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ABSTRACT: Thermal release of zeolite is conducive in
hemostasis, but losing control will cause serious burns. How
to balance the advantages and disadvantages is a challenge.
Herein, a zeolite/cross-linked graphene sponge (Z-CGS) was
design to break through this challenge. The CGS managed the
heat release of zeolite by thermal conduction of graphene.
Infrared thermal imager demonstrated the mild exothermic
process and good thermal conductivity of the optimized Z-CGS.
It controlled wound temperature below 42 °C effectively, as
compared to 70 °C of naked zeolite. Blood clotting index further
confirmed the contribution of thermal stimulation in Z-CGS. On
the synergy of thermal and charge stimulations of zeolite, as well
as physical adsorption of CGS, Z-CGS achieved outstanding
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hemostatic performance. Bleeding was stopped within 69 s in rat artery injury model, faster than that of the Quikclot Combat
Gauze. Additionally, cytotoxicity assay and pathological analysis highlighted its biocompatibility. Z-CGS, therefore, was an
outstanding composite of combining advantages of zeolite and graphene, while getting rid of the shortcomings of the basic unit.
The thermal conductibility of graphene renews an avenue for the safe and highly efficient use of zeolite in hemostasis.

KEYWORDS: zeolite, graphene, composite, hemostasis, thermal conduction

1. INTRODUCTION

27 Using safe and efficient hemostats to stop bleeding is critical
28 for saving lives by avoiding serious complications such as
29 hemorrhagic shock, microbial infection, and multiple organ
30 failures.'™ Zeolite is the most classic hemostat, which was
31 widely used since FDA approval in 2002.°” However, the use
32 of naked zeolite would result in severe thermal injury and
33 necrosis of surrounding tissues because its exothermic reaction
34 raises the wound temperature as high as 65 °C.””'* To
3s eliminate the exothermic reactions of zeolite, Z-Medica
36 developed a prehydrated zeolite formulation, ACS+, that
37 produces less exothermic reaction. Its hemostatic performance,
38 however, decreased with the weakened absorbability.'"'>"¢
39 Additionally, Ahuja at el replaced calcium ions in zeolite with
40 other positively charged ions to reduce exothermic reaction
41 and attenuate heat-induced tissue damage. However, the
42 wound tissue still heated to 50 °C during hemostasis."' Up
43 to now, it has still been a challenge to achieve a win—win
44 situation in both hemostatic performance and heat release in
4s zeolite. Importantly, previous studies revealed that proper
46 heating can accelerate coagulation by directly enhancing
47 platelet function.'” When platelets are exposed to the stress
48 of heat, they show morphological changes and become more
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responsive to stimulation.'® ™" Therefore, a better approach is 49

being sought for managing the exothermic reaction of zeolite, so
in which thermal injury of zeolite could be prevented and the s
thermal coagulated stimulation could be excited. )

Composite strategy is a cradle for developing functional s3
materials. Recently, our group developed a cross-linked s4
graphene sponge (CGS) that acted as a platform for hemostat ss
developing. The CGS possesses many remarkable properties, s6
such as facile preparation, being lightweight, fast liquid s7
adsorption capacity, and good biocompatibility.”"** Impor- ss
tantly, the CGS can tightly anchor different clays by rich s9
interactions. The fixed clay inside two-dimensional graphene co
sheets avoids direct contact with the wound, which eliminates 61
its side effects while maintaining the stimulation for blood ¢
clotting. The obtained graphene/clay composite sponges 63
achieve a win—win situation in both efficient hemostasis and ¢4
biosafety.””** Moreover, graphene possesses unique a thermal 6s
conductive property.”> Graphene aerogel is often used as an 66
excellent substance for heat transfer or storage.26 Therefore, 67
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Scheme 1. Composite Strategy of the Z-CGS”
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“The CGS possesses good biocompatibility (B.C.), fast physical absorbability (Abs.), and efficient thermal conduction (T.C.), while the zeolite
possesses thermal stimulation (T.S.) and charge stimulations (C.S.). After composition, the Z-CGS inherits these properties and shows a strong
comprehensive hemostatic performance. When the Z-CGS is applied to a bleeding wound, plasma is rapidly absorbed and blood cells gather on the
surface of the Z-CGS. Meanwhile, the heat generated by zeolite powders is conducted to remote end by graphene sheets, and coagulation cascade is
activated by the thermal and charge stimulation. Finally, via the synergistic effect of thermal stimulation, charge stimulation, and physical

absorption, the Z-CGS effectively stops bleeding.

