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Zymogen (prothrombin) activation is central to the process of haemostasis (blood clotting) in the body, preventing serious
blood loss and death from haemorrhagic shock. Zeolites comprise a family of crystalline microporous aluminosilicates that
show increasing promise for use in massive bleeding control. However, the mechanism of zeolite-initiated haemostasis has
remained unclear. Here, we investigate zeolite-initiated thrombin activation at the molecular level, and show that a prothrom-
binase complex can assemble on the inorganic surface of calcium-ion-exchanged zeolites (Ca-zeolites). Compared to natural
platelet-based physiological processes, prothrombin-to-thrombin conversion on the surface of Ca-zeolite displays a striking
thrombin activation pattern, with an exceptionally high plateau thrombin activity and at least 12-fold enhanced endogenous
thrombin. The results provide a mechanistic understanding of how the zeolite surface functionally contributes to thrombin

activation, paving the way towards the design of improved agents for bleeding management.

generalized protein digestion to more specific regulated pro-
cesses such as zymogen activation, blood coagulation and the
lysis of fibrin clots'”. In the process of blood clotting, the activation
of blood coagulation factors involves proteolysis of a zymogen to
yield a new proteolytically active enzyme. Specifically, the conver-
sion of the zymogen prothrombin into thrombin has a profound
impact on fibrin clot formation and haemostasis. According to the
cell-based model of coagulation, thrombin activation processes are
divided into three sequential phases: initiation, priming and propa-
gation’. The whole process occurs slowly, and optimum progression
is ensured only in the presence of a prothrombinase complex, which
consists of the serine protein, factor Xa, and the protein cofactor, fac-
tor Va. This complex assembles on negatively charged phospholipid
membranes (platelets) in the presence of calcium ions’~. Platelets
provide an ideal functional surface on which (under appropriate
conditions) strands of fibrin form an organized clot, providing and
mediating a series of clotting factors. Thrombin activation is a key
reaction in the coagulation cascade, which functions to regulate
haemostasis in the body and is critical in preventing serious blood
loss and death from haemorrhagic shock®’. It is of great interest to
explore new clinical approaches to achieving rapid haemostasis to
improve the survival rates of patients with substantial bleeding.
Zeolites comprise a family of crystalline microporous alumi-
nosilicates that are showing increasing promise as haemostatics.
In the early 2000s, granular zeolite-based haemostatic agents were
verified in several animal models for temporary massive bleeding
control*’ and have been used by the US Armed Forces in the wars
in Afghanistan and Iraq'®'"". However, on application, these granu-
lar zeolite haemostats were found to cause an exothermic reaction,
resulting in thermal burns and tissue necrosis, and have since been
superseded by ‘combat gauze' (a kaolin-based material), which
circumvents this issue'>'*. In 2019, a tightly bonded and flexible

Proteases have many physiological functions, ranging from

mesoporous zeolite—cotton hybrid haemostat was developed that
not only overcame the exothermic reaction challenge found with
zeolite-based granular haemostats, but also eliminated the potential
risk of impregnated kaolin powder entering the body'. Zeolite-cot-
ton hybrid haemostats were found to exhibit superior procoagulant
activity over kaolin haemostats in a lethal femoral artery injury rab-
bit model, displaying a much shorter clotting time and lower blood
loss (40% less). However, the mechanism of zeolite-initiated haemo-
stasis remained unclear. The prevailing view is that protein coagula-
tion factors are concentrated by water adsorption, and calcium ions
are released to prime the surface®. This hypothesized mechanism
oversimplifies the haemostasis process and fails to explain the super
procoagulant activity of the protein corona-zeolite composite'®.

We have long been aware that the nature of the protein corona
on inorganic materials, including zeolites, depends on parameters
such as particle size, various bare material surface properties (for
example, charge and topological structure), as well as the kinetic
processes of adsorption'’’. Selective adsorption of biomolecules
can transform the surface of a particle and determine subsequent
physiological responses by activating specific receptors or immu-
noglobulins”~**. This determines the final in vivo identities of the
nanomaterials’*°. However, the role of kinetic control of adsorp-
tion in corona formation is less well understood, and the concept
of active kinetic programming, in which the nanoparticle surface
initiates pre-programmed surface adsorption or a zymogen activa-
tion event sequence, is an intriguing and potentially important new
dimension.

