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1  �Introduction

Horseshoe crabs belong to the Phylum Arthropoda, Class Merostomata, Order 
Xiphosura, and Family Limulidae. There are only four extant species of horseshoe 
crab: the Atlantic horseshoe crab Limulus polyphemus found on the eastern coast of 
North America and Gulf of Mexico; the tri-spine horseshoe crab Tachypleus triden-
tatus, the coastal horseshoe crab T. gigas, and the mangrove horseshoe crab 
Carcinoscorpius rotundicauda occur in the Indo-Pacific region, ranging from south-
ern Japan to the Bay of Bengal (Smith et al. 2017; John et al. 2018). Horseshoe 
crabs are among the few animals to be characterized as “living fossils,” as their 
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oldest fossils can be dated to the Ordovician period, 445 million years ago (Rudkin 
and Young 2009). Horseshoe crabs are important benthic predators in coastal and 
estuarine ecosystems (Botton 2009), and as the potential indicator species (Chen 
et al. 2015) or sentinel species (Kwan et al. 2018) to reflect the general health of the 
ecosystems.

The biomedical use of horseshoe crabs was discovered by Bang (1956), and 
further discussed in Levin and Bang (1964), which described the hemocytes present 
in horseshoe crab hemolymph and their endotoxin-induced coagulation by releasing 
an enzyme coagulation cascade. This discovery has led to the development of 
Limulus amoebocyte lysate (LAL), a widely used reagent in the detection of bacte-
rial endotoxin in medical diagnosis and in drug assays. Horseshoe crab hemolymph 
was then demonstrated to contain a variety of active substances such as horseshoe 
crab factors, antibacterial and antiviral compounds that have great potential for 
medical development (Iwanaga 2002). The use of LAL reagent as an official test for 
pyrogen was approved by the Food and Drug Administration, USA, in 1987, and led 
to the substantial development in LAL industry to meet the growing market 
demands. The number of L. polyphemus individuals harvested for LAL production 
increased from approximately 32,000 individuals in 2005 to recently circa 60,000 
individuals per  annum, with an estimated biomedical mortality at 15% (Gauvry 
2015). The Asian pharmaceutical market is growing rapidly, and in China, 
Tachypleus tridentatus individuals used for TAL production was estimated to reach 
1.5 million per annum to fulfill the demand for testing more than 300 injectable 
pharmaceuticals listed in Chinese Pharmacopoeia (Li et al. 2018; Yan et al. 2018). 
Due to the different bleeding practices in China and possibly other Asian places, 
T. tridentatus bleeding can cause 100% mortality, and the individuals may be then 
diverted to the food market. Consequently, overfishing for bleeding has been identi-
fied as one of the main attributes to the substantial decline of Asian horseshoe crab 
populations (John et al. 2018; Liao et al. 2019; Zhu et al. 2020). Tachypleus triden-
tatus is listed as Endangered in 2019 on the IUCN Red List (Laurie et al. 2019).

The decreasing T. tridentatus population number along the Chinese coast has 
resulted in the refusal of TAL firms to return the bled horseshoe crabs to sea under 
the absence of local regulatory policy. The pond culture practice has been proposed 
as the alternative to facilitate sustainable bleeding of Asian horseshoe crabs, in 
which the wild-caught subadults and adults are kept in outdoor ponds in coastal area 
for generally more than a year. The individuals will be transported to bleed in nearby 
facilities and returned to the ponds repeatedly within a fixed time interval (Xie 
X. 2018, pers. comm.). Concerns are raised about whether hemolymph quality of 
captive horseshoe crabs can be maintained under prolonged culture, in which the 
issue is primary to TAL production and quality assurance. Previous studies have 
demonstrated that plasma protein level, hemocyte viability, and their morphological 
state can be sensitive to environmental conditions, such as the presence of captivity 
stress, heavy metals, and excessive nutrients (Kwan et al. 2014, 2015, 2018). James-
Pirri et al. (2012) compared hemolymph constituents of wild-caught, captive con-
trol, and captive bled adult L. polyphemus under current or best management 
practices. The study found that captive bled horseshoe crabs had lower plasma 
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protein concentration compared to other treatment groups, while the wild individu-
als had higher concentrations in hemolymph glucose, potassium, and creatinine. 
However, little is known about the effect of prolonged captivity or bleeding on 
hemolymph quality of Asian species.