68 when graphene aerogel is composited with zeolite, the heat
6o generated by zeolite can be rapidly dispersed in graphene
70 aerogel, preventing the formation of high-temperature areas.
71 This composite strategy suggests consideration of the wide
72 application of zeolite in hemostasis in a new and unique way.
73 Here, we present a zeolite/cross-linked graphene sponge (Z-
74 CGS) produced via one-pot hydrothermal reaction. The
75 obtained sponge has mild exothermic process and good
76 thermal conductivity. The thermal release of zeolite inside
77 could be used for enhancing blood clotting, while its thermal
78 injury is eliminated by thermal conduction of graphene
79 (Scheme 1). On the basis of the synergistic effect of thermal,
8o charge, and physical absorption, the Z-CGS is expected to be a
81 multieffect trauma hemostat.

2. EXPERIMENTAL SECTION

82 2.1. Materials. Graphite powders (80 mesh) were purchased from
83 Qingdao Jinrilai Co., Ltd., Shangdong, China. Sulfuric acid (H,SO,,
84 98%), sodium nitrate (NaNO;, AR), potassium permanganate
85 (KMnO,, 99.9%), hydrogen peroxide (H,0,, 30%), and hydrochloric
86 acid (HCl, 37%) were obtained from Sigma-Aldrich Co. The
87 graphene oxide (GO) solution was prepared by a modified Hummers’
ss method,”” and the concentration of GO solution was 8 mg mL™L
89 Zeolite was purchased from Sinopharm Chemical Reagent Co., Ltd.
90 (Shanghai, China). Other reagents also were obtained from

Sinopharm Chemical Reagent Co., Ltd, and they were used as
received without any further purification.

2.2. Preparation and Characterization of the Z-CGS. Zeolite
powders (200 mg) were added into 20 mL of GO solution (8 mg
mL™") and sonicated for 5 min (Digital Ultrasonic Cleaner model CD
4820, 42 kHz, 160 W, Shenzhen Codyson Electrical Co., Ltd., China).
After that, 0.2 mL of ethylenediamine (EDA) was added to the
mixture of zeolite and GO solution. The obtained mixture needed to
be sonicated for another S min. The obtained mixture solution was
sealed in a hydrothermal synthesis reaction kettle, which was kept at
96 °C for 6 h to obtain a hydrogel. The hydrogel was frozen at —4 °C
for 4 h and then moved to the inside of a freeze-dried machine for 2
days. The obtained dry hydrogel was washed in Soxhlet extractor with
ethanol at 110 °C for 2 days to remove small-molecule impurities.
After drying at room temperature for 24 h, S s puffing was applied to
the composite sponge to reduce existing oxygen-containing functional
groups. To obtain the final composite sponge, this sponge needed to
be kept at 150 °C for 3 h. To distinguish different composite sponges
prepared with SA zeolite and ZSM-$ zeolite, we named them Z-CGS
and Z-CGS,,, respectively.

Scanning electron microscopy (SEM, 7800) was employed to
observe the inside structure of the Z-CGS. Energy-dispersive
spectrometry (EDS, Hitachi S-4700) was used to analyze the surface
element content of the Z-CGS. The liquid absorption of the Z-CGS
was assessed with CGS as a control. The absorption capability was
calculated according to whether the Z-CGS absorbed liquid or not. In
addition, the absorption rate was scaled by recording the time that a
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Figure 1. (A) Photograph of the Z-CGS; (B) cross section of the Z-CGS; (C) cross section SEM image of the Z-CGS. The red arrows show the
anchor zeolite inside the Z-CGS. (E, F) EDS mapping of C and Al elements corresponding to (D), respectively. (G) TGA curves and (H) zeta
potential of zeolite, the CGS, and the Z-CGS. Data values correspond to the mean + SD, n = 5; two-way ANOVA, *p < 0.0S, **p < 0.01.

118 liquid drop got into materials with a high-speed camera (40 ms per
119 frame).

120 Fourier transform infrared (FTIR) spectra of the pure GO, the
121 zeolite, and the Z-CGS were recorded over a wavenumber range of
122 4000—990 cm™'. Thermogravimetric analysis (TGA, Mettler Toledo
123 TGA/DSC1/1100SF) was used to analyze the content of zeolite
124 powders in the Z-CGS. Zeta potential (Malvern NanoSizer ZS 2000)
125 was employed to assess the negative potential value of the Z-CGS and
126 the zeolite. Brunauer—Emmett—Teller (BET) surface area measure-
127 ments were determined by the nitrogen gas adsorption method by
128 using a Micromeritics ASAP 2460 2.02 analyzer at liquid nitrogen
129 temperature. IR thermography was performed to assess the
130 exothermic capacity of the Z-CGS with an infrared camera. The
131 exothermic capacity of the Z-CGS was assessed with an infrared
132 imager (FLIR E40, 64517715).