In this Article, we resolve the evolution of the hard protein
corona (HPC)? in Ca-zeolite-initiated haemostasis, and trace the
localization and activation of specific coagulation factors during
the evolution period. We investigate zeolite-initiated coagulation at
the molecular level, and follow the physiological coagulation cas-
cade on a timescale of minutes. We thereby derive a model of the
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Fig. 1| Preparation and isolation of the HPC. a, Schematic of the steps from pre-treatment to plasma clot induced by zeolite particles and follow-up
proteomic analysis. Zeolite particles with HPC were isolated from plasma clots by plasmin-catalysed fibrinolysis. b-e, Scanning electron microscopy
(repeated at least three times with similar results) (b-d) and laser diffraction particle sizing analysis (e) of zeolite, CLOT and HPC, respectively. Scale bars,
20 pum. The size characterization confirmed that dispersed zeolites with HPC only were recovered.

zeolite-specific coagulation pathway in which the evolving bio-zeo-
lite interface activates and regulates the zymogen (prothrombin) in
a way that enhances proteolytic activity. The zeolite complex thus
acts as a type of reinforced activated inorganic platelet.

Results

Isolation and characterization of the HPC. Following the incuba-
tion of haemostatic Ca-zeolite particles with plasma under physi-
ological conditions, the activated coagulation cascade eventually
leads to the generation of thrombin, which cleaves fibrinogen to
fibrin monomers, and these then crosslink to form an insoluble
clot?®*. This process results in the wrapping of zeolite particles by
polymerized fibrin fibres, making conventional isolation processes
(such as centrifugation or affinity column separation) unsuitable.
We thus developed a specific protocol to isolate zeolite particles
with HPC for further proteomic analysis, as illustrated in Fig. 1.

First, the ratio of zeolite to plasma was optimized to reduce the
relative amount of fibrin, while still keeping the coagulation sys-
tem functional (Supplementary Table 2). Zeolite/fibrin complexes
(denoted as CLOT) with dimensions of 10-30um were obtained
after breaking the whole clot by vortex mixing for 5min. We then
used plasmin-catalysed fibrinolysis to eliminate the fibrin from
these CLOT fragments®, as shown in Fig. 1 and Supplementary Fig.
2. After 2h of digestion with plasmin, the CLOT fragments were
broken into highly dispersed particles with a diameter of ~3 pm,
close to the size of bare zeolite (2.7 pm). The right shift measured
by laser diffraction particle analysis (Fig. 1e) is consistent with the
formation of a thin protein layer around the zeolites, indicating that
dispersed zeolites with HPC (only) were successfully isolated.

The resultant fibrin degradation products and other
fibrin-attached proteins residing in the supernatant after fibrino-
lysis (denoted as FAP) were also collected together. All the samples
(CLOT, HPC and FAP) were then subjected to liquid chromatography
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with tandem mass spectrometry (LC-MS/MS), and raw mass spec-
tra files were searched against the human protein database. The pro-
teins identified were classified according to their biological function
(Fig. 2a and Supplementary Table 3). A full list of the proteins iden-
tified is provided in Source Data Fig. 2.

