volume of blood (CaCl2 was added to initiate coagulation) 
was immediately added between the two pieces of dressing in a Petri 
dish. The samples were kept at 37 ◦C clotting for 0, 3, 6, and 9 min, and 
then 10 mL of ultrapure water was gently added to terminate the re
actions without disturbing the clots. Free RBCs (instead of blood cells 
agglomerated by fibrin clots) hemolyzed and released hemoglobin (HA) 
into the water. Blood (200 μL) was directly added to an empty Petri dish 
as a blank control. The absorbance of HA(t) was measured at 540 nm 
using a spectrophotometer at different time points. The absorbance HA 
(t) reflects the hemoglobin released by the free RBCs. HA(0) is the 
absorbance at 0 min, representing the uncoagulated state, which was 
used as a reference. All experiments were repeated thrice. The relative 
hemoglobin absorbance (RHA) was calculated as follows: 

RHA (%) =
HA(t)
HA(0)

× 100%  

2.7. Intrinsic coagulation cascade activation assay 

The APTT assay is a monitor of the intrinsic coagulation system, 
which usually uses kaolin as a pathway activator [27,28]. A modified 
manual APTT method was used to test the intrinsic coagulation cascade 
activation. In citrated Platelet poor plasma (PPP), the addition of a 
platelet substitute, FXII activator (generally kaolin, micronized silica, 
etc.) and CaCl2 will allow fibrin clot formation. Here, HNTs or kaolin (as 
a positive control) were used as the contact activator of FXII to replace 
the original activator in the commercial APTT kit. 

First, fresh blood was centrifuged at 3000 rpm for 10 min to obtain 
PPP. Before testing, all reagents and plasma were preheated to 37 ◦C to 
compare the activation effect; HNTs or kaolin (final concentration: 1 mg 
mL− 1) and phospholipids were mixed and incubated within 1 mL of PPP 
at 37 ◦C. A CaCl2 solution (25 mM) was added in a volume ratio of 1:1 to 
initiate clotting. The fibrin clot formation time was obtained via APTT, 
where a shorter APTT signified more efficient contact activation of the 
intrinsic coagulation cascade. Experiments were performed using three 
different blood samples. 

2.8. Clinical standard blood coagulation tests 

Clinical APTT, Prothrombin time (PT), Thrombin time (TT), and 
Fibrinogen (FIB) tests were conducted using an automatic coagulation 
analyzer (RAC-030, Rayto, China). PPP (500 µL) was treated with HNTs 
(final concentration: 1, 2, or 4 mg mL− 1) or kaolin (final concentration: 
1 mg mL− 1) at 37 ◦C for 5 min and measured using an automatic 
coagulation analyzer. 

2.9. Platelet activation and aggregation analysis 

For FE-SEM analysis of platelets, fresh whole blood was centrifuged 
at 150 × g at room temperature for 10 min to obtain platelet rich plasma. 
A platelet diluent was prepared to reduce the interference of plasma 
proteins, and the diluent was incubated at 37 ◦C. The interaction of 
HNTs with platelets was evaluated by mixing 450 μL of platelet solution 
with 50 μL of HNT suspension (final concentration: 1 mg mL− 1). The 
mixture was incubated at 37 ◦C for 15 min and fixed with 4% para
formaldehyde for 30 min. Then, the mixture was smeared on a glass slide 

and washed twice with Phosphate-buffered saline (PBS). Glutaraldehyde 
(2.5%) was used for secondary cell fixation and washed with PBS. The 
samples were dehydrated in an ethanol series and vacuum-dried. After 
sputter-coating with a thin film of gold, the samples were observed by 
FE-SEM. 

To quantify platelet activation, fresh citrated whole blood was ob
tained for the flow cytometry (FCM) assay. A 10 μL volume of test so
lution (HNTs dispersed in PBS at 1 mg mL− 1, 10 mM of collagen solution 
as the positive control, or 1 mM of tirofiban as operating fluid) was 
mixed with 90 μL of whole blood for 5 min. Tirofiban, a glycoprotein 
IIb/IIIa (GPIIb/IIIa) complex inhibitor, was used for the reversal 
experiment [29,30]. Next, 5 μL of treated blood was stained with 
platelet-activation-dependent monoclonal antibodies (FITC anti-rat 
CD41 for platelet activation, PE anti-rat CD62p for activation identifi
cation) [30]. Finally, a flow cytometer (Canto II, BD Biosciences, USA) 
was employed to analyze the data using FlowJo 10.0.2 software (BD 
Biosciences, USA). Experiments were performed on three different blood 
samples. 

2.10. In vitro vascular injury model hemostasis assay 

An opening (7 mm × 7 mm) was made on a polyethylene hose 
(mimicking the vascular tissue) to simulate the wound (internal diam
eter: 10 mm), which was sealed with the HNTs-PET and PET using 
medical tape. The entire blood vessel model was fixed on a pre-weighed 
Petri dish. Blood (mixed with CaCl2 to restart clotting) was added to the 
hose (3 mL of each). After removing the hose, the weight gain of the 
Petri dish reflected blood loss in this vascular model. The duration from 
the beginning to the end of the blood exudation was the hemostatic time. 
The results were averaged over three repetitions (n = 3). 