133 2.3. In Vitro Whole Blood Clotting Assay. The prepared
134 samples (1 cm? for solid, 0.1 g for powders) were placed into glass
135 dishes at 37 °C for 5 min. The fresh anticoagulated whole blood was
136 obtained from SD rat; 100 uL of anticoagulated (ACD) whole blood
137 was dropped onto each sample, followed by 10 uL of 0.2 M CaCl,
138 solution, and then incubated at 37 °C. After 5 min, 25 mL of
139 deionized water was dropped onto the surface without disturbing the
140 clotted blood and incubated at 37 °C with shaking at 30 rpm for 10
141 min. Red blood cells without adherence on the clot were collected.
142 The absorbance of the resultant hemoglobin solution was measured at
143 542 nm (Abs of samples). The ACD blood in deionized water was
144 used as the negative reference (Abs of blank). The test was performed
145 by employing three independent samples, and the obtained results
146 were averaged. The blood clotting index (BCI) of the sample was
147 calculated as follows:

w

w

bssample
BCI (%) = X 100%

S negative

148 2.4. Hemolysis Assay In Vitro. The anticoagulated blood was
149 obtained from SD rats. The treatment was carried out as reported to

obtain the red blood cells (RBCs). To assess the hemolytic activity of
materials, 0.2 mL of diluted RBCs was added into 0.8 mL of the
sample suspension solutions in phosphate-buffered saline (PBS) at
several concentrations (from 15.6 to 1000 pg mL™'). To get the
sample solutions, sample powders were added in PBS and treated with
sonication for 2 h. PBS (+RBCs) and deionized water (+RBCs) were
chosen as negative and positive controls. These samples were put into
a rocking shaker for 3 h at 37 °C. After that, these samples were
centrifuged at 10 000g for S min. The absorbance value of the sample
solution was measured with a UV—vis spectrophotometer at 540 nm.

The hemolysis rate was calculated by the following formula,
Abs,, 1. — Abs_ ..
hemolysis (%) = e BT % 100%
Abspositive - Absnegative
where Abssample! Absnegative! and Abspositive correspond to the

absorbances of the sample, negative control, and positive control,
respectively.

2.5. APTT and PT Assay. The prothrombin time (PT) and
activated partial thromboplastin time (APTT) were tested with MC-
2000 semiautomatic coagulation analyzer (TECO, Germany). Fresh
blood was collected from healthy SD rats and stored in an ACD tube
with 3.8% sodium citrate. The fresh blood was centrifuged at 3000
rpm for 15 min at 4 °C, and the platelet poor plasma (PPP) was
obtained by collecting the supernatant. The Z-CGS, zeolite, PPP, PT
reagent, APTT reagent, and CaCl, (0.025 M) solution were incubated
at 37 °C in advance. PT was performed by adding S0 uL of PPP and
100 uL of PT reagent to the sample solutions successively. To test
APTT, 100 uL of PPP and 100 uL of APTT reagent were incubated
at 37 °C for $ min, and then 100 uL of CaCl, was added to each
sample. Pure PPP was used as the control. All experiments were run in
triplicate (n = 3).

2.6. Evaluation of Hemostatic Performance. The exothermic
effect of materials after being applied to wound was characterized with
a femoral artery model as described in reports with a slight
modification. Animals were treated and cared for in accordance
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Figure 2. (A—C and A’—C’) IR image and (A”—C”) temperature curve before or after liquid absorption for (A) zeolite, (B) the CGS, and (C) the
Z-CGS; (D) IR image of thermal conductivity for the CGS and the Z-CGS.

182 with the National Research Council’s Guide for the care and use of
183 laboratory animals and under the supervision and assessment by the
184 SPF Animal Department of Clinical Institute in China—Japan
185 Friendship Hospital (Approval no. 180202). Anesthetized SD rats
186 were fixed on a Styrofoam tablecloth by surgical tape. One of the legs
187 was incised, and muscle fascia was removed to expose the femoral
188 artery. The vessel was then cut using a scalpel. After inflicting the
189 injury, the materials were applied to the arterial wound area
190 separately. Then, a filter paper was placed immediately below the
191 cut to absorb the blood. The filter paper was changed every 10 s, and
192 the wet filter paper weight was recorded to determine the total
193 amount of bleeding and the time to cessation of bleeding. The SD rats
194 were euthanized by cervical dislocation, and the surrounding muscle
195 of wound was excised and fixed in 4% buffered paraformaldehyde and
196 stained with H&E for histological analysis.