The protein composition of the HPC is notably different from
that of FAP and crude plasma. One noticeable difference observed
between HPC and FAP is that serum albumin is the most abundant
protein species in FAP, accounting for 29.1% in total protein. HPC
has a much lower amount of serum albumin (6.5%), but a high con-
centration of fibrinogen (33.7%), which is consistent with previous
reports that the zeolite surface promotes preferential adsorption of
fibrinogen over serum albumin in full plasma’-*>. The HPC has a
unique protein composition. Specifically, complement and coagula-
tion proteins are remarkably enriched in the HPC compared to crude
plasma (Fig. 2a). The total amount of coagulation proteins in the
HPC is as high as 3.1%, compared to 0.8% in crude plasma (P < 0.05),
indicating strong interactions between the zeolite surface and coagu-
lation proteins. In addition, a full set of intrinsic pathway coagulation
factors (including factors V, IX, X, XI and XII) are identified in the
HPC of zeolites. Most coagulation factors (II, V, X, XI and XII) are
found to be concentrated by a factor of 3-400 in the HPC compared
to crude plasma (Fig. 2c and Supplementary Table 4). This is a strong
indication that the coagulation cascade might be catalysed by the
concentrated coagulation factors presented onto the zeolite surface.
In living organisms, most catalytic reactions of the coagulation cas-
cade occur on the surface of cells (platelets)’. We therefore hypoth-
esize that the concentrated coagulation factors on the zeolite surface
(in the HPC) may have similar biological functions, like those in the
conventional coagulation process that takes place in crude plasma. In
particular, factors X and V are enriched by over two orders of mag-
nitude, directly contributing to the key step of thrombin activation
(Fig. 2d). This hypothesis will be tested in the next section.
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Fig. 2 | Protein analysis. a, Histogram of functional groups. b, Coagulation proteins as identified by MS. The HPC was shown to have a unique protein
composition, with a particularly high abundance of fibrinogen and coagulation factors. ¢, Enrichment factor (% in HPC/% in plasma) of coagulation factors
in HPC over plasma. d, Schematic of the effect of zeolite on the intrinsic coagulation pathway.

Dynamic process of zymogen activation in the HPC.
Conventionally, thrombin is generated through cleavage of pro-
thrombin by a membrane-bound prothrombinase complex, which
assembles factors Xa and Va on the lipid bilayer membrane surface
of a platelet’*". Considering the enrichment level of factor V and
factor X found on the zeolite surface, we hypothesized that the
inorganic surface of the zeolite might coordinate and assemble a
prothrombinase complex (Fig. 3). To verify this hypothesis, we first
conducted a time-resolved quantitative analysis of factors V and X
on the zeolite (in HPC) using an enzyme-linked immunosorbent
assay (ELISA) and monitored the activation of thrombin by quan-
titative western blot (Fig. 3). As shown in Fig. 3, factors V and X
accumulated on the zeolite surface in the first 5min, followed by
a thrombin burst between 7 and 10 min. Eventually, the fibrin clot
formed at around 12 min, indicating the end of coagulation. These
entire dynamic processes can be separated into three stages: (1)
coagulation factors complex assembly, (2) thrombin burst and (3)
fibrin clot formation.

The coincidence of enrichment of factors V and X in the HPC
of the zeolite and the subsequent burst of thrombin support the
hypothesis that factors V and X form an active prothrombinase
complex on the zeolite surface. To further confirm this assump-
tion, the zeolite protein corona composites formed at different time
points (denoted as HPC/Zeo-x min) in the first step (coagulation
factors complex assembly) were collected and then incubated with
prothrombin, and thrombin generation was monitored by quanti-
tative western blot at 20-min intervals to evaluate prothrombinase
activity (Fig. 4a).

As depicted in Fig. 4a, HPC/Zeo-x min is able to independently
convert prothrombin to thrombin. Figure 4b shows that the gener-
ated thrombin is directly related to the consumption of prothrom-
bin. HPC/Zeo-5 min exhibits a much higher thrombin generation
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rate than HPC/Zeo-1 min (0.42 versus 0.03ngmin™"), indicating
accumulated prothrombinase activity on the zeolite surface dur-
ing this period (Fig. 4c). The prothrombinase complex was thus
successfully shown to be assembled on the zeolite surface and to
functionally contribute to thrombin activation during haemostasis.
However, it is not currently clear how factors V and X are activated
to form prothrombinase. Compared to the biological membranes
(such as a platelet) that are responsible for binding prothrombinase
in vivo, the zeolite surface exhibits similar functions. Both surfaces
are negatively charged and the zeolite itself contains calcium cations,
which are necessary for prothrombinase assembly. The replacement
of Ca?* with Na* results in the failure of thrombin generation, as
confirmed in our previous study'®.

