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Abstract

Introduction: In addition to traditional means, topical haemostatics are currently used

to avoid haemorrhage during surgery. Although they have been reported to be effec-

tive, there is a low level of proof of their clinical efficacy, which is at odds with their

levels of use. This study used two methods to better understand their in vitro mecha-

nism of action.

Methods: Two clinical biology assays were used to measure the action of topical hae-

mostatics on primary and secondary haemostasis. Calibrated samples of collagen

sponges and polypropylene non-woven gauze were tested. Platelet aggregation was

assessed using a multichannel aggregometer. A thrombin generation assay (TGA) was

used with a fluorogenic readout. Tissue factor solutions were used to activate

coagulation.

Results: In terms of primary haemostasis, collagen sponges stimulated platelet aggre-

gation, in particular between 2 and 5 min after incubation with platelet-rich plasma

and with no dose effect. In regard to coagulation, the kinetics of thrombin generation

was enhanced. Polypropylene non-woven gauze did not exhibit any effect on platelet

aggregation, although it did have a weak effect on the kinetics of thrombin

generation.

Conclusion: Collagen is well known to exert a haemostatic effect due to its action on

platelet aggregation. By contrast, polypropylene non-woven gauze has not been

shown to have any effect on platelet aggregation other than a minor impact on

thrombin generation. The results obtained with the devices tested are in agreement

with the literature. Platelet aggregation biological assays and TGA measurements

appear to be suitable for evaluation of these medical products.
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1 | INTRODUCTION

All abnormal bleeding occurring during surgery or postoperatively

require haemostasis to be restored.1 The risks for patients varyFabien Nativel and Sophie Tollec contributed equally to this work.
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depending on the patient, the anesthesia, the surgery,2 and the timing

of the onset of the bleeding. They can result in a longer operative

duration, an increase in blood transfusion, and resumption of surgery,

which generally lead to an increase in morbidity, mortality, and the

costs for the facility.3

Over the past 60 years, numerous surgical haemostatic products

have been marketed with the aim of becoming the ideal haemostatic

agent. In addition to the qualities required for a haemostatic effect,

haemostatic agents also need to (i) have structural components that

allow for adequate platelet adhesion; (ii) activate coagulation;

(iii) avoid fibrinolysis; (iv) be biodegradable when implanted; and (v) be

made of biocompatible materials, as well as their degradation prod-

ucts.4 These range from conventional items such as alginate or cellu-

lose pads to more recently developed items such as collagen and

gelatin sponges. Synthetic glues were marketed in the 1990s, rapidly

followed by fibrin glues, thereby resulting in an increase in reference

products and overlapping indications. At present, there is still no surgi-

cal consensus as to the preferred haemostatic agent for different

indications.

Surgical haemostatic agents comprise a large and heterogeneous

class of products. They can be derived from a range of sources: vege-

table (alginate, cellulose), animal (collagen, gelatin), synthetic (cyanoac-

rylate, aldehyde, polyethylene glycol), and human (fibrin glues,

autologous fibrin). Their mechanisms of action in haemostasis vary

and can be direct or indirect.5,6 These products can be divided into

blood-derived drugs and medical devices (MD).7 Some are considered

to be drugs based on their mode of action and composition (especially

those incorporating components from human blood). In this case,

authorization needs to be obtained to market them (AMM: Autorisa-

tion de Mise sur le Marché). Other products are considered to be MD,

in which case they must have the CE marking. Claims by the manufac-

turers in terms of ownership and clinical use can lead to different clas-

sifications and, therefore, different assessments. Evaluation of the

toxicity of haemostatic drugs is carried out by means of phase I and

phase II clinical trials. MD are typically evaluated using in vitro

and in vivo tests according to ISO EN 10993.8,9 Combined with other

biocompatibility tests, the ISO 10993-4 guidelines provide methods

to assess new biomaterials and MD. In addition, these tests provide

information regarding the function and the mechanism of MD scan-

ning with blood.10,11 Despite these differences, it is nonetheless clear

that the immediate toxicity of surgical haemostatics is limited. Very lit-

tle is known about chronic toxicity, which is mainly due to the limited

number of studies and publications on this subject.

For several reasons, the efficacy of haemostatic agents is less

obvious. This is due firstly to the lack of knowledge regarding their

mechanism of action, with the exception of products that incorporate

natural clotting factors. The second reason relates to the methodology

of the clinical studies carried out to date. These have rarely been ran-

domized comparative studies and they have mainly been limited to

the bleeding duration. They have not measured the reduction of

bleeding in terms of the volumes of blood transfusions or the reduc-

tion in the number of interventions or hospital stays.