197 2.7. Measurement of Plasma H,S Levels. Plasma H,S levels at
198 3 h posthemostasis were measured using the fluorescent dye 7-azido-
199 4-methylcoumarin (AzMC) as described.”®

3. RESULTS AND DISCUSSION

3.1. Material Characterization. The composite hemostat 200
was prepared by a facile hydrothermal reaction. The raw 201
material is GO, which has versatile chemical reaction capability 202
and good biocompatibility.””~** The obtained Z-CGS was a 203
lightweight black sponge (Figure 1A; 2 cm diameter, 1 cm 204 f1
thickness) and has bubble-like layer stacking structure (Figure 205
1B). In the enlarged SEM image, zeolite powders were covered 206
(the red arrows in Figure 1C) and anchored to the two- 207
dimensional graphene sheets (Figure 1C and D) because of the 208
rich interactions, such as hydrogen-bonding and electrostatic 209
interactions. The size of zeolite was ~2—4 um. This fact was 210
important and was the prerequisite to avoid thermal burns by 211
preventing zeolite from contacting the wound tissue directly. 212
Energy-dispersive spectrometry (EDS) mapping further 213
confirmed the location of zeolite by testing the distribution 214
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215 of Si elements (Figure 1D and E). In Figure S1, the Fourier
216 transform infrared (FTIR) spectra presented the changes in
217 functional groups during material preparation. These changes
218 of absorption peaks in 3417, 1743, and 1585 cm™" verified the
219 assembly of graphene sheets,>”** and the strong absorption at
220 1014 cm™" confirmed the existence of zeolite. All these results
221 demonstrated that the ideal composite sponge was prepared
222 successfully.

223 The composition of the Z-CGS was assessed by TGA test
224 (Figure 1G). According to the TGA curves, the Z-CGS
225 contained 63.26% indecomposable and 36.74% decomposable
226 ingredients after 800 °C calcination. The decomposable
227 ingredients may be the organic part of the Z-CGS, while the
228 indecomposable ingredients were attributed to the indecom-
229 posable parts of the CGS and zeolite. The indecomposable
230 parts of CGS and zeolite were tested to be 82.92% and 8.36%,
231 respectively. Therefore, according to the percentage of the
232 decomposable parts and the indecomposable parts, it could be
233 calculated that the Z-CGS contained about 73.63% w/w
234 (14.81%, v/v) zeolite powders. These results are consistent
235 with their potential changes (Figure 1H). The Malvern
236 Nanosizer zs 2000 was employed to detect the zeta potential
237 of zeolite, Z-CGS, and CGS.**™*7 Zeolite has a negative
238 surface charge, and its zeta potential is —39.28 + 2.10 mV. The
239 addition of zeolite decreased the zeta potential of the Z-CGS,
240 which decreased to —28.58 + 2.54 mV from —19.9 + 2.1 mV
241 of the original CGS. Previous studies confirmed that potential
242 is one of the important hemostatic stimulations.”” >* The
243 decrease of negative charge will afford stronger stimulation for
244 hemostatic factors and blood cells. As a result, the activated
245 factors and blood cells trigger the coagulation cascade and
246 achieve hemostasis. Therefore, we deduced that this composite
247 sponge, to a large extent, would accelerate blood coagulation.
248 On the basis of the data of the N, adsorption—desorption
249 isotherm of Z-CGS, the calculated BET surface area of Z-CGS
250 was 39.8 m? g_l, and its pore size distribution mainly
251 concentrated at 3.63 nm. Zeolite was a micromesopured
252 structure with a pore size distribution between 0.5—4 nm
253 (average pore diameter was 0.75 nm, Figure S2). A previous
254 study reported that the pore distribution of CGS was relatively
255 wide, ran%ing from 0 to 100 nm (average pore diameter was
256 5.7 nm).”" When zeolite was composited to the CGS, the pore
257 size distribution of the obtained Z-CGS mainly concentrated at
258 3.63 nm. The response value (dV) was strong, which was
259 similar to that of zeolite. The results indicated that the average
260 pore diameter of Z-CGS was mainly provided by the zeolite. At
261 the same time, the smaller pore signal of zeolite in the Z-CGS
262 was relatively weakened. This meant that, during the
263 hydrothermal reaction, the residual cross-linker (EDA) and
264 water would occupy the inner space of the zeolite.