2.11. Animals 

Pathogen-free Sprague–Dawley rats (male, 8–10 weeks old, ≈250 g) 
were obtained from Guangdong Pharmaceutical University Undergrad
uate Laboratory Animal Center (Guangzhou, China) with approval from 
the Institutional Animal Care and Use Committee (IACUC) of Jinan 
University (approval number: 20200319–32). All animals were fasted 
for 24 h before the experiments. Rats were anesthetized with isoflurane 
(4% for induction and 2% for maintenance) using a multi-channel ani
mal anesthesia machine (R550, RWD, China) with a heating blanket to 
avoid bleeding-induced hypothermia. All rats were euthanized by 
excessive anesthesia. 

2.12. In vivo hemostatic capability and adhesion evaluation 

In vivo hemostasis evaluations were performed using rat liver and 
femoral arteriovenous injury models. In the model of liver injury (n = 4), 
the rats were anesthetized and exposed to the middle lobe of the liver. 
Several sheets of filter paper were placed underneath the liver for ac
curate statistics of blood loss. An incision (length: 1.0 cm; depth: 0.5 cm) 
was made in the middle lobe of the liver to cut off the hepatic venous 
plexus, which resulted in severe bleeding [31,32]. Instantly after injury, 
the HNTs-PET, PET, and CG dressings were applied on incisions with 
pressing and timing. Blood loss was characterized by measuring the 
weight increase of the dressings and filter paper. For the exothermic 
reaction, an infrared thermometer was used to monitor the wound 
temperature. 

For the femoral arteriovenous injury model (n = 4), the rat hair in the 
surgical area was removed cleanly. The inner skin thigh was carved and 
exposed to femoral vessels. Severe hemorrhage was created by trans
ecting the femoral vascular bundle. HNTs-PET, PET, and CG dressings 
were applied to the wounds instantly, and hemostasis time, blood loss, 
and wound temperature were recorded. 

The tangential wound model was enacted on the back of the rat (n =
4). The hair was completely removed to prevent interference during the 
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adhesion test. A window (15 × 7 mm) was made in the middle of 
transparent medical tape (40 × 30 mm) for blood penetration obser
vation, and the test dressing (25 × 15 mm) was fixed in the tapes. In
cisions (length: 1 cm, deep into the muscle) on the left and right sides of 
the back were created. HNTs-PET and PET were immediately applied, 
and photographs were taken. At 3 min, the wounds were examined, and 
the blood-soaked dressing was weighed for blood loss. Next, the peak 
peel forces were tested using a tension meter (range: 1000 mN, accuracy: 
0.01 mN) for adhesion evaluation. 

2.13. Cytotoxicity 

The cytotoxicity of HNTs-PET was assessed using the mouse fibro
blast cell line L929, which is commonly used for cytotoxicity assays of 
wound dressings [33,34]. The cells were cultured in minimum essential 
medium supplemented with 10% fetal bovine serum and 1% pen
icillin–streptomycin solution in 5% CO2 at 37 ◦C. 

Morphological evidence of cell viability was analyzed using AO/EB 
staining. Autoclaved HNTs-PET were soaked in complete medium 
overnight to obtain 100% leachate (every 10 mg in 1 mL medium). A 
gradient-proportional soaking medium of HNTs-PET was prepared, 
which contained 0% and 20, 40, 60, 80, or 100% material leachate. L929 
cells (3 × 104 mL− 1) were inoculated in 24-well plates, cultured over
night, and treated with leachates for 24 or 48 h. Cell morphology was 
recorded using a fluorescence microscope (XDY-2, Guangzhou Liss Op
tical 731 Instrument Ltd., China) after AO/EB staining. 

The Cell Counting Kit-8 assay was used for the cytotoxic assay. L929 
cells (3 × 104 mL− 1) in the logarithmic growth phase were inoculated in 
a 96-well plate (100 μL/well) and treated with HNTs-PET leachate. After 
24 or 48 h, 10 μL of CCK-8 solution was added to each well and incu
bated for 2 h at 37 ◦C. Finally, the absorbance was measured at 450 nm 
using a microplate reader (Elx800, BioTek, USA). The results are re
ported as mean ± SD (n = 4). 