However, in an environment that is increasingly subject to legal

constraints, surgeons are not inclined to avoid using products that

they consider to be ineffective but otherwise harmless.

This study aimed to determine the in vitro mechanism of action

of topical haemostatics using two biological assays designed to study

haemostasis.

2 | MATERIALS AND METHODS

2.1 | Blood collection

Blood was obtained from three healthy donors based on the following

criteria: adult donor (age >18 years) with no history of hemorrhage or

thrombosis and who had not taken any medication likely to modify

haemostasis (e.g., antiplatelet agents, anticoagulants or hormones) in

the 10 days prior to the blood collection.

Peripheral venous blood was collected into tubes (Vacuette®,

Greiner Bio-One, France) containing citrate (0.109 M, 9:1). The

blood was carefully drawn to avoid unintentional platelet activa-

tion. The blood samples were centrifuged at 900 rpm for 10 min at

room temperature to obtain platelet-rich plasma (PRP). To obtain

platelet-poor plasma (PPP), PRP samples were centrifuged at

3500 rpm for 15 min. After counting the PRP using an automated

cytology device, PRP were adjusted by dilution in PPP to

250 � 109/L platelets for the aggregometry assays and to

150 � 109/L platelets for the thrombin generation assays (TGA), as

suggested by Yan et al.12

The PRP obtained were then pooled in order to obtain a sufficient

volume of PRP for the two assays and to avoid any inter-individual

variability.

2.2 | Optical aggregometry assays

Optical aggregometry assays were carried out on PRP in an

eight-channel aggregometer (Soderel Medical®, France) at 37�C. The

potential for aggregation of the PRP was controlled by the addition of

ristocetin solution (0.8, 1.2, and 1.5 mg/mL), adenosine diphosphate—

ADP (2.5, 5.0 μM), epinephrine (2.0 μM), arachidonic acid (1.6 mM),

and collagen (5.0 μg/mL).

Samples with surface areas of 28 mm2 were obtained using a hole

punch on collagen dressings composed of lyophilized non-denatured

native bovine collagen (Pangen 2®, Urgomedical, France) or non-

woven gauze (Tetra Medical, France) and then incubated in 1 mL of

PRP for 30 s, 1 min, 2 min, 3 min, 4 min, 5 min, or 10 min. The num-

ber of samples added to the PRP was increased from 1 to 3 to evalu-

ate the platelet aggregation effect. PRP alone, incubated in the same

conditions, was used as a control for the absence of spontaneous

aggregation.

After incubation, a 300 μL aliquot of PRP was withdrawn and

placed in a disposable plastic vessel containing a stirring bar.
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2.3 | Thrombin generation assays

Thrombin generation was measured in PRP using a fluorogenic

method as previously described.13 Samples of collagen dressing

(Pangen 2®) and non-woven gauze (Tetra Medical, France) were

placed in 96-well plates. The size of the samples (surface

area = 32 mm2) was such that they covered the bottom of the wells.

An 80 μL aliquot of PRP was added to each well. PRP without mate-

rial was used as a negative control. A 20 μL aliquot of tissue factor

(TF, 0.5 pM) was added to the PRP. Thrombin generation was mea-

sured at 37�C using a CAT System® (Stago, Asnières sur Seine,

France) after adding 20 μL of a solution containing CaCl2 and the

fluorogenic substrate. HEPES buffered saline (HBS, Sigma-Aldrich,

France) was used as a control for the absence of spontaneous coagu-

lation of the PRP.

The lag time (LT), the endogenous thrombin potential (ETP), the

thrombin peak (TP), and the time to peak (TTP) were determined for

each incubation time. The measurements usually lasted 60 min. All of

the experiments were carried out in triplicate.

3 | RESULTS

3.1 | Optical aggregometry assays

Under these experimental conditions, platelet aggregation was

obtained by using agonists in the same manner as in clinical use

(Figure 1A). As expected, there was no aggregation over the course of

a 30 min period when the PRP was tested without any agonist

(Figure 1B). PRP incubated with the non-woven gauze (n = 3 samples)

did not exhibit platelet aggregation over a 30 min period with any of

the agonists (Figure 2A). No aggregation was observed after samples

of collagen dressing were incubated in PRP, irrespective of the num-

ber of samples, when the pre-analysis incubation was <2 min

(Figure 2B–D). Surprisingly, no dose-dependent effect was observed

when the number of samples of collagen dressing incubated in PRP

was increased. When platelet aggregation occurred, it began immedi-

ately after introduction of the agonist and it was complete

after 5 min.

