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[Abstract] Shock and death resulting from traumatic massive hemorrhage have become the leading cause of trauma-related
mortality, accounting for over 70% of deaths within 24 hours. Therefore, achieving rapid hemostasis to reduce multiple organ failure
caused by excessive blood loss and then improving survival rates has become a critical challenge in trauma care. Common local
hemostatic materials for trauma can be categorized by their properties into organic and inorganic materials, or by their mechanism of
action into three types: physical adsorbents, biologically active agents, and adhesive sealants. This review summarizes the
characteristics and drawbacks of typical representatives from these three categories. It then focuses on discussing the application of
zeolite materials in hemostasis, specifically three forms: zeolite particles, zeolite-polymer composites, and bio-based zeolite materials.
Furthermore, the latest research progress in the fundamental theory and practical applications of zeolite-based hemostatic materials
are reviewed, aiming to provide new insights for future research on zeolite in hemostasis.
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Fig.1 An example of the structure of zeolite (A) and its potential mechanism of hemostatic effects (B)*"!
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Fig.2 Dynamic process of the assembly of prothrombin complex (factors X and V) on the zeolite surface”
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Fig.3 Application of inorganic materials in rapid hemostasis and wound healing™”’
AMRAT 0 37 BB, X R AR B pH AR B A I, AR SRS ER A R OB TR T AR 2 4 B R e
B, AR T KRR, XERE AR s, SR A ALE A A R AT 2 B

fesb 28, T HRBE ST 40 A I AR 0, MR O B R A R o W BB RE S, R B AR R 8 R R B O/ xR
FRAAVA AR b F . Hik, x4k A RALL AR 8 2 e b B B R AT R N TR

4 BREERE

TWEEFAFLEEEHFET MO, FRHEAEGAEFERENNA, EREHRLBER LA,
MR RN ER T, BB F W W B AR SRR TR T R FER S



@ R AEE 4 20254810028 H #Es0s “H1o

FRELMENGH, EERFZE, AR, FTEEA., FEFEEEFRAAAEEZENL MAHNF

BAWE R, BEEMNRAE LS SB M E E i /2, EmA A RERE B ER S E L4154
R AR R A e R AT, B R AR SR T e T R — R B F B, TRAREEL
WIFR BT o BRI 7 X7 B F IR, LELFES THEH (RGN E £2) T HFEE
A RFE A, AQGREN “A4L10min, HL&Ih WE KM EW, FHRARNESEME, R
WHHE, TRE WEER", BRI E TR,

SLEprd, HEENRATNAHNA T R LA EFIOREA Fa =, AhaBR, Ha-

BAFEGMHE EWEREAEO S ML MM R, Bk e LT N A E AR SR Ak

HH

EMZAEBERGRE, BEHFELWARKRATHETE, UEHEEHF A0 R A E T A

BAREE) ZMWMA

(&% k]

[1]  JamalL, Saini A, Quencer K, et al. Emerging approaches to pre-hospital hemorrhage control: a narrative review[J]. Ann Transl Med, 2021, 9(14): 1192.

[2]  Lendrum RA, Lockey DJ. Trauma system development[]J]. Anaesthesia, 2013, 68(Suppl 1): 30-39.

[3]  Sakran JV, Greer SE, Werlin E, et al. Care of the injured worldwide: trauma still the neglected disease of modern society[J]. Scand ] Trauma Resusc
Emerg Med, 2012, 20: 64.

[4]  Chignalia AZ, Yetimakman F, Christiaans SC, et al. The glycocalyx and trauma: a review[J]. Shock, 2016, 45(4): 338-348.

[5]  Martin MJ, Beekley AC. Front line surgery[M]. 5§3% PH, # I J, 3548, 135 . JL . Bl i itt, 2020: 28-35.

[6] Demetriades D, Kimbrell B, Salim A, ef al. Trauma deaths in a mature urban trauma system: is "trimodal" distribution a valid concept?[J]. ] Am Coll
Surg, 2005, 201(3): 343-348.

[7]  Demetriades D, Murray J, Charalambides K, et al. Trauma fatalities: time and location of hospital deaths[J]. ] Am Coll Surg, 2004, 198(1): 20-26.

(8] LA, R, A/ FRAR B A 1E S B 1 P TR T A T R R ). hAeet)s S5 BB 2 247, 2023, 39(5): 411-416.

[9] Chen L, Jin Z, Kamiya T, et al. Nanoporous zeolite anchored cellulose nanofiber aerogel for safe and efficient hemostasis[J]. Small, 2025, 21(21):
€2500696.

[10] Wang C, Shi C, Huang J, et al. Synergistic procoagulant mechanism and application of Kaolin-zeolite composite hemostat for effective hemorrhage
control[J]. ACS Appl Mater Interfaces, 2024, 16(37): 49186-49196.