265 Zeolite Linde type SA is a high surface area crystalline
266 molecular sieve that releases heat upon water absorption.'""®
267 After the hydrothermal reaction, the zeolite powders inside the
268 Z-CGS fully hydrated and lost the exothermic capacity.
269 Thermal dehydration is a common method to restore the
270 heat release capacity of zeolite. As Figure S3 presents, ~65%
271 (w/w) of water inside the fully hydrated zeolite was removed
272 after 100 °C high-temperature treatment for 1 h. Prolonging
273 the time did not help with dehydration; with increased heating
274 temperature, the water content of the Z-CGS decreased
275 sharply. After 150 °C treatment for 3 h, 95% (w/w) of water
276 could be removed. The obtained zeolite restored 50% thermal
277 release capacity. Although higher treatment temperature could

—_

—

=

iy

remove water thoroughly, the exothermal capacity of the 278
obtained zeolite was slightly improved. Additionally, the 279
processed temperature exceeding 200 °C could destroy the 280
Z-CGS structure and weaken its liquid absorbability, which 281
was not conducive to hemostasis. Therefore, the final sponge 282
was obtained by 150 °C treatment for 3 h. 283

3.2. Thermal Capacity Assessments of Z-CGS. The 254
exothermic capacity of different materials was recorded by an 285
infrared imager (IR) (Figure 2A—C). When zeolite particles 256 £2
were exposed to the environment, they could release heat as 287
absorbing water vapor. Thus, we could see that the 288
temperature of zeolite particles was higher than the environ- 289
ment temperature (Figure 2A). When 1 uL of water was 290
injected on the surface of a zeolite particle, it quickly absorbed 291
water and rapidly released heat (marked with white arrows in 202
Figure 2A”). The released amount was related to the absorbed 293
water content. Through just adding 1 yL of water, the local 294
temperature of the zeolite particle could rise by 4 °C (red area 295
in Figure 2A”), suggesting stronger exothermal capacity of 296
zeolite. In contrary, the CGS is not exothermic. When the CGS 297
absorbed water, the overall temperature of the surrounding 298
region got down to ~0.5 °C because of the evaporation of 299
water (Figure 2B—B”). For the Z-CGS, it exhibited obviously 300
exothermal reaction upon water absorption. As shown in 301
Figure 2C—C’, a distinct heat ring formed around the water 302
droplet. The heat was transferred from the center to the 303
periphery. The temperature change before and after water 304
absorption was up to 1 °C (Figure 2C”), indicating that the Z- 30s
CGS successfully inherited the exothermal capacity. For 306
quantitative analysis of the exothermal capacity, the Z-CGS 307
was immersed in water, and its thermal release was monitored. 308
The exothermic capability of the Z-CGS was tested to be 309
10.199 + 0.138 °C ¢! mL™", which was slightly lower than 310
that of the naked zeolite (39.674 + 2.107 °C g~' mL™", Figure 311
S4). The decreased heat-release capacity of the Z-CGS could 312
be attributed to two factors: (1) the residual EDA and 313
moisture and (2) the coverage of zeolite by graphene-based 314
nanosheets. These factors may affect the hydration capacity of 315
the Z-CGS that further decreased its heat-release capacity. 316
Additionally, zeolite content in the Z-CGS was ~73.63%, and 317
the other component of the Z-CGS did not have the ability to 318
release heat. As a result, the exothermic capability of the Z- 319
CGS was slightly weakened. Regardless, the exothermic 320
capability of the Z-CGS was enough for providing heat 321
stimulation of hemostasis. It should be considered that the 322
exothermic process of the Z-CGS would give rise to local high 323
temperature, which may cause thermal injury. Therefore, good 324
heat transfer of the Z-CGS is important to prevent the 325
formation of local high temperature. 326

Figure 2D presents the thermal conductivity test of the CGS 327
and the Z-CGS (S mm thickness). Both the CGS and the Z- 325
CGS were placed on a hot plate with 130 °C high temperature. 329
With prolonged heating time, thermal was transferred from the 330
plate to the materials. Their heat transfer rapidly reached 331
equilibrium within 60 s (Figure 2D), suggesting excellent heat- 332
transfer ability of the Z-CGS and the CGS.”>*®*” Compared 333
with the CGS, the Z-CGS exhibited a slight hysteresis effect in 334
heat transfer and a lower temperature on the surface. This 335
phenomenon was in accord with the actual situation that 336
zeolite powders are not heat-transfer materials, and their 337
addition would attenuate transfer ability of the Z-CGS. Overall, 333
all these results demonstrated that the composite strategy of 339
the Z-CGS was successful. The zeolite inside the Z-CGS 340
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Figure 3. (A) BCI test, (B) PT, and (C) APTT of SA zeolite, ZSM-S zeolite, the Z-CGS, the Z-CGS,,,, and the CGS (data values correspond to
the mean =+ SD, n = 6; two-way ANOVA, *p < 0.05, **p < 0.01). SEM images of interfacial interaction between blood cells and hemostat: (D) the

CGS, (E) the Z-CGS,,,, and (F) the Z-CGS.

341 exerted exothermal capacity, while the CGS played pivotal
342 roles in heat transfer, preventing the formation of local high-
343 temperature area.