3.2 | Thrombin generation assays

The results of the TGA are shown in Figure 3. The use of a TF solution

at 0.5 pM induced thrombin generation with a LT of 5 min, an ETP of

2454 nM min, a TP of 123 nM, and a TTP of 18 min. With polypropyl-

ene non-woven gauze and without TF addition, the results were a LT

of 7 min, an ETP of 2149 nM min, a TP of 140 nM, and a TTP of

10 min. The use of collagen resulted in a clear increase in thrombin

generation (LT = 7 min, ETP = 2690 nM.min, TP = 421 nM,

TTP = 10 min) compared to polypropylene non-woven gauze. Using

only the HBS buffer, spontaneous thrombin generation was delayed

(LT = 17 min, ETP = 1776 nM min, TP = 89 nM, and TTP = 24 min).

4 | DISCUSSION

Interest in haemostatic agents has increased over the past years for

several reasons. The first is linked to the resurgence of armed conflict

and the need to provide effective haemostasis in a timely manner in

order that survival following injury is not dependent on the evacua-

tion time. The nature of combat injuries differs from those seen in

civilian medical facilities due to the complex nature of the battlefield

environment, the severity of the injuries, and the concomitant mani-

festation of multiple pathophysiological disorders that delay the heal-

ing process.14,15 The second reason is related to the quest for a

reduction of operative morbidity with reduced length of surgery,

transfusions, and iatrogenic surgery complications.16

F IGURE 1 Platelets aggregometry of PRP measured by optical test in healthy donors. PRP show aggregation in the presence or absence of
platelets inductors. (A) Aggregation is over 80% with ristocetin and over 50% with collagen, ADP, and arachidonic acid. (B) No platelets
aggregation was observed during 30 min without inductor. PRP stirring time decreased % aggregation (t: 30 s–10 min). ADP, adenosine
diphosphate; PRP, platelet-rich plasma.
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The availability of new commercial products (drugs or DM) has

increased in recent years, with three main criteria: (i) usability,

(ii) stability, and (iii) biocompatibility. The last aspect determines their

mechanism of action, kinetics, and intensity. Hemostatic assessments

are mainly carried out in vivo in animal or clinical studies, focusing on

biological parameters such as hematocrit, the amount of blood lost or

transfused, and the number of re-interventions.

Using platelet aggregation assays and TGA, this study aimed to

provide a better understanding of the in vitro mechanism of action of

haemostatic agents.

This approach meets the requirements of NF EN ISO 10993.

Although this standard is not applied to drugs, in vitro evaluation can

serve as a worthwhile preclinical tool for haemostatic MD and drugs.