2.14. Blood compatibility 

Sodium citrated sheep whole blood (1 mL) was added to 10 mL of 
PBS and centrifuged at 500 × g for 10 min three times to collect RBCs 
from the blood. Diluted RBCs (200 μL) were added to 800 μL of the 
sample suspension (from 37.5 to 1200 μg mL− 1). The sample suspension 
was prepared using HNTs-PET fragments (cut into pieces) mixed with 
PBS. Ultrapure water (+RBCs) and PBS (+RBCs) was used as positive 
and blank controls, respectively. All samples were incubated at 37 ◦C for 
2 h. Then, the samples were centrifuged at 1000 × g for 5 min to pre
cipitate RBCs. The absorbance at 540 nm was measured using a micro
plate reader (Elx800, BioTek, USA). The hemolysis rate was calculated 
as follows: 

Hemolysis rate (%) =
ODsample − ODblank

ODpostive − ODblank
× 100%  

2.15. Skin irritation test 

Rat back skin was used for the irritation test of HNTs-PET. The HNTs- 
PET and PET were covered on the back skin for 24 h to observe ery
thema, itching, or cracking. Subsequently, the skin (10 × 10 mm) in the 
test areas was sampled and fixed in 4% paraformaldehyde for 2 days. 
After paraffin embedding and slicing, Hematoxylin and Eosin (H&E) 
staining was conducted at Wuhan Servicebio Biotechnology Co., Ltd., 
China. Representative images were obtained using a microscope (BX51, 
Olympus, Japan). 

2.16. Statistical analysis 

The data are presented as the mean ± SD. Statistical comparisons of 
the data were conducted using GraphPad Prism 7 (GraphPad Software, 

USA). The between-group differences were analyzed using a one-way 
analysis of variance (ANOVA). Differences were considered statisti
cally significant at p < 0.05. 

3. Results 

3.1. Hemostatic potential of HNTs 

HNTs are natural clay materials formed by rolling aluminosilicate 
kaolin sheets 15–40 times, and this process endows HNTs with special 
characteristics with external negatively charged Si–O–Si surfaces and 
inner positively charged Al–OH surfaces (Fig. 1a). The TEM (Fig. 1a), 
SEM, and AFM (Fig. S1a and S1b) images show that the HNTs exhibit a 
tubule-like morphology with an empty lumen and high aspect ratio. The 
total negative charge of HNTs is approximately − 51.6 ± 1.6 mV at pH 
7.2, which results in repulsive forces among the tubes and good 
dispersion in water (Fig. S1c and S1d) [35]. 

Halloysites with excellent procoagulant potential have been recog
nized for thousands of years. However, the blood clotting laws of HNTs 
and their related mechanisms remain unclear. Hence, we compared 
whole blood clotting of HNTs with other aluminosilicate hemostatic 
materials. The coagulation efficiency of HNTs lies between that of 
zeolite and MMT and is about 2.3-fold faster than kaolin (Fig. 1b). HNTs 
at a low concentration of 1 mg mL− 1 are sufficient to accelerate blood 
coagulation, which is approximately three-fold that of the natural pro
cess and is concentration-dependent in vitro (Fig. 1c). The clotting time 
gradually decreased from 70 to 55 s as the HNT concentration increased. 

Aluminosilicate hemostats such as zeolites possess the ability to 
absorb water, which concentrate blood components in the bleeding site 
[36]. The wettability and absorption capacity of HNTs toward water and 
blood were assessed using the dynamic contact angle. The results show 
that HNTs are super-hydrophilic with rapid water absorption (within 10 
s, θ = 0◦). The contact angle of blood on the HNT cake was 43.4◦ upon 
contact and then quickly decreased to 8.9◦ after 10 min (Fig. 1d, e). As 
the blood contact angle slowly decreased, blood clotted spontaneously 
despite being anticoagulated with sodium citrate. As shown in Fig. 1f, 
the water droplet was completely absorbed within 5 s. Blood droplets 
are gradually concentrated and form black clots, which then dry due to 
severe dehydration, forming a fragile plate. The blood clot, together 
with a thin HNT layer, can be easily peeled off (Fig. 1f, right). Thus, 
HNTs can absorb water from whole blood to trigger natural blood 
coagulation. To investigate the relationship between water absorption 
capacity and blood clotting ability, the water absorption ratio of other 
hemostatic minerals was measured. The absorption ratio of HNTs was 
found to be close to that of zeolite (approximately 80% of its own vol
ume), which is significantly higher than that of MMT and kaolin 
(Fig. S2a). Therefore, the factor concentration effect of HNTs by water 
absorption plays a critical role in its excellent procoagulant effect. 