[11] YulL, LiuZ, ZhengY, et al. Molecular self-assembly strategy tuning a dry crosslinking protein patch for biocompatible and biodegradable haemostatic
sealing[J]. Nat Commun, 2025, 16(1): 1437.

(12]  JARBEE, BRMTRE, Whatan, 5 . A=W ik Bort S b A FEANEHI; 1 rP g RETIPRA (] 2R TR S IR RS, 2010, 14(51): 9635-9638.

(13] sk, B P, 5 KRR SN T MUK BEBRAE B 1 ok ERYRIFEIERE ()], 50 T-il 41, 2024, 37(6): 713-724.

[14] KA BRpCAE, T, 45 . AU AR RS BRR 5 R ). TP EIZE TSR, 2021, 25(10): 1628-1634.

(15] FNSC, FIBKHE, T3, 55 . mi g BEFIEH SUBORN 0 o S B SE s J ], A HT, 2022, 36(3): 7-23.

[16] WkEf, a4 3L0E, M a5 0a DK B 7R 4280 @r A R HFGE [T7]. fh2F2F41, 2020, 78(2): 105-113.

[17] Pusateri AE, Holcomb JB, Kheirabadi BS, et al. Making sense of the preclinical literature on advanced hemostatic products[J]. J Trauma, 2006, 60(3):
674-682.

[18] Bennett BL, Littlejohn L. Review of new topical hemostatic dressings for combat casualty care[]J]. Mil Med, 2014, 179(5): 497-514.

[19] Anonymous A. Tactical combat casualty care (TCCC) guidelines for medical personnel 15 December 2021[J].J Spec Oper Med, 2022,22(1): 11-17.

[20] Pourshahrestani S, Zeimaran E, Djordjevic I, et al. Inorganic hemostats: the state-of-the-art and recent advances[J]. Mater Sci Eng C Mater Biol Appl,
2016, 58: 1255-1268.

[21] Mortazavi S, Tavasoli A, Atefi M, et al. CoolClot, a novel hemostatic agent for controlling life-threatening arterial bleeding[J]. World ] Emerg Med,
2013,4(2): 123-127.

[22] Zarrintaj P, Mahmodi G, Manouchehri S, et al. Zeolite in tissue engineering: opportunities and challenges[J]. MedComm (2020), 2020, 1(1): 5-34.

[23] Serati-Nouri H, Jafari A, Roshangar L, ef al. Biomedical applications of zeolite-based materials: a review[J]. Mater Sci Eng C Mater Biol Appl, 2020,
116: 111225.

[24] Kraljevi¢ Paveli¢ S, Simovi¢ Medica J, Gumbarevi¢ D, et al. Critical review on zeolite clinoptilolite safety and medical applications in vivo[J]. Front
Pharmacol, 2018, 9: 1350.

[25] LiJ, Cao W, Lv XX, et al. Zeolite-based hemostat QuikClot releases calcium into blood and promotes blood coagulation in vitro[J]. Acta Pharmacol
Sin, 2013, 34(3): 367-372.

[26] Alam HB, Uy GB, Miller D, et al. Comparative analysis of hemostatic agents in a swine model of lethal groin injury[J]. ] Trauma, 2003, 54(6): 1077-
1082.

[27] Pusateri AE, Delgado AV, Dick EJ Jr, et al. Application of a granular mineral-based hemostatic agent (QuikClot) to reduce blood loss after grade V liver
injury in swine[J]. ] Trauma, 2004, 57(3): 555-562.

[28] Rhee P, Brown C, Martin M, et al. QuikClot use in trauma for hemorrhage control: case series of 103 documented uses(J]. ] Trauma, 2008, 64(4):

1093-1099.



(29]
(30]

(31]

(32]

(33]

(34]

(40]

[41]

[42]

[43]

Med ] Chin PLA, Vol. 50, No. 10, October 28,2025

Neuffer MC, McDivitt J, Rose D, et al. Hemostatic dressings for the first responder: a review[J]. Mil Med, 2004, 169(9): 716-720.

Arnaud F, Tomori T, Carr W, et al. Exothermic reaction in zeolite hemostatic dressings: QuikClot ACS and ACS*®U]. Ann Biomed Eng, 2008, 36
(10): 1708-1713.

Kheirabadi BS, Edens JW, Terrazas IB, et al. Comparison of new hemostatic granules/powders with currently deployed hemostatic products in a lethal
model of extremity arterial hemorrhage in swine[J]. ] Trauma, 2009, 66(2): 316-326.

Ostomel TA, Stoimenov PK, Holden PA, et al. Host-guest composites for induced hemostasis and therapeutic healing in traumatic injuries[J]. J
Thromb Thrombolysis, 2006, 22(1): 55-67.