In this study, hemocyte morphology and immune-related enzymatic activities in 
both serum and digestive tracts of adult T. tridentatus and C. rotundicauda under 
prolonged pond culture was examined. Alkaline phosphatase (AKP) and glutathi-
one peroxidase (GSH-Px) activities were selected to reflect the general health status 
of captive horseshoe crabs. AKP plays important roles in nutrient metabolite trans-
port and ion secretion (Lallès 2010; Cheng et al. 2017), which is sensitive to changes 
in nutritional conditions. GSH-Px activity indicates the organism’s antioxidant 
capacity of which inflammation, hormone level, and other developmental differen-
tiation can affect the enzymatic activity (Sugino et al. 1998; Rogers et al. 2000; Wei 
and Lee 2002). This preliminary study attempts to provide baseline information on 
hemocyte morphology and immunity of Asian horseshoe crabs kept in prolonged 
captivity for bleeding. Carcinoscorpius rotundicauda has not been utilized to serve 
current bleeding practices due to its smaller body size (prosomal width, PW: 
11–13 cm, Fauziyah et al. 2019), but the species is still vulnerable to bleeding and 
exploitation when other Asian horseshoe crab populations are diminishing. The 
findings may be useful in developing a health monitoring system in the sustainable 
bleeding process and other relevant immunological studies.

2  �Materials and Methods

2.1  �Collection and Culture of Horseshoe Crabs

The pond culture of horseshoe crabs was initiated on November 5, 2016 on the 
western part of Yangjiang, a prefecture-level city in Guangdong province, China. A 
total of 1062 individuals of adult T. tridentatus (average PW: 23.5 cm; wet weight, 
WW: 311 g) and C. rotundicauda (average PW: 12.1 cm; WW: 213 g) were kept in 
a circa 1300 m2 outdoor pond with 2.5 m depth. Individuals from both species were 
obtained from coastal waters in Zhanjiang, Guangdong province. The environmen-
tal conditions were maintained as follows: water temperature 16.5–31.6°, salinity 
16–30 ppt, and pH 7.2–8.4. The salinity level is higher in winter compared to sum-
mer. At the bottom of the pond, a 0.3 m sediment layer (25–55% sand particles) was 
provided to enhance the survival of horseshoe crabs (Hong et al. 2009). The sedi-
ment grain size is relatively larger along the edges of the pond, whereas the middle 
of the pond contains finer particles. A waterwheel aerator was set up to increase 
dissolved oxygen and lower ammonia-nitrogen levels in the pond. Half of the total 
volume of pond water was renewed weekly during the rising/falling tides. The 
horseshoe crabs were fed with frozen mussel meat and small fish twice a week.

Two individuals of T. tridentatus and three individuals of C. rotundicauda were 
collected from the pond after one year of culture on November 29–30, 2017. 
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The horseshoe crabs were transported back to the laboratory and held in a 1000-L 
aquarium tank for three days before the bleeding to simulate the standard bleeding 
procedure in TAL-producing facilities. The water temperature was kept at 29–30 °C, 
salinity 16–30 ppt and dissolved oxygen >6 mg/L. The sediment (25–55% sand) at 
the bottom of the tank was disinfected by ultraviolet-C light before the experiment. 
The horseshoe crabs were provided clam meat daily at 16:00, and one-third of the 
water volume was renewed prior to the feeding.

2.2  �Hemolymph Sampling and Preparation

Needles and syringes were pre-disinfected by ultraviolet-C light during the needle/
syringe production, tweezers were autoclaved, and the coverslips for the blood 
smear were cleaned and disinfected using 75% ethanol. Approximately 5 mL of 
hemolymph was extracted from each individual using a 22-gauge needle from the 
hinge between prosoma and opisthosoma of horseshoe crabs. The hinge part was 
wiped with 75% ethanol followed by distilled water before and after the bleeding. 
The sampled hemolymph was stored on ice to reduce spontaneous cellular aggrega-
tion. Half portion of the hemolymph was used for blood smear preparation, whereas 
another half was centrifuged at 4 °C and 500 rpm for 3 min. The supernatant after 
centrifugation was used for enzymatic activity measurements. At the same time, the 
digestive tract was dissected and separated into esophagus, stomach, pylorus, mid-
gut, and hindgut. The enzymatic activity of these tissues was examined immediately 
after the collection.