Unusual thrombin activation patterns in the HPC. The zeolite
surface is primed to coordinate the assembly of the prothrombi-
nase (factors Xa/Va) complexes and subsequently localizes and con-
trols the burst of thrombin generation. This bio-inorganic hybrid
complex shows completely different thrombin activation patterns,
thus profoundly affecting fibrin clot formation. Unlike the classic
cell-based model, where thrombin molecules activated on plate-
let surfaces are released into the solution phase of plasma®, most
zeolite-activated thrombin molecules are captured by the zeolites
and localized on the zeolite surface. We employed a quantitative
western blot to investigate the distribution of thrombin between the
HPC and FAP. As shown in Fig. 5a,b, over 90.6% of the thrombin was
located in the HPC, as opposed to the FAP. The amount of thrombin
was estimated to be 0.5% in the total protein of the HPC, with an
activity of ~1,300 NIH U mg™' by chromogenic substrate assay.
Zeolite-initiated thrombin generation was followed by the use
of chromogenic substrates, revealing a striking characteristic pat-
tern. In contrast to the conventional coagulation process, where
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Fig. 4 | Activation of prothrombin to thrombin by HPC/Zeo. a, Zeolite was incubated with plasma for 1-5min and then isolated (denoted as HPC/Zeo-x
min). b, The catalytic performance of HPC/Zeo-5 min was investigated with a prothrombin-to-thrombin conversion assay monitored by quantitative
western blot (repeated twice with similar results). ¢, Prothrombin-to-thrombin transformation curves of HPC/Zeo-x min samples, suggesting a positive

correlation between the incubation time (x min) and the thrombin activation r.

the thrombin generation profile exhibits a peak when the rates of
thrombin production and thrombin inhibition reach equilibrium’,
the thrombin generation profile of zeolite-initiated coagulation
exhibits a plateau following the large burst of thrombin genera-
tion (Fig. 5¢). There is no obvious decline of thrombin activity at
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ates.

60 min, whereas a return to baseline within 30 min is found in a
normal physiological (non-zeolite) system (Fig. 5¢). There are two
remarkable features in the activation pattern of zeolite-initiated
thrombin generation: (1) the plateau activity is notably higher
(threefold) than the peak activity without zeolite initiation and (2)
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Fig. 5 | Evaluation of thrombin initiated by zeolite. a, Quantitative immunoblot assay of thrombin (repeated at least three times with similar results).
b, Over 90% of thrombin was located in the HPC on the zeolite surface. ¢, Zeolite-initiated coagulation resulted in a much higher ETP (108.9-
8.675NIHUmin) in the HPC on the zeolite surface compared to a non-zeolite-initiated process. Data values correspond to mean +s.d., n=3 biological

independent samples.

the total amount of free thrombin measured during the reaction
course, which is referred to as the area under the curve (AUC) or
endogenous thrombin potential (ETP)*, is 12-fold higher than that
of the common physiological (non-zeolite) process, functionalized
as reinforced inorganic platelets. The notably enhanced plateau
activity and ETP of zeolite-initiated thrombin generation is also
confirmed in the presence of tissue factor (Supplementary Fig.
6). Compared to a normal plasma clot, in which thrombin has a
self-limited lifetime regulated by the body coagulation system bal-
ance’*®, the thrombin in the HPC on zeolite showed exceptional
stability even against antithrombin inhibition'®, resulting in an
accumulated superior proteolytic activity. There are two features
that may prevent thrombin inhibition. First, conformation changes,
as characterized in the following section, may alter its interaction
with antithrombin and subsequently cleave its reactive bait loop.
Second, the solid zeolite surface may restrict the approaching
inhibitor so that it can only bind to the thrombin through lim-
ited orientations. This thrombin activation pattern distinguishes
zeolite-initiated coagulation from platelet-based thrombin genera-
tion systems and has a profound impact on fibrin clot formation
and haemostasis.