344  Aside from thermal stimulation, the liquid absorbability of
345 the Z-CGS was also investigated. It is another key factor for
346 hemostatic performance. Earlier studies revealed that reducing
347 thermal injury by hydration would attenuate the hemostatic
348 performance of zeolite because of the accompanied weaken
349 absorbability.40’41 However, for the Z-CGS composite, this
350 limitation could be removed. Graphene-based sponge has
351 remarkable liquid absorption; the Z-CGS could be considered
352 as an infinite space compared with the limited tank of the
353 zeolite powder. Figure SS presented the liquid absorption data
354 of Z-CGS and CGS. The liquid absorption amounts of the Z-
355 CGS were 830.3 + 8.8 mg cm™> (water) and 771.9 + 25.1 mg
356 cm™> (blood), which were similar to those of the CGS (955.4
357 = 59 mg cm™? for water and 1226.7 + 35.4 mg cm™ for
358 blood). The Z-CGS absorbed a liquid droplet within 120 ms
359 (water) and 360 ms (blood), which was a little slower than the
360 CGS (40 ms for water or blood).”" This fact was mainly due to
361 zeolite particles occupying the interior space, which weakened
362 the liquid absorption ability of the Z-CGS. As shown in Figure
363 56, while increasing the dose of zeolite, the absorption capacity
364 of the composite sponge further decreased, which was not
365 conducive to the hemostatic performance. In contrast, when
366 the dose of zeolite decreased, the thermal capacity of the Z-
367 CGS decreased sharply (Figure S7). Thus, the target
368 composite sponge was prepared with zeolite powders and
369 GO in the ratio of 10/1 (w/v).

370 3.3. Hemostatic Performance In Vitro. Up to now, the
371 debates about the role of heat in hemostasis still exist."*"*° To
372 clarify the effect of the thermal stimulation on the hemostatic
373 performance of the Z-CGS, the blood clotting index (BCI) test
374 was conducted. ZSM-S was used as a control for SA (named
375 zeolite in the manuscript) because both of them have the same
376 MFI framework and similar element composition. The main
377 difference is that SA zeolite has the exothermal capability,
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while ZSM-S zeolite does not. As shown in Figure 3A, the BCI 378 3
of SA zeolite was significantly lower than that of ZSM-$ zeolite, 379
which confirmed that proper exothermic reaction accelerated 3s0
blood clotting. When ZSM-5 was embedded into the CGS, the 381
obtained Z-CGS,,,, showed better blood-coagulation perform- 3s2
ance than the CGS. This result was mainly due to the synthetic 383
effect of charge stimulation of ZSM-5 and physical absorption 384
of the CGS, which was also consistent with our previous 3ss
studies.”® Compared with the Z-CGS, ., the Z-CGS possessed 386
not only the properties of charge stimulation and physical 387
absorption but also exothermic stimulation. Therefore, under 3ss
the ternary synergy effect, the Z-CGS significantly reduced the 389
BCI value to 40% and exhibited the best blood clotting 390
performance. These results demonstrated that exothermic 391
stimulation was in favor of promoting hemostasis. To find out 392
how the exothermic stimulation improves hemostasis, the 393
blood-coagulation cascade of the Z-CGS was investigated. The 394
blood-coagulation cascade contains intrinsic pathway and 395
extrinsic pathway. The prothrombin time (PT) is the time 396
required for a fibrin clot to form after adding tissue 397
thromboplastin, showing the performance of the extrinsic 398
coagulation pathway. Activated partial thromboplastin time 399
(APTT) is the time required for a fibrin clot to form after the 400
clotting process is initiated by adding a partial thromboplastin 401
reagent and CaCl, solution, exhibiting the performance of the 402
intrinsic coagulation pathway.””*> The PT and APTT of 403
zeolite dropped to 9.60 and 11.40 s from 11.23 and 22.47 s, 404
respectively, when taking pure PPP as control, while ZSM-5 405
just slightly reduced the PT time. When clay was embedded to 406
graphene sheets, the PT and APTT of the Z-CGS were 407
reduced to 10.47 and 20.63 s, respectively. These results 408
further verified that the Z-CGS accelerated blood coagulation 409
by the activation of the extrinsic pathway of the coagulation 410
cascade. 411

Additionally, either in extrinsic or intrinsic coagulation 412
pathway, thrombin would be activated and trigger the 413
formation of fibrin at the downstream.** Therefore, to 414
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Figure 4. (A) Hemostatic experiment in SD rat artery injury model. (B) Hemostatic time of the Z-CGS and the zeolite in the SD rat artery injury
model (data values correspond to the mean + SD, n > 3; two-way ANOVA, *P < 0.0, **p < 0.01). IR images of hemostatic process in the SD rat
artery injury model: (C) the zeolite and (D) the Z-CGS. The subscripts show the time since the hemostat was applied to the wound. (E)
Temperature curve of wound tissue after application of different hemostats. The inset shows the H,S expression levels in different groups by testing
fluorescence intensity. Histological analysis of healed wounds: (F) control, (G) the zeolite, and (H) the Z-CGS.