3.2. Intrinsic coagulation pathway and platelet activation of HNTs 

The intrinsic coagulation pathway is often activated by blood con
tacting negatively charged surfaces, which is also known as the “glass 
effect” [37]. To verify whether HNTs have this effect, a modified APTT 
test using HNTs or kaolin (as a positive control) as a pathway activator 
was performed. HNTs (17 ± 3 s) shortened the APTT to half that of the 
blank group (39 ± 4 s), making HNTs significantly more efficient than 
kaolin (26 ± 5 s) (Fig. 2a). The zeta potential of several clay hemostatic 
materials showed that HNTs are the most negatively charged among 
them, at approximately − 51.6 ± 1.6 mV (Fig. 2b). These data confirm 
the more effective FXII self-activation pathway of HNTs, which is 
beneficial for acute intrinsic coagulation cascade triggering. Clinical 
standard coagulation tests were also carried out to evaluate the impact 
of HNTs on extrinsic coagulation cascade activation and plasma fibrin 
formation speed (Fig. S3). No significant difference was found between 
the kaolin group and blank control group, nor between the HNTs group 
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Fig. 1. Characterization of HNTs and their rapid coagulation ability. (a) Appearance of HNTs powder, TEM image, and schematic diagram of HNTs’ tubular structure 
and molecular structure. (b) Clotting times of HNTs compared to those of other inorganic hemostatic materials (n = 3). (c) Blood clotting time of HNTs with different 
concentrations (n = 3). (d) Contact angle of HNT powder to water or blood. (e) Water and blood absorption times of HNTs. (f) Representative photographs of HNT 
surface wettability with water and blood. Data values correspond to mean ± SD. Error bars represent SD. ****p < 0.0001, *p < 0.05, one-way Analysis of vari
ance (ANOVA). 
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and control group. 
Several modification strategies have been employed to alter the 

surface properties of HNTs, such as enhancing negative charges or 
establishing positive charges. Surprisingly, charge conversion did not 
affect the whole blood clotting time of the HNTs (Fig. S2b), implying the 
existence of non-factor-dependent pathways. Unlike the platelet poor 
plasma used in the APTT assay, the whole blood clotting assay is more 
complicated and includes the participation of platelets. Based on these 
results, the interaction between platelets and HNTs was detected. As 
shown in Fig. 2c, the FE-SEM images of platelet morphology revealed a 
smooth surface and dispersed distribution of platelets with discoid shape 
in the control group. In contrast, HNTs significantly induced platelet 
activation, as evidenced by pseudopodia formation, membrane budding, 
and aggregation. As displayed in the FCM graphs (Fig. 2d and 2e), the 

statistics indicated that the proportion of activated platelets 
(CD41+CD62p+ cells) in the total number of platelets reached 34.5 ±
6.2% in the HNT group. This value is close to that of the positive control 
collagen (31.2% ± 3.2%), which is markedly higher than that of the 
control group (19.3 ± 5.1%). A reversal experiment mediated by tir
ofiban (GPIIb/IIIa inhibitor) explained the interfacial reactions between 
platelets and HNTs. As shown in Fig. 2d and 2e, the effect of the HNTs 
was inhibited by tirofiban (from 34.5% ± 6.2% to 15.4% ± 4.7%), which 
demonstrates the key role of the GPIIb/IIIa receptor pathway in HNT- 
induced platelet activation. In conclusion, HNTs cross-link with plate
lets, causing activation and aggregation to form a primary clot, which 
triggers the coagulation cascade and forms a stabilized clot. 

Fig. 2. Intrinsic coagulation pathway acti
vation and platelets interaction of HNTs. (a) 
The APTT results. (b) Zeta potential of HNTs 
and other inorganic hemostatic materials. (c) 
FE-SEM images of resting and non- 
aggregated platelets of the control, and the 
activated and aggregated platelets cross- 
linked with HNTs. (d) FCM analysis dia
gram of platelet activation (CD41+CD62p+) 
of HNTs, fresh blood without treatment 
(control), collagen (positive control), and 
tirofiban (reversion) (n = 3). (e) Statistical 
graph of platelet activation rates relative to 
the FCM analysis (n = 3). (*p < 0.05, **p <
0.01, ***P < 0.001, ****P < 0.0001. Data 
are analyzed by one-way ANOVA, and 
expressed as mean ± SD).   
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3.3. Preparation and characterization of HNT-coated hemostatic dressing 

There are several forms of hemostatic agents, such as powder, fiber, 
sponge, and gel, [38] and inorganic-material-coated synthetic fiber 
dressings have advantages including easy debridement, flexibility, 

versatility, simple operation, safety, military shelf-life, and cost- 
effectiveness. Considering its appropriate mechanical properties and 
cost, Polyethylene terephthalate (PET) is the fiber substrate used in 
commercial dressings. Therefore, we developed a PET dressing coated 
with HNTs (HNTs-PET); a schematic illustration of the preparation is 

Fig. 3. Characterization of HNTs-PET. (a) Schematic diagram of HNTs-PET preparation. (b) FE-SEM images (c) POM images. (d) TGA curves as well as the derivative 
weight as a function of temperature. 
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shown in Fig. 3a. 
Physicochemical characterization of HNTs-PET, including XRD and 

FTIR spectroscopy, suggest the successful anchoring of clay nano
particles on the fibers (Fig. S4a and S4b). The clotting time results show 
that the coagulation capacity improves with the increase in HNT con
tent. The 2% HNTs-PET sample achieved the hemostatic effect of the 
HNT powder (Fig. S4c). Therefore, to balance dispersibility and cost, 2% 
HNTs-PET was selected for further research (hereafter called HNTs- 
PET). 