Eryilmaz M, Ozer T, Mentes O, et al. Is the zeolite hemostatic agent beneficial in reducing blood loss during arterial injury? [J]. Ulus Travma Acil
Cerrahi Derg, 2009, 15(1): 7-11.

Wang M, Shi Y, Huang J, et al. A calcium-copper-based zeolite with dual functions of hemostatic and antibacterial properties[J]. RSC Adv, 2025, 15
(22): 17819-17828.

LiJ, Yan W, Jing L, et al. Addition of an alginate to a modified zeolite improves hemostatic performance in a swine model of lethal groin injury[J]. J
Trauma, 2009, 66(3): 612-620.

YuL, Shang X, Chen H, et al. A tightly-bonded and flexible mesoporous zeolite-cotton hybrid hemostat[J]. Nat Commun, 2019, 10(1): 1932.

Zhang W, Wu ], Yu L, et al. Paraffin-coated hydrophobic hemostatic zeolite gauze for rapid coagulation with minimal adhesion[J]. ACS Appl Mater
Interfaces, 2021, 13(44): 52174-52180.

YuL, Zhang H, Xiao L, ef al. A bio-inorganic hybrid hemostatic gauze for effective control of fatal emergency hemorrhage in "platinum ten minutes” [J].
ACS Appl Mater Interfaces, 2022, 14(19): 21814-21821.

Buderi R. Naval innovation for the 21st century: the office of naval research since the end of the Cold War[M]. Annapolis, Maryland: Naval Institute
Press, 2013.

Fathi P, Sikorski M, Christodoulides K, et al. Zeolite-loaded alginate-chitosan hydrogel beads as a topical hemostat[J]. ] Biomed Mater Res B Appl
Biomater, 2018, 106(5): 1662-1671.

Liang Y, Xu C, Liu F, ef al. Eliminating heat injury of zeolite in hemostasis via thermal conductivity of graphene sponge[J]. ACS Appl Mater Interfaces,
2019, 11(27): 23848-23857.

Zheng L, Li X, Xu C, et al. High-efficiency antibacterial hemostatic AGQNP@Zeolite/chitin/bamboo composite sponge for wound healing without heat
injury[J]. Adv Healthc Mater, 2023, 12(21): €2300075.

Zhu B, Cheng W, Zhao K, et al. Multifunctional composite dressings based on Bletilla striata polysaccharide and zeolite for rapid hemostatic and
accelerated wound healing[J]. ] Mater Sci, 2023, 58(12): 5427-5443.

JinZ, Chen L, Liu X, et al. Zeolite firmly anchored regenerated cellulose aerogel for efficient and biosafe hemostasis[J]. Int ] Biol Macromol, 2025, 304
(Pt 1): 140743

Wang F, Wang X, Li S, et al. Chitosan and gelatin based sprayable hydrogels incorporating photothermal and long-acting antibiotic sterilization for
infected wound management with shape adaptability[J]. Carbohydr Polym, 2025, 350: 123046.

Zhang N, Tian H, Zong W, et al. Chitosan based cryogel loaded with zeolitic imidazolate framework-67 and glucose oxidase enabling hemostasis and
diabetic wound healing[J]. Carbohydr Polym, 2025, 363: 123709.

Shang X, Chen H, Castagnola V, et al. Unusual zymogen activation patterns in the protein corona of Ca-zeolites[J]. Nat Catal, 2021, 4: 607-614.

Shi C, He M, Chen H, et al. Reversible high-affinity binding of coagulation factor X a to zeolites induces accelerated blood coagulation[J]. Adv Sci
(Weinh), 2025, 12(22): €2417099.

Zheng Y, Wu ], Zhu Y, et al. Inorganic-based biomaterials for rapid hemostasis and wound healing[J]. Chem Sci, 2023, 14(1): 29-53.

Li M, Liu X, Tan L, et al. Noninvasive rapid bacteria-killing and acceleration of wound healing through photothermal/photodynamic/copper ion
synergistic action of a hybrid hydrogel[J]. Biomater Sci, 2018, 6(8): 2110-2121.

Maleki A, He J, Bochani S, et al. Multifunctional phtoactive hydrogels for wound healing acceleration[J]. ACS Nano, 2021, 15(12): 18895-18930.
Schreml S, Szeimies RM, Karrer S, et al. The impact of the pH value on skin integrity and cutaneous wound healing[J]. ] Eur Acad Dermatol Venereol,
2010, 24(4): 373-378.

P B, 206, 27 SRR pH (D B I 5 AP PRI E I (7], hRpefliZivils, 2016, 32(4): 240-242.

Mariani F, Serafini M, Gualandi , et al. Advanced wound dressing for real-time pH monitoring[J]. ACS Sens, 2021, 6(6): 2366-2377.

(TEHESf . 5K/VH))