Conformation-regulated enhanced thrombin activity. The greatly
reinforced biofunction is associated with the evolving bio-zeolite
interface activating zymogen and regulating the enzymes in a way
that enhances proteolytic activity. A quantitative analysis of throm-
bin activity was carried out in a modelled thrombin/zeolite system.
To simplify the complex physiological system, we chose albumin,
which is the most abundant protein in plasma and accelerates the
onset of fibrin clot formation to simulate a plasma environment™**.
Zeolite with bovine serum albumin (BSA) adsorbed on its surface
(BSA@Zeo) showed a remarkable reduction of zeta potential and a
similar polydispersity index (PDI) to zeolite (Supplementary Fig. 8).
The catalytic activity of thrombin was characterized using a chromo-
genic substrate (52238). As shown in Fig. 6a, the slope of the fitting
curve represents the catalytic activity of thrombin (the kinetic study
of thrombin catalytic activity is discussed in the Supplementary
Methods). This reveals that the direct adsorption of thrombin on
the zeolite surface (Thr@Zeo) leads to a complete deactivation (Fig.
6a)'°. However, the pre-adsorption of BSA successfully prevents
the deactivation of thrombin, and the activity of thrombin/BSA
co-adsorbed on the zeolite surface (Thr-BSA@Zeo) is nearly three
times as high as that of free thrombin (slope of 0.811 versus 0.306,
Fig. 6a). It is interesting to note that the plateau thrombin activity of
zeolite-initiated coagulation is also three times as high as the peak
activity in conventional (non-zeolite) plasma coagulation. These
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results imply that the protein corona on the zeolite surface may play
an important role in regulating thrombin activity.

The notable enhancement of thrombin activity probably relates
to its conformation on the zeolite surface. It is widely accepted that
there are fluctuations between conformations in many enzymes.
The equilibrium of these conformations may be responsible for the
binding and release of the substrate’. An active dimethyl labelling
strategy combined with MS was applied to systematically probe the
lysine-proximal microenvironments of the thrombin/zeolite com-
plexes, based on the fact that free lysine residues on the enzyme exte-
rior surfaces are more easily and quickly accessed and labelled than
those engaged in strong enzyme-to-zeolite interactions*. A signifi-
cant reduction in Thr@Zeo was observed, not only in the labelling
levels of K459 and K618, both of which were near or included in the
exosite II region of the thrombin, but also in K330, K443 and K440
around exosite I (Fig. 6b and Supplementary Table 5), indicating
that their surroundings were blocked by the zeolite surface. Because
the exosites play an important role in the stabilization of the initial
thrombin-substrate complexes®, the blocking of exosite I and exosite
IT would be a possible explanation for the loss in activity of Thr@Zeo.
On the other hand, the total labelling level increased significantly in
Thr-BSA@Zeo, even compared to free thrombin (71% versus 66%),
indicating a looser surface structure. In particular, K501 exhibited
doubled labelling levels (Fig. 6¢c and Supplementary Table 5), indi-
cating enhanced accessibility to the surrounding surface residues.
Because the chromogenic substrate used in this experiment (52238)
was directly bound to the thrombin active site*, the looser structure
of surface residues may lead to increased opportunities for the small
substrate to contact the active site (Fig. 6b), which could be a possible
reason for the higher catalytic activity shown by Thr-BSA@Zeo.

Thrombin adsorbed on another zeolite (CaA) with a much lower
Si/Al ratio (1.0 versus 2.6) showed almost identical catalytic perfor-
mance (Supplementary Fig. 9), indicating that a similar conforma-
tion change may be observed for Thr@CaA and Thr@Zeo. Thr@
CaA also showed a significant reduction of the total labelling level
as well as the labelling levels of K459 and K618 (Supplementary
Table 6), indicating the blocking of exosite II. Moreover, Thr-BSA@
CaA exhibits a similar looser structure. However, there still
remain some differences among the labelling levels of specific
sites (Supplementary Table 6). It should be noted that only two
types of zeolite were investigated as part of the work reported in
this Article, so there is a need for further systematic study of the
effect of zeolite composition and structure on thrombin adsorption.
It has been shown that the calcium content in the zeolite plays an
important role in regulating their catalytic performance in the HPC
(Supplementary Fig. 11).
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increasing the probability of interaction with substrate.