The FE-SEM images of HNTs-PET suggest that the rod-shaped HNTs 
were tightly and evenly distributed on the PET fiber surface (Fig. 3b). In 
addition, the POM images (Fig. 3c) show the uniform coating of HNTs 
without changing the fiber structure. In other words, HNTs bind to in
dividual fibers rather than form large aggregates, and the introduction 
of HNTs does not cause fiber–fiber adhesion. As shown in Fig. 3d, the 
TGA and derivative thermogravimetry (DTG) curves demonstrate that 
the HNT loading on the dressing is ≈21%, which allows high hemostatic 
efficiency in practical applications. The data also reflect the enhanced 
thermal stability of HNTs-PET, which allows for its application in high- 
temperature environments. 

3.4. In vitro hemostasis evaluation 

For the in vitro clotting test of HNTs-PET, hemoglobin released from 
free RBCs (not trapped in the clot) was used to indicate the coagulation 
process (Fig. 4a, left).[39] The absorbance results were normalized to 

RHA.[40] It is evident that the RHA level of HNTs-PET drastically de
creases, indicating accelerated clotting (Fig. 4a). At 3 min, approxi
mately 68 ± 4% of the RBCs were trapped in the clot, while this value 
was 25 ± 1% and 34 ± 3% for the control group and PET group, 
respectively, which confirmed that the coagulant progress was signifi
cantly shortened by the HNT coating. 

The vascular injury hemorrhage model was further applied to mea
sure the hemostatic capacity of HNTs-PET during massive bleeding 
emergencies.[40] A hole was opened at the side of a polyethylene hose 
to imitate the wound on a vessel. HNTs-PET and PET were covered on 
the hole, and blood containing CaCl2 was injected into the hose (Fig. 4b). 
The average blood loss for HNTs-PET is 0.4 ± 0.1 g, which is less than 
half of the blood loss for PET (1.0 ± 0.1 g), demonstrating that the HNT 
coating significantly reduces the blood loss (Fig. 4b). Moreover, the 
blood flow through HNTs-PET slows and has a shorter hemostasis time 
(Fig. 4c). The HNTs-PET group displayed an average hemostasis time of 
96 ± 22 s, which was almost 130 s faster than that of PET (225 ± 35 s). 
Unlike traditional uncoated dressings that rely on a large amount of fluid 
absorption to stop bleeding, a small contact interface of HNTs-PET 
suffices to retard a large volume of blood. The multiple procoagulant 
interactions of HNTs trigger the immediate formation of primary 
thrombi when the blood contacts the HNTs-PET interface, blocking the 
wound and inhibiting blood loss. 

Fig. 4. In vitro hemostatic capacity of HNTs-PET. (a) Representative washing solutions of control, PET, and HNTs-PET at 0, 3, 6, and 9 min (right), which reflect the 
content of unset RBCs, and the corresponding statistical graph of RHA(t) (n = 3) (left). (b) Blood loss and (c) the hemostasis time of HNTs-PET and PET in a vascular 
injury model. (n = 3). (**p < 0.01; data were analyzed by student’s t-test and are expressed as mean ± SD). 
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3.5. Hemorrhage control in animal models 

Liver and femoral arteriovenous injury models are widely used for 
massive hemorrhage hemostasis assays [41–43]. Rupture bleeding in 
vessel-abundant organs, such as the liver and spleen, is the chief cause of 
death in clinical or combat situations. In this study, a rat model of heavy 
liver injury was employed to compare the hemostasis efficacy of HNTs- 
PET and CG. As shown in Fig. 5a, the clots produced by HNTs-PET and 
CG can stop the bleeding and close the wound within 3 min, whereas 
PET failed to completely control the hemorrhage. The hemostasis times 
of PET, HNTs-PET, and CG were 190 ± 35 s, 138 ± 8 s, and 162 ± 14 s, 
respectively, suggesting faster hemostasis of the HNT coating (Fig. 5b). 
Furthermore, HNTs-PET reduced blood loss by more than 70%, making 

it remarkably superior to CG (Fig. 5c). Similar to CG, by monitoring the 
temperature of the wound site, the hemostasis process of HNTs-PET was 
not accompanied by an exotherm (Fig. 5d). 

Subsequently, the femoral artery and vein were severed, resulting in 
severe bleeding. As shown in Fig. 5e, a large amount of spilled blood in 
the PET group reflects its limited hemostatic effect, while HNTs-PET and 
CG can stop bleeding within 3 min. To be precise, the hemostatic time of 
the HNTs-PET group was 114 ± 30 s, while that of the PET group was 
265 ± 57 s (Fig. 5f). Similar to the results of the liver injury model, the 
amount of blood loss suggests satisfactory hemorrhage control of HNTs- 
PET and CG (Fig. 5g) in the femoral arteriovenous model without exo
therms (Fig. 5h). 