Platelets are the smallest blood cells (1–3 μm) and they are pre-

sent in large quantities in blood (1.5–3.5 � 105 cells/μL). Platelets

have a critical role in haemostasis after vessel injury. The process of

platelet plug formation consists of a successive process of platelet

adhesion, activation, and aggregation.17,18 For haemostatic agents to

be effective, they need to act on these events. A number of in vitro

studies have focused on the interactions between platelets and

haemostatic materials, by studying platelet adhesion by an indirect

method based on measurement of the lactate dehydrogenase enzyme

released by adhered platelets after lysis,19 by using flow cytometry

with PAC-1-FITC reagent and by using fluorescence microscopy with

static microarrays,20 or by studying platelet activation such as platelet

factor 4 (PF4) using ELISA21 and by serotonin analysis using chroma-

tography.22 Assessment of just the adhesion phase is of limited rele-

vance because numerous biomaterials enhance platelet and cell

adhesion without exerting haemostatic properties. By contrast, an

effect on aggregation is enough to warrant assessment of an entity's

haemostatic potential. Aggregation assays therefore appear to be

more suitable for haemostatic evaluation as they reflect the entire

process of primary haemostasis.23,24 The most commonly used

method for studying platelet aggregation of blood involves photomet-

ric measurement of PRP. This test is based on measurement of the

change in optical transmission due to sedimentation of PRP exposed

to inducers of aggregation. An aggregation of 100% equates to the

optical transmission of a plasma sample for which the platelets have

been removed by centrifugation (PPP). This biological test was altered

for the objectives of this study, as it was not possible to introduce

F IGURE 2 Platelets aggregometry of platelet-rich plasma (PRP) incubated with non-woven gauze or collagen dressing measured by optical
test in healthy donors. (A) No platelet aggregation was observed during 30 min with PRP incubated first with three samples of non-woven gauze.
(B) Aggregation (>30%) is obtained after incubation of one sample of collagen dressing. (C) Aggregation (>30%) is obtained after incubation of two
sample of collagen dressing. (D) Aggregation (>20%) is obtained after incubation of three sample of collagen dressing. Time of incubation:
(a) t = 0 s; (b) t = 30s; (c) t = 1 min; (d) t = 2 min; (e) t = 3 min; (f) t = 4 min; (g) t = 5 min; (h) t = 10 min.
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haemostatic agents directly into the measuring vessel of the spectro-

photometer as this would have caused optical interference. Indeed, in

whole blood, red blood cells prevent platelets from being deposited

on the recording electrode. The evaluation of effective platelet partici-

pation is hence underestimated. In 2010, Segal et al noted an in vitro

latency time of more than 5 min before detecting a variation of

impedance indicative of a platelet response in citrated and heparinized

whole blood.25 The PRP was hence first incubated with samples of

hemostatic agents before being transferred to the measuring vessel.

Two materials were tested to validate the method: collagen dressing,

which is a natural inducer of primary haemostasis, and non-woven

gauze. The latter device is composed of polypropylene material that

should theoretically have no effect on haemostasis and for which no

clinical effect has been described. Both materials were added to the

PRP for periods ranging from 1 to 10 min to record the kinetics of

their effect. To ensure reproducibility of the measurements, the sam-

ples of the devices were calibrated. The surface area of the materials

appears to be a better criterion than their weight because in vivo

effects depend more on the contact area with the tissue than on the

amount of material.

In keeping with its mechanism of action, the collagen dressing

resulted in aggregation. Clearly, our methodological conditions do not

allow for complete platelet aggregation (>70%) as is routinely

observed with the use of potent platelet aggregating inductors

(as illustrated in Figure 2). Thus, we arbitrarily chose the threshold of

30% platelet aggregation, which, in light of our results, seems relevant

to differentiate topical haemostatic agents that had no effect on

platelet aggregation from those that had a discernible effect. In this

study, the effect of collagen was maximal when a calibrated sample

was used (28 mm2/1 mL PRP), and it did not increase by doubling/

tripling the amount of material. This could be explained by pre-

activation of platelets causing the release of platelet granule contents

and a reduced optical response. The collagen platelet aggregation

curves appear to be comparable to those obtained with inducers such

as ristocetin and ADP. This assay allows the action of haemostatic

agents on platelet aggregation to be detected. These results are con-

sistent with the purported action of collagen, which is thought to

interact with platelet receptors (GPIa/IIa) and to thereby cause adhe-

sion, activation, and aggregation with the fibrinogen present in the

PRP.26,27 This aggregation assay can be applied directly to all haemo-

static agents.

The TGA examines the overall haemostatic process leading to the

formation of thrombin. The generation of thrombin in vivo is highly

dependent on platelet procoagulant and consequently on their degree

of function. Using this in vitro method with PRP and haemostatic

agents allows the ability of these agents to act as TF to be evaluated.

Dargaud et al showed the relevance of measuring thrombin genera-

tion on PRP and they demonstrated a dose-dependent increase of

both the peak thrombin and the amount of thrombin produced in PRP

upon the addition of increasing amounts of TF, with a high variability

up to 25% at 1 pM of TF.28 Use of a Thermo Electron fluorometer

allows continuous measurement of thrombin formation.29 Using PRP

without addition of an inducer (TF) or without haemostatic agents

allowed measurement of the time required to obtain spontaneous

thrombin formation. Any agent that does not result in the formation

of thrombin during this period can be considered to be non-inducer.