intuitively verify the coagulated stimulation of the Z-CGS, the
interfacial interaction between blood cells and different
materials was observed with SEM (Figure 3D and E). The
Z-CGS rapidly absorbed plasma, leaving blood cells and
platelets gathered on the surface (Figure 3F). With the thermal
stimulation and charge stimulation, platelets were activated
and triggered the formation of fibrin. As such, a larger amount
of insoluble fibrin was found on the surface of the Z-CGS, and
the fibrin built up a firm network with blood cells together (red
arrows in Figure 3F). Interestingly, although the Z-CGS,,
could also trigger the formation of fibrin via charge stimulation
(Figure 3E), the fibrin amount of the Z-CGS,,, was
significantly lower than that of the Z-CGS. As a control
group, the CGS only possessed physical absorbability that
enriched blood cells and platelets on its surface, but it could
not induce fibrin formation (Figure 3D).** These results were

consistent with BCI data that heat release played a positive role
in hemostasis. The Z-CGS displayed thermal stimulation,
charge stimulation, and physical absorbability during the
hemostatic process. In the synergy of these triple effects, the
Z-CGS showed better hemostatic capacity than the Z-CGS,,
and the CGS. It was also the first time to integrate three
coagulated stimulations into graphene-based hemostat.

3.4. Hemostatic Performance In Vivo and Cytotox-
icity Evaluation. The in vivo hemostatic performance of the
Z-CGS was evaluated using an SD rat artery injury model. The
commercial QuikClot Combat Gauze (QCG), which is the
standard hemostatic agent in the U.S. military recommended
by the Committee on Tactical Combat Casualty Care,"” was used
as the control. Figure 4A presents the process of hemostasis.
SD rats (weight 250 + 20 g) were used as the experimental
animals (n > 3). First, the skin and fascia were excised to
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447 expose the artery (Figure 4A,); the damage was created at the
44 artery (Figure 4A,); different hemostats were applied to
449 wound (Figure 4A,); as hemostasis completed, the wound was
450 cleared with saline (Figure 4A,). As a standard hemostat, the
451 QCG achieved hemostasis in 80 + 10 s. Compared to the
452 QCG, the Z-CGS had a short hemostatic time of 69 + 9 s,
453 which showed no difference with the naked zeolite powders
4s4 (70 + 20 s, Figure 4B). These results demonstrated that the Z-
455 CGS has a more powerful hemostatic capacity than the QCG.
456 Additionally, the blood loss of the Z-CGS was 0.43 + 0.21 g,
457 which was significantly lower than those of zeolite powders
458 (171 + 0.38 g, P < 0.05) and the QCG (2.46 & 0.06 g, p <
459 0.01). As reported, the blood volume of an adult SD rat is ~6.4
460 mL/100 g.*> A 250 g healthy SD rat contains 16 g of blood in
461 its body. When a healthy SD rat loses 2.5 g (15.6%) of blood,
462 its heart and respiratory rates would increase and the blood
463 pressure would decrease.’® When humans lose 15.6% of their
464 blood, this amount of loss increases the heart and respiratory
465 rates and decreases the urine output and blood pressure.
466 Besides, the skin may become cooler and pale. This fact was
467 essential for saving lives by preventing significant blood loss,
468 which could cause serious complications. During the
469 hemostatic process, we found that the wound would rebleed
470 when zeolite powders or the QCG was removed. Conversely,
471 the use of the Z-CGS avoided the occurrence of rebleeding
472 during debridement. As reported, people feel uncomfortable
473 when seeing red blood, and 3%—4% of people even suffer from
474 blood phobia.”” For traditional hemostats, the hemostat is red
475 after hemostasis. This may cause psychological stress or even
476 sickness to the patient. In contrast, the obtained Z-CGS was a
477 lightweight black sponge. The black appearance of Z-CGS
478 masks the red color of the blood after hemostasis, and this will
479 make patients feel better (Figure 4A;).