Fig. 5. In vivo hemostatic capability of HNTs-PET in rat liver and femoral arteriovenous injury model. (a) Representative photographs of PET (left), HNTs-PET 
(middle), and CG (right) in rat liver injury model. The statistics of (b) hemostasis time and (c) blood loss, as well as (d) wound temperature. (e) Representative 
photographs of PET (left), HNTs-PET (middle), and CG (right) in rat femoral arteriovenous bleeding model. Histograms of (f) hemostasis time, (g) blood loss, and (h) 
temperature of different groups (**p < 0.01, ***p < 0.001, and n = 4. Data were analyzed by one-way ANOVA and are expressed as mean ± SD). 
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3.6. Hemostasis and adhesion resistance of HNTs-PET for skin trauma 
care 

In addition to emergency massive bleeding control, nursing of 
epidermal trauma is also a crucial issue. The ordinary dressing failed to 
immediately stop bleeding, which led to frequent replacements and 
secondary injuries caused by blood clots adhering to the dressing fibers. 
We created wounds on the skin of the rat back to simulate bleeding from 
a sharp injury. As shown in Fig. 6a, HNTs-PET and PET were placed on 
the back of the same rat. Blood continued to infiltrate the PET dressing, 
but initially only a small amount of blood was absorbed by HNTs-PET 
(Fig. 6b). The blood stain images show that HNTs-PET significantly 
reduced blood loss compared to PET (Fig. 6c). As shown in Fig. 6d, the 
PET-treated wound continued to bleed during the removal process, 
while the dark red clot closed the wound in the HNTs-PET group, sug
gesting that the coating of HNTs accelerates clotting and thus avoids 
continuous bleeding. 

The adhesion evaluation of the different dressings was performed at 
the 2 h mark. After removing the PET dressing, an open wound with a 
tear caused by adhesion was observed, while the HNTs-PET-treated 
wound was intact (Fig. 6e). By blotting the wound with tissues 
(Fig. 6f), exudation was found in the PET-treated wound, but the tissue 
of the HNTs-PET-treated wound was clear, indicating minimal second
ary injury in the latter case. Fig. 6g and 6 h show the corresponding 
quantitative data (blood loss and maximum peel strength, respectively). 
The blood losses of PET and HNTs-PET group are 38.9 ± 5.9 mg and 

19.9 ± 0.8 mg, and the maximum peel strength for the two groups are 
38.0 ± 4.9 mN and 19.7 ± 5.1 mN, respectively. In summary, these 
results confirmed that the HNT coating not only remarkably controlled 
the sustained bleeding of epidermal wounds but also reduced the 
adhesion of dressing fibers to wounds. In addition, no significant amount 
of HNT residue was observed at the wound site, proving the superiority 
of HNTs-PET over other forms of hemostatic agents, such as powders, 
gels, and sprays. 

3.7. Biocompatibility of HNTs-PET 

As shown in Fig. 7a, barely dead skin fibroblast cells (orange-red) 
were observed in the live/dead stains of the HNTs-PET-treated groups. 
The CCK-8 data in Fig. 7b also show that the cell viability of each group 
was higher than 95%, indicating that HNTs-PET was non-cytotoxic. A 
blood compatibility test (from 37.5 to 1200.0 μg mL− 1) also revealed 
low hemolysis of HNTs (Fig. 7c). A previous study also showed that 
HNTs were compatible with blood in vivo [44]. Next, a skin irritation 
assay was performed on the rat model. After 24 h, no obvious skin 
irritation, such as erythema, pruritus, or swelling, was observed 
(Fig. 7d). Moreover, H&E staining of skin slices demonstrated no in
flammatory cell infiltration in both HNTs-PET and PET (Fig. S5), sug
gesting their non-inflammation in skin contact within 24 h. Based on 
these results, it can be concluded that HNTs-PET is a safe hemostat with 
good biocompatibility. 

Fig. 6. In vivo hemostatic capability of HNTs-PET in rat back skin injury model. (a) Schematic diagram of two different dressings on the rat back. (b) Photographs of 
PET and HNTs-PET applied on the wounds at 0 min. (c) Comparison of bleeding between PET and HNTs-PET at 3 min, and photos of wounds at (d) 3 min and (e) 2 h. 
(f) The secondary bleeding situation. (g) Histogram of blood loss at 3 min. (h) Maximum peeling forces statistics at 2 h (*p < 0.05, **p < 0.01, and n = 4; data were 
analyzed by student’s t-test and are expressed as mean ± SD). 
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4. Discussion 

The hemostatic capacity of a material is closely related to its physical 
structure and surface interface characteristics. The hollow tubular 
structure of HNTs imparts a large surface area, pore volume, and CEC, 
and the Si–O–Si groups on the outer surface results in abundant negative 
charges [17]. These properties make HNTs suitable candidates for use as 
hemostatic materials. In this study, we confirmed the excellent hemo
static capacity of HNTs and clarified their underlying procoagulant 
mechanisms (Fig. 8), which are as follows: (i) concentrating blood by 
absorbing water through their super-hydrophilic surface and porosity of 
the nanotubes; (ii) interaction of the HNTs’ abundant negatively 

charged surface with FXII, self-activating into FXIIa and triggering the 
internal coagulation cascade; and (iii) accelerating clot formation by 
activating and linking with platelets. 