To prepare a blood smear, in the sterile room, a drop (circa 50 μL) of the col-
lected hemolymph was placed on a slide, and a thin glass cover was added on top to 
form a thin hemolymph film. The blood smear was allowed to be air-dried before 
the staining. The Wright–Giemsa Stain Solution (Servicebio Co., Ltd., Wuhan, 
China) was applied following the experimental procedures described in the product 
protocol (http://www.servicebio.cn/html/all/cp/bl/rs/1757.html). The Wright–
Giemsa stain is widely used in hematological studies to facilitate the differentiation 
of cell types, which is essential for accurate interpretation of their morphological 
characteristics and detection of abnormal cellular components for disease diagnosis 
(Dunning and Safo 2011). The hemolymph samples were allowed to stain for 5 min, 
washed with distilled water, air-dried, sealed with glycerin, and photographed using 
an optical microscope (AxioScope A1, ZEISS, Jena, Germany).

2.3  �Determination of Enzymatic Activity

The AKP and GSH-Px activities in hemolymph and different tissues of digestive 
tract (i.e., esophagus, stomach, pylorus, midgut, and hindgut) of the two horseshoe 
crab species was determined using the AKP and GSH-Px assay kits developed from 
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the Nanjing Jiancheng Bioengineering Institute, Wuhan, China (http://www.njjcbio.
com/). The AKP activity was determined using the phenyldiphenyl phosphate 
method, in which a unit of enzymatic activity was defined as the amount required 
for either 100 ml of serum (U/100 mL) or 1 gram of tissue protein (U/g protein) to 
produce 1 mg of phenol following application to the substrate at 37 °C for 15 min. 
Double-distilled water and phenol was used as the blank and standard, respectively, 
for the determination. For GSH-Px activity, it was quantified based on the colori-
metric method that a unit of enzymatic activity was defined as the amount required 
to decrease the concentration of reduced glutathione in the reaction system by 
1 μmol/L at 37 °C after 5-min reaction per 0.1 ml of serum (U/0.1 ml) or per milli-
gram of protein (U/mg protein), and after the effect of non-enzymatic reaction was 
subtracted. Blank and standard solutions were provided together with the testing kit. 
The protein content from each assay group was determined using the Coomassie 
Brilliant Blue method (Bradford 1976).

2.4  �Statistical Analysis

Data were first checked for normality and homogeneity of variance using Shapiro–
Wilk and Levene’s tests, respectively. The differences in serum AKP and GSH-Px 
levels between species were examined by unpaired sample t-test, whereas their 
AKP and GSH-Px activity level differences among different digestive tract tissues 
and between species were compared using two-way analysis of variance (ANOVA). 
All the above analyses were performed using SPSS software version 22.0 (IBM, 
New York, USA). A significance level of p < 0.05 was considered in all statistical 
procedures.

3  �Results

3.1  �Morphological Characteristics of Hemocytes

Granulocytes, non-granulocytes, and macrophages were observed in hemolymph 
from both T. tridentatus and C. rotundicauda (Fig. 1). The majority of hemocytes 
were round or oval in shape. Granulocytes accounted for the vast majority of hemo-
cytes, in which the number of basophil granulocytes (i.e., basophils) was consider-
ably higher than eosinophil granulocytes (i.e., eosinophils). It is noted that the 
cytoplasmic granules of basophils showed different levels of stain, including darker 
blue and lighter blue stain. The darker-blue basophils contained a central nucleus 
and higher number of granules in the cell, while the lighter-blue basophils consisted 
of a less evident nucleus and fewer granules. Light-blue basophiles were the major 
cell types among the granulocytes. A similar situation was observed in eosinophils, 
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which included purple–red cells with evident intracellular granules and less evident 
nucleus, and light-red cells with a lower intracellular granule number and the 
nucleus located on one edge of the cytoplasm.

The number of non-granulocytes and macrophages were very few, and mainly 
surrounded by the basophiles (Fig. 1). The non-granulocyte had similar size to gran-
ulocyte with a central, clearly defined nucleus. The macrophages were larger in size 
with the nucleus located at the upper middle portion of the cell. A mixture of blue 

Fig. 1  The morphology of hemocytes from T. tridentatus (a–c) and C. rotundicauda (d–f) under 
a light microscope. Three types of hemocytes were indicated by arrows in different colors: granu-
locytes (basophils: black, eosinophils: blue), non-granulocytes (white) and macrophages (red). 
Basophiles were stained in purple–red or light-red, whereas basophils were stained in dark- or 
light-blue

X. Xie et al.



167

and red-stained intracellular granules was clearly observed within the macrophages 
(Fig.  1). No apparent inter-specific differences in staining or morphology of the 
hemocyte types were observed.