480 Importantly, the use of zeolite powders caused serious burns
481 when they were applied to a bleeding wound.** The IR record
482 showed that the surrounding tissue was heated to a high
483 temperature of 70 °C in the first minute (Figure 4C and D; the
484 whole process is provided in Figure S8). The temperature
485 dropped slowly, and the high temperature lasted for 9 min.
486 Previous studies revealed that an adult human perceives pain
487 when the skin temperature is >43 °C. When the basal layer of
488 the epidermis reaches 44 °C, burn injury occurs. Once beyond
489 70 °C, the rate of damage is rapid and thermal injury is
490 serious.”” It could be seen that the direct use of zeolite has a
491 serious side effect. That was also the reason why zeolite was
492 replaced in the hemostatic application. Conversely, the use of
493 the Z-CGS did not give rise to obvious local high temperature.
494 During the whole hemostatic process, the Z-CGS presented a
495 milder exothermic reaction, and wound tissue temperature was
496 kept at 42 °C for 1 min (Figure 4D and E). It was more
497 conducive to activate factors to accelerate blood clotting
498 instead of burning wound tissue. The heat released by the Z-
499 CGS kept wound tissue warm for 4 min, which was beneficial
s00 for wound healing.50 In burn models, the increase of H,S level
so1 is the signal of tissue injury and inflammatory response.”’ >
s02 The application of zeolite led an increase in plasma H,S levels
503 (fluorescence intensity was 14 844.33 + 1 564.62; the inset in
so4 Figure 4E), which was assessed by the fluorescent dye 7-azido-
505 4-methylcoumarin (AzMC). Differently, no fluorescent inten-
s06 sity increased in the Z-CGS group (1213533 + 859.41)
507 compared with the normal plasma as control (11 882.00 =+
508 355.52). Therefore, these results demonstrated that the Z-CGS

il

_

—

—_

=

could effectively manage the exothermic reaction of zeolite and s09
make it useful in hemostasis. 510

The biocompatibility of the Z-CGS was investigated by si1
histological analysis (H&E), hemolysis evaluation, and s12
cytocompatibility assessment. The thorough removal of the si3
granular hemostatic agent was difficult."’ As shown in Figure si4
4G, residual zeolite (marked with blue arrows) was observed in s1s
the image of H&E staining. Meanwhile, the aggregation of si6
inflammatory cells in connective tissue (marked with red s17
arrows) suggested the thermal damage of wound. Compared s1s
with the naked zeolite, the Z-CGS had little materials residue. s19
No aggregation of inflammatory cells was found, and wound s20
tissue kept a normal form, the same as the control group s
(Figure 4F and H). Hemolysis test was carried out to access s22
the hemocompatibility of materials, and the results are 523
presented in Figure S9. The naked zeolite could result in s24
dose-dependent development of hemoglobin. About 1000 pg s2s
mL™" dose of zeolite caused 5.7 + 0.4% hemolysis. Zeolite s
embedded into graphene sheets led to better blood s27
compatibility. Only 2.6 + 0.4% hemolysis happened when s2s
the dose of zeolite was up to 1000 g mL™". This result further s
confirmed that graphene-based sponge was a novel platform to s3o
eliminate side effects. The impact of thermal stimulation on s31
cell compatibility was investigated by cell coculture in vitro. s32
L1929 cells were chosen to assess the cells compatibility of the s33
Z-CGS.>*° As Figure S10 shows, no visible differences were s34
observed in different groups. By increasing the addition dose of s3s
each group, cells still maintained a regular form and kept s3¢
normal growth. These evaluations indicated that the Z-CGS s37
had a good biocompatibility. 538

4. CONCLUSION

In summary, we developed a new hemostatic sponge (Z-CGS) s39
by a facile composite strategy. The graphene sheets constituted s40
the porous framework of the Z-CGS and wrapped zeolite s41
powders tightly by their two-dimensional structure. Good s42
thermal conduction of graphene effectively prevented thermal s43
injury caused by zeolite (<42 °C) and applied thermal s
stimulation to trigger blood coagulation. On the synergy s4s
effects of thermal stimulation, charge stimulation, and physical s46
adsorption, the Z-CGS achieved outstanding hemostatic s47
performance. Bleeding was stopped within 69 s in rat artery s4s
injury model, which was 11 s faster than that of the commercial s49
QCG. Blood loss of the Z-CGS was 0.43 g, which was sso
significantly lower than those of zeolite powders (1.71 g) and ss1
the QCG (246 g). Additionally, cytotoxicity assay and ss2
pathological analysis further confirmed the good biocompat- ss3
ibility of the Z-CGS. Therefore, Z-CGS is an outstanding ss4
hemostat. It combines the advantages of zeolite and graphene sss
while getting rid of the shortcomings of the basic unit, ss6
achieving a win—win situation in both efficiency hemostasis ss7
and biosafety. Compared to traditional hemostats, the Z-CGS sss
has many advantages, such as facile preparation, low cost, ss9
portability, long shelf life, outstanding absorbability, good seo
biocompatibility, being antimicrobial, and comfortable usage s61
owing to the black color.”**” Therefore, we anticipate that this s
work could not only provide a unique method for safe and s¢3
highly efficient use of zeolite in hemostasis but also provide a s64
new perspective to develop a novel hemostat used for trauma ses
therapy. 566
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