Discussion

The haemostatic application of zeolites has been of interest for more
than three decades, but the understanding of its mechanism has
remained limited to basic physiochemical properties'>*, and the
interaction between the inorganic surface and functional proteins
has been poorly investigated so far. Through continuous monitor-
ing of the evolving zeolite corona in the course of the coagulation
reaction, we reveal that the zeolite effectively initiates and propa-
gates the coagulation cascade via the intrinsic coagulation pathway.
In addition to localization of coagulation factors, the zeolite surface
is primed to coordinate an assembly of the prothrombinase (factors
Xa/Va) complexes and subsequently localizes and controls the burst
of thrombin generation leading to fibrin clot formation, in a similar
fashion to platelet-initiated coagulation. Based on these findings,
we propose a surface-based model for zeolite-initiated haemostasis
consisting of three main steps: (1) initiation and procoagulant com-
plex assembly, which occurs on the negatively charged zeolite sur-
face via an intrinsic pathway to set the stage for large-scale thrombin
generation, (2) thrombin burst, in which large amounts of thrombin
are generated on site on the zeolite surface, catalysed by the proco-
agulant complex and (3) fibrin clot formation. It should be noted
that the separation is useful in this regard due to the involvement of
many proteins and protein-to-zeolite interactions in these dynam-
ics, but it is artificial. In fact, each stage is initiated in rapid succes-
sion, and each continues until the trigger for that stage is no longer
present, so there is overlap.

The surface-based model of zeolite-initiated coagulation pro-
posed in this work explains important aspects that were overlooked
in protein-concentration models. We have demonstrated that the
zeolite provides a surface for activation of the intrinsic pathway
and coagulation complex assembly. This regulation extends beyond
surface activation via the glass effect, which has been observed for
kaolin*%, and enables assembly of a coagulation complex that con-
tributes to the promotion and control of thrombin generation and
localization. This model provides a rational explanation for the
critical role of Ca®* in the zeolite haemostatic agent. Although other
cation-exchanged zeolites show similar water adsorption proper-
ties, an absence of Ca** ions precludes the formation of the pro-
thrombinase complex on the zeolite surface and results in a failure
of zeolite-surface thrombin generation and in the formation of inef-
fective clots®. This mechanism may not be entirely restricted to the
zeolite surface, although only one type of zeolite was investigated
here, and the process of prothrombin activation may occur on other
surfaces that are negatively charged in the presence of calcium ions.
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Furthermore, in stark contrast to the cell-based physiological
process, the prothrombin-to-thrombin conversion in the HPC of
the Ca-zeolite displays a striking thrombin activation pattern with
an exceptionally high plateau thrombin activity and at least 12-fold
enhanced ETP. The more efficient zymogen activation on the zeolite
surface means it is functionalized as a reinforced inorganic platelet
to treat large injuries where platelets fail to initiate a stable clot®. It
should be noted that, for practical applications, powdered zeolite
material may enter the systemic system and cause thromboembolic
events. To address this challenge, as reported in a previous study,
we have developed a tightly bonded and flexible mesoporous zeo-
lite-cotton hybrid haemostat to eliminate the risk of zeolitic powder
entering the patient’s body'".

Methods

Isolation and characterization of the HPC. Human plasma. Human blood from
healthy volunteers was collected in plastic tubes containing sodium citrate to
prevent blood clotting. The tubes were centrifuged to obtain platelet-poor plasma
(PPP). The PPP was transferred to labelled tubes and stored at —20 °C until use.
The procedures for obtaining human blood samples were carried out in accordance
with the ethical regulations of Zhejiang University (ZJU). The Department of
Chemistry (Z]JU) approved the study protocol. Informed consent was obtained
from all participants.

Plasma incubation. As an optimized ratio (Supplementary Table 2), 10 mg of
calcium-exchanged zeolite'® was incubated with 30 pl of plasma, 3 ul of CaCl,
solution (0.2 M) and 70 ul of HEPES buffer (20 mM HEPES, 150 mM NaCl, pH7.4)
on a thermoshaker at 37 °C for 30 min. Excessive plasma was then removed and the
clot was washed with 200 ul of HEPES buffer three times.

Fibrinolysis by plasmin. For the HPC sample, washed pellets were resuspended in
100 ul of human plasmin (25 ugml™) to conduct fibrinolysis at 37 °C for 0-120 min
before protein extraction. Afterwards, the supernatant (denoted as SUP) was
collected, and the remaining pellet was further subjected to protein extraction.