The high water-absorption capacity of HNTs is first correlated with 
their unique tubular structure, and interlayer water exists in raw hal
loysite (interlayer spacing is 10 Å). Although the HNTs are used in a 
dehydrated state (interlayer spacing of 7 Å), water can enter the lumen 
and interlayer upon contact with aqueous liquids such as blood and body 
liquid. In addition, the high pore volume (≈0.3–0.7 cm3/g) and high 
aspect ratio of nanotubes also produce capillarity,[45] which is benefi
cial to water absorption. The results shown in Fig. 1d, 1e, and 1f 
confirmed the high adsorption ability of HNTs. The water adsorption of 

Fig. 7. In vitro and in vivo compatibility test of HNTs-PET. (a) AO/EB live/dead cell staining and (b) cell viability assay (n = 4). (c) Blood compatibility (d) Skin 
irritation study. 
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HNTs and zeolite was significantly higher than that of MMT and kaolin 
(Fig. S2a), and the water in blood plasma quickly interacted with HNTs 
upon contact, effectively concentrating the blood. The microporosity 
and CEC of the materials also affect hemostasis. For example, the ex
change of Na+ in blood with Ca2+ in the zeolite cage causes the release of 
Ca2+ into the blood [46]. Ca2+ (also known as clotting factor IV) is an 
important cofactor for the activation of factor IX, factor X, prothrombin, 
and factor XIII, playing a vital role in the coagulation cascade [47]. 
Unlike lamellar kaolin, all interlayer cations of tubular HNTs are 
exchangeable, which results in a higher CEC (11 meq/100 g) [45,48]. 
Combined with the spontaneous coagulation of citrated blood on the 
HNT table without additional recalcification (Fig. 1f), the unique 
structure and properties of HNTs clearly lead to the improvement of 
hemostasis. 

The intrinsic coagulation pathway often activated by the contact of 
blood with negatively charged surfaces, also known as a “contact sys
tem,” has been proven as the coagulation mechanism of kaolin [49]. 
Therefore, the APTT assay, a monitor of intrinsic coagulation, usually 
uses kaolin as a pathway activator.[27,28] Our study found that the 
APTT of the HNTs was shorter than that of kaolin (Fig. 2a), and HNTs 
were the most negatively charged among the inorganic hemostatic clays 
(Fig. 2b). Therefore, the shorter APTT of HNTs may be ascribed to their 
richer surface negative charges (zeta potential: ≈–51.6 ± 1.6 mV at pH 
7.2). These data confirm the more effective FXII self-activation of HNTs, 
which is beneficial for acute intrinsic coagulation cascade triggering.[9] 
In addition, the negative surface charge of materials is also considered to 
be advantageous for hemostasis via plasma protein adsorption and 
platelet activation.[50] However, since hemostatic function depends 
solely on the blood-clotting activity of the hosts, kaolin may be less 
effective in coagulopathic patients [13]. Our study found that the 
transformation of the HNT surface charge does not significantly affect 
the whole blood clotting time (Fig. S2b), suggesting a partial contribu
tion of coagulation cascade activation in HNT hemostasis. This confirms 
that the clotting acceleration of HNTs is multi-triggered, which is 
beneficial for bleeding control in coagulopathy that lacks certain clot
ting factors. 

In addition to physical and biochemical actions, platelets play a 
crucial role in the initial thrombosis of topical hemostatic agents. In 
general, the conventional wound hemostatic response involves two 
consecutive pathways [51]. In the preliminary stage, external stimuli 

activate platelets through the GPIIb/IIIa complex on their surface; these 
activated platelets grow pseudopods and aggregate, sticking to the 
injured area. Then, the coagulation cascade is activated and magnified, 
and fibrin is generated to trap blood cells and form firmer clots. Tubular 
materials, such as carbon nanotubes, can interact with platelets, 
resulting in the depletion of intracellular Ca2+ stores, platelet activation, 
and coagulation [52]. In this work, the platelet activation, aggregation, 
and initial clot formation triggered by HNTs were investigated using FE- 
SEM and FCM assays. These effects of HNTs are dependent on the GPIIb/ 
IIIa receptor pathway, which can be suppressed by tirofiban (GPIIb/IIIa 
receptor antagonist) [29,30]. The large surface area facilitates the sub- 
micron interaction with platelets and plasma proteins, which is the 
reason why some microporous nanomaterial interfaces activate platelets 
[53]. The high aspect ratio, large surface area, and abundant porosity of 
HNTs facilitate interaction with platelets. In addition, platelet adhesion 
is generally supported by specific interactions between membrane re
ceptors and plasma proteins adsorbed on the surface of nanomaterials 
(protein crowns) [54]. Interestingly, we observed that platelets adhered 
and cross-linked with HNTs (Fig. 2c), which may be related to the 
adsorption of coagulation-related proteins in plasma on the surface of 
HNTs through electrostatic interactions [55]. 