Conversely, the addition of TF in PRP is a way to assess the ability of

plasma to clot under the operating conditions and the minimum time

to obtain this state. Haemostatic agents can act on thrombin genera-

tion and can be compared to the effect of TF. The thrombin

generation measurements showed that polypropylene non-woven

gauze had activity. Although the ETP was slightly lower (�10%) and

the TP slightly higher (+10%) than that of TF, the overall extent of

thrombin generation appeared to be similar in both conditions, as pre-

viously reported by Stief et al.30 The collagen dressing acted faster

than the polypropylene non-woven gauze and the TF. These results

can be explained by the fact that the TF was not used at its maximum

concentration and because PRP retains a capacity for thrombin forma-

tion.28 However, this TF concentration was preferable because, as

demonstrated by Dargaud et al low concentrations (<1 pM) allow for

better assessment of haemostatic effects, especially for haemorraghic

disorders. The TGA is thought to be the most powerful method to

assess in vivo haemostasis. Our results with collagen dressing

F IGURE 3 Thrombin generation measured by CAT System®. PRP
+ HBS (yellow); PRP + TF (green); PRP + non-woven gauze (blue);
PRP + collagen sponge (red). Peak of thrombin is higher in PRP
incubated with non-woven gauze samples than PRP with HBS. Peak
of thrombin is faster and higher in PRP incubated with sample of
collagen sponge than PRP with thrombin inductor. HBS, HEPES
buffered saline, used to assess spontaneous coagulation); PRP,
platelet-rich plasma; TF, tissue factor.
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demonstrated better in vitro thrombin generation and could suggest a

greater in vivo haemostatic effect.

The limitations of this test to study haemostatic agents are as fol-

lows: it lacks reproducibility for absolute quantification due to the var-

iations in thrombin generation that can be generated between the

blood samples from different donors. It, therefore, quantifies a relative

procoagulant activity of haemostatic agents. Both of the materials

that were tested were shown to have the capacity to generate throm-

bin. This thrombin generation, which occurred after a short LT, is

unlikely to be an artefact. Although spontaneous thrombin generation,

probably resulting from contact phase activation, is known to occur,

this takes place significantly later (LT = 17 min) than what was

observed with both dressings or by the use of TF. “Spontaneous”
thrombin generation starts at the end of the “dressing- or TG-

induced” generation phase. We are of the opinion that it does not

affect our results. The use of corn trypsin inhibitor should have inhib-

ited this contact-phase thrombin generation but, unfortunately, such

sampling conditions were not available in our study. Applying this

method to other agents may be of relevance for the identification of

substances without activity and to compare them using the kinetics

of thrombin generation and the areas under the curve. This assay suf-

fers from another limitation that has not been observed in these

experiments, which was that these methods do not work for agents

that contain or that are composed of biological glues. Thrombin for-

mation is obtained immediately during the incubation phase and then

consumed before the beginning of the test, and the plasma can then

no longer coagulate. The application of these biological assays under

these conditions can demonstrate that collagen and non-woven gauze

dressings have different actions on haemostasis. In vivo, collagen acts

initially on primary haemostasis and can thus promote secondary

coagulation. It can rapidly trigger the formation of a platelet clot and

this ability to generate thrombin enhances clot formation and, there-

fore, the maintenance of haemostasis. Conversely, the lack of haemo-

static action in vivo of non-woven gauze is explained by an inability to

act on platelet aggregation even though our results suggest that the

generation of thrombin can be stimulated in vitro. How this non-

woven gaze could initiate thrombin generation without a procoagu-

lant effect on platelets cannot be explained from our results.

These methods can be readily implemented as the required equip-

ment is widely available and they are inexpensive compared to animal

testing or clinical studies. These methods are reproducible in the

sense that the results were comparable irrespective of the donor.

However, they are sensitive to variation in the degree of coagulation

between individual donors, and because the plasma requirements

become excessive. The results of Dargaud et al could lead to better

options, to the extent that they show the potential of using the

thrombin generation test with blood obtained from mice.31

5 | CONCLUSION

This work highlights the multitude of families and galenic forms of sur-

gical haemostatic agents available to users. Validated indications by

the AMM for blood-derived drugs and the CE mark for MD have

undergone scant confirmation by clinical evaluations with a high level

of scientific evidence. That is why, in this study, the use of in vitro

models showed that it was possible to use two haemostatic criteria:

the degree of platelet aggregation and the degree of thrombin genera-

tion, to rapidly determine the mechanism of action of haemostatic

agents. Good surgical haemostasis practice is a local as well as a

national issue. Indeed, the French National Authority for Health (HAS)

ought to make national guidelines available in this regard. The addition

of further haemostatic entities to the already existing therapeutic

arsenal would be of great value if they could be shown to meet a par-

ticular need and at a reasonable cost, as confirmed by medico-

economic studies (reduction of the incidence of blood transfusion and

the duration of hospitalization).
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