Protein extraction. The pellets of CLOT or HPC were resuspended in 100 pl of
guanidine hydrochloride (6 M) and heated at 90 °C for 5min to extract proteins.
The supernatant was collected and the extraction repeated three times. The protein
solution was then concentrated using a protein concentrator with a molecular
weight cutoff (MWCO) of 3kDa until guanidine hydrochloride was diluted until
lower than 20 mM. The buffer was replaced by an ammonia bicarbonate buffer
(20mM NH,HCO,, pH8.0).

Dynamic process of zymogen activation in the HPC. Monitoring of factor X/
factor V assembly and the thrombin activation process. Calcium-exchanged zeolite'
(10mg CaY, with Si/Al of 2.6) was incubated with 30 ul of plasma, 3 ul of CaCl,
solution (0.2 M) and 70 ul of HEPES buffer (20 mM HEPES, 150 mM NaCl, pH7.4)
on a thermoshaker at 37 °C for 0.5-20 min. At each time point of 0.5, 1, 2, 3,4, 5,
10, 15 and 20 min, excessive plasma supernatant was removed after centrifugation
and sent for factor X or factor V ELISA assay.
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The particles were washed with 200 pl of HEPES buffer three times, then
resuspended in 135 pl of HEPES buffer; 135ul 2% SDS and 67.5 ul 5% loading
buffer were then added into the tube, which was incubated on a thermoshaker
at 99°C for 10 min. Samples (10 pl) were loaded into each well to conduct gel
electrophoresis as mentioned above, then sent for quantitative western blot.

ELISA assay. An FX Human ELISA kit (ab108832, Abcam) and FV Human
ELISA kit (ab137976, Abcam) were used. Plasma incubation was conducted as
mentioned above on a thermoshaker at 37 °C for 1-20 min. The supernatant was
used to conduct ELISA assays after centrifugation and dilution by 1x diluent N
to a final dilution of 1:800. The amounts of factor X and factor V adsorbed on the
zeolite were calculated by subtracting the remaining factor X or factor V in the
supernatant from that in the original plasma.

Quantitative western blot. The gel obtained after electrophoresis was transferred to
a polyvinylidene difluoride (PVDF) membrane using a Bio-Rad Mini Trans-Blot
system at 250 mA for 2h. The membrane was blocked with blocking buffer
(Beyotime QuickBlock Western) for 30 min, and incubated with primary antibody
(antithrombin, ab17199, Abcam) overnight at 4°C. The membrane was washed
with Tris-Buffered Saline Tween-20 (TBS-T) buffer and incubated with secondary
antibody (anti-mouse immunoglobulin G DyLight 800, Cell Signaling Technology)
at 25°C for 1 h. The membrane was washed thoroughly with TBS-T and imaged by
an Odyssey CLx Imager (LI-COR). The image was quantitatively analysed using
Image Studio Lite (LI-COR) software. Pure human thrombin (Sigma T6884) was
used as reference (Supplementary Fig. 3).

Unusual thrombin activation patterns in the HPC. Thrombin generation assay
without tissue factor. Only CaCl, was used as a trigger in this experiment.

In a typical zeolite-initiated thrombin generation assay, 10 mg of
calcium-exchanged zeolite (CaY, Si/Al of 2.6) was incubated with 30 ul of plasma,
3 ul of CaCl, solution (0.2 M) and 70 ul of HEPES buffer (20 mM HEPES, 150 mM
NaCl, pH7.4) in a tube on a thermoshaker at 37°C for 1-60 min. After incubation,
15 ul of the zeolite particles suspension was mixed with 255 ul of HEPES buffer and
30 ul of thrombin chromogenic substrate solution (4mgml, $2238, HYPHEN
BioMed)"". The reaction was conducted at 37 °C on a thermoshaker for 2 min,
then 50 ul of acetic acid was quickly added to stop the reaction. The absorbance
of the supernatant was determined at 405 nm. Pure human thrombin was used
as reference.