The stability of the hemostasis coating on fiber surfaces is critical for 
practical applications. The interfacial interactions between HNTs and 
PET fibers include Van der Waals forces, such as dipole–dipole forces 
and hydrogen bonds. First, HNTs are polar molecules due to the pres
ence of Si–O–Si groups on the outer surface and Al–OH groups on the 
inner surfaces [56]. The ester group of PET has a large dipole moment, 
so it is also polar. Therefore, HNTs and PET experience strong Van der 
Waals forces. Second, the silanol and aluminol groups of HNTs can 
interact with the carbonyl groups of PET via hydrogen bonding in
teractions. The HNT coating on the PET fiber surfaces is stable owing to 
the interactions by the drying-driven assembly process. The stability of 
the HNT coating on the fibers was also confirmed in a previous study 
[57]. In addition to the XRD patterns and FTIR spectra (Fig. S4a and 
S4b), the SEM and POM results confirmed the anchoring of the nanotube 
coating on the PET fibers (Fig. 3b and 3c). Negligible nanotubes are 
peeled off from the fibers during application, which ensures the stability 
of the hemostatic effect and prevents distal thrombosis and local adverse 
reactions [58]. The stable HNT-coated PET hemostatic dressing reduced 
blood loss in the liver injury model by approximately 70% (Fig. 5c), and 

Fig. 8. Schematic depicting the hemostatic mechanisms of HNTs in the bleeding site.  
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the hemostatic time of arteriovenous hemorrhaging was shortened from 
265 ± 57 s to 114 ± 30 s (Fig. 5f), without heat release and tissue 
adhesion (Fig. 5d, 5 h, and 6 h). 

Biocompatibility, including cytotoxicity, hemolysis, and skin irrita
tion, is an important safety indicator for the application of hemostatic 
materials. The fibroblast cell, blood compatibility, and rat skin irritation 
test revealed high biosafety of the HNT-coated fiber dressing. These 
results agree with those of previous studies, which demonstrated that 
HNTs are biocompatible nanomaterials. As expected, no inflammatory 
cell infiltration was observed in the skin that contacted HNTs-PET in a 
short time, and mineral-based hemostats were not expected to be left in 
contact with the body for more than 24 h. Therefore, the safety of the 
HNTs-PET for up to 24 h could also be guaranteed based on the present 
and previous studies. In summary, the advantages of the HNT hemostat 
include its excellent hemostatic performance, flexible product form, low 
wound adhesion, no exothermic effect, and high biosafety, making it a 
promising material for effective wound management in clinical 
applications. 

5. Conclusion 

In summary, we found that HNTs, as a novel clay hemostatic mate
rial, remarkably improve hemostasis via multiple dependent ap
proaches: (i) concentrating blood by absorbing water through their 
super-hydrophilic surface and tubular structure; (ii) triggering an 
intrinsic coagulation cascade by negatively charged surface interaction; 
and (iii) accelerating clot formation by activating and linking with 
platelets. The multi-triggered clotting of HNTs avoids wound burn 
caused by heat released in an exothermic reaction, which often occurs 
for inorganic hemostatic materials. The HNTs-PET dressing prepared by 
the impregnation method remarkably controls massive hemorrhaging 
and skin bleeding in animal models. Moreover, HNT-coated fiber sur
faces hinder the formation of a tight link between the clot and dressing 
fiber, thus avoiding wound adhesion. HNT coating also shows excellent 
biocompatibility, low hemolysis, and no skin irritation. In conclusion, 
this work provides profound insight into the physical and biological 
interactions between HNTs and blood from multiple perspectives. The 
improved hemostatic performance of the HNT-coated dressing—without 
adhesion and burning—is a promising advancement for hemostatic 
material development. 
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Figure S1. Characterization of HNTs. (a) SEM and (b) AFM images of HNTs. (c) The 

particle size distribution and zeta potential of HNTs. (d) The photograph of 2 wt% HNTs 

water dispersion.  
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Figure S2. (a) Water absorption capacity of HNTs comparing to other inorganic hemostatic 

materials. (b) Clotting time of HNTs after surface modifications. Background-color: blue 

(unmodified, natural HNTs are negatively charged), pink (sodium polystyrene sulfonate 

modified HNTs have enhanced electronegativity), yellow (dopamine modified HNTs are 

positively charged).  
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Figure S3. Effect of HNTs or kaolin on clinical coagulation detection. (a) Activated partial 

thromboplastin time (APTT); (b) prothrombin time (PT); (b) thrombin time (TT), and (c) 

fibrinogen (FIB) results. 
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Figure S4. (a) XRD patterns and (b) FTIR spectra, and (c) clotting time of HNTs, PET and 

different concentrations of HNTs-PET.  
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Figure S5. H&E staining of skin sections after 24 h of PET or HNTs-PET exposure. 
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