In a typical non-zeolite-initiated thrombin generation assay, 30 ul of plasma,
3 ul of CaCl, solution (0.2 M) and 70 ul of HEPES buffer (20 mM HEPES, 150 mM
NaCl, pH 7.4) were mixed in a tube on a thermoshaker at 37 °C for 1-60 min.
After incubation, 15l of solution was mixed with 255 pl of HEPES buffer and
30ul of thrombin chromogenic substrate solution (4 mgml™, $2238, HYPHEN
BioMed)"". The reaction was conducted at 37 °C on a thermoshaker for 2 min,
then 50 ul of acetic acid was quickly added to stop the reaction. The absorbance
of the supernatant was determined at 405 nm. Pure human thrombin was used
as reference.

Conformation-regulated enhanced thrombin activity. Active dimethyl labelling
and conformation analysis. Sample preparation. Active dimethyl labelling was
conducted according to a previous study™. In a typical dimethyl labelling assay,
samples (free thrombin, Thr@Zeo and Thr-BSA@Zeo) were mixed with 400 ul of
HEPES buffer at 37 °C for 30 min (protein concentration was 0.1 mgml~'), then
3.2l of NaBH,CN (0.6 M) and 3.2 ul of CH,O (4%) were added and the reaction
was carried out at 37 °C for 25 min. To stop the reaction, 4 pl of NH,HCO; (5M)
was added and incubated for 20 min.

For CaA zeolite, 50 ul of HCI (6 M) was added to dissolve the zeolite, and the
buffer was then changed to 20 mM NH,HCO, by centrifugal filters (MWCO 3k),
followed by freeze-drying. For CaY zeolite, 1 ml of 6 M guanidine chloride was
added to extract the protein on the zeolite surface with a 10-min ultrasound step,
and the supernatant was collected. This extraction was repeated three times. All of
the supernatant was combined, followed by freeze-drying.

The sample was next incubated with 6 M guanidine chloride and 20 mM
dithiothreitol at 37 °C for 2h. The reaction was conducted at 25 °C for 40 min in the
dark with 40 mM iodoacetamide (IAA). The reaction was terminated by exposure
to light for 20 min.

The salt and guanidine were removed by centrifugal filters (MWCO 3k,
change of buffer to 20 mM NH,HCO,, pH 8.0) to a final volume of 200 pl. The final
concentration of guanidine should be less than 10 mM and ideally less than 5mM.
Digestion was performed by chymotrypsin at 37 °C at an enzyme-to-substrate ratio
of 1/25 (wt/wt).

The selection of enzyme was based on the compatibility and recovery rate of
the peptides. In this part, chymotrypsin was chosen to achieve a higher recovery
rate of peptides.

LC-MS/MS analysis. An EASY-nLC 1000 system (Thermo Fisher) was used for
LC-MS/MS analysis. All of the protein samples (injection mass, ~2 ug protein) were
separated by a nanoViper capillary column (50 um, 15-cm length) packed with C18
particles (2um, 100 A). The flow rate was 10 nlmin~'. The solution of 0.1% formic
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acid (FA)/H,O was used as mobile phase A and 0.1% FA/acetonitrile (ACN) as
mobile phase B. Data were acquired with a Thermo Xcalibur 3.0. The LC gradient
is shown in Supplementary Table 1.

An LTQ Orbitrap Elite system (Thermo Fisher) was used for MS analysis.
The MS parameters were set as follows: ion transfer capillary 275°C, spray
voltage 1.8kV and full MS scan from m/z 300 to 2,000 with a resolution of 60,000.
Data-dependent MS/MS scans were performed by selecting the 20 most intense
ions in the full MS scan for collision-induced dissociation with 35.0% normalized
collision energy.

All data were searched against the UniProt protein database and analysed with
Peak Studio 8.0. Peptides were processed using chymotrypsin cleavage, and up to
two missed cleavage sites were allowed. Peptide mass tolerance was 20 ppm and
fragment mass tolerance was 0.8 Da.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this Article.

Data availability

All data supporting the findings of this study are available within the Article and its
Supplementary Information or from the corresponding authors upon reasonable
request. The MS proteomics data have been deposited in the ProteomeXchange
Consortium (http://proteomecentral. proteomexchange.org) via the iProX partner
repository with the dataset identifier PXD024170. Source data are provided with
this paper.
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