3.2  �Enzymatic Activity Determination

The horseshoe crab AKP activity level in serum ranged 0.14–0.15 U/mL (Fig. 2), 
and that in different digestive tract, tissues ranged 10.89–19.37 U/g protein (Fig. 3). 
The AKP level was varied among individuals and tissues. The highest mean AKP 
activity level was recorded in the T. tridentatus hindgut tissue (16.13 U/g protein), 
whereas the lowest mean was observed in the C. rotundicauda midgut tissue 
(12.51 U/g protein). While there was no significant difference in AKP level among 
different digestive tract tissues and between species (species: F = 0.411, p = 0.910; 
tissue: F = −0.089, p = 0.985; species × tissue: F = 0.809, p = 0.539), a significantly 
higher in serum AKP level was observed in T. tridentatus compared to that of 
C. rotundicauda (t = 4.871, p = 0.017).

For the GSH-Px activity, the serum level was in the range of 29.01–36.88 U/mL 
(Fig. 2), whereas the digestive tract level was in the range of 22.21–49.13 U/mg 
protein (Fig. 4). Similar to the AKP activity, the highest and lowest mean GSH-Px 
level was found in the hindgut (41.40 U/mg protein) and midgut tissues (27.31 U/

Fig. 2  Mean activity levels (± standard deviation) of alkaline phosphatase (AKP) and glutathione 
peroxidase (GSH-Px) in serum of T. tridentatus and C. rotundicauda. Significant differences in 
serum AKP and GSH-Px activity levels between species are represented by different lower-
case letters
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mg protein) of T. tridentatus, respectively. The AKP level difference in serum 
between species was insignificant (t = −1.500, p = 0.231). No significant differ-
ences in GSH-Px activity levels were observed between species and among diges-
tive tract tissues (species: F = 0.035, p = 0.854; tissue: F = 0.188, p = 0.941; species 
× tissue: F = 1.527, p = 0.245).

Fig. 3  Activity levels of alkaline phosphatase (AKP, mean ± standard deviation) in different parts 
of digestive tract from T. tridentatus and C. rotundicauda. No significant differences in AKP levels 
were detected between the two horseshoe crab species and among different digestive tract tissues

Fig. 4  Activity levels of glutathione peroxidase (GSH-Px, mean ± standard deviation) in different 
parts of digestive tract from T. tridentatus and C. rotundicauda. No significant differences in 
GSH-Px levels were detected between the two horseshoe crab species and among different diges-
tive tract tissues

X. Xie et al.
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4  �Discussion

4.1  �Classification of Horseshoe Crab Hemocytes

Owing to the very limited studies on their circulatory system and cellular compo-
nents, at present, there is no standardized classification scheme for horseshoe crab 
hemocytes. Armstrong (1979) examined the hemocytes in a freshly excised gill leaf-
let and suggests that, L. polyphemus hemolymph contained solely a single cell type, 
the granular amebocyte (also named as granulocyte) that showing three morpho-
logical states in  vitro, including the contracted, flattened granular and flattened 
degranulated forms. Suhr-Jessen et  al. (1989) found that, in addition to granulo-
cytes, there was another distinct cell, the plasmatocyte, which comprised 1–3% of 
the hemocytes in L. polyphemus hemolymph. Compared to granulocytes, the plas-
matocytes had an euchromatic nucleus, flattened and well-developed rough endo-
plasmic reticulum, a greater number of free ribosomes and mitochondria, but fewer, 
if any, large secretory granules in the cell (Suhr-Jessen et al. 1989). Coates et al. 
(2012) followed the hemocyte classification described in Armstrong (1979), and 
modified the morphological classification into granular-spherical, granular-flat, and 
dendritic-like forms.

For Asian species, Toh et al. (1991) examined the hemocytes in freshly prepared 
hemolymph from T. tridentatus using an electron microscopy and classified the 
hemocytes into two types, including granular and non-granular hemocytes, accord-
ing to the number of granules present in the cells. The population density ratio of 
granular to non-granular hemocytes was 100: 1, in which the ratio was consistent 
to that reported in Suhr-Jessen et al. (1989). Toh et al. (1991) identified two types 
of granules in the granulocytes, L-granules and D-granules, with differences in 
their maximal diameter, cross-sectioned area, identified contents, electron density, 
and matrix characteristics. Kwan et al. (2014, 2015, 2018) followed the granulo-
cyte classification scheme by Coates et al. (2012) and ignored the very low occur-
rence of non-granulocytes present in juvenile T. tridentatus hemolymph. Wu et al. 
(2015) classified the hemocytes in both T. tridentatus and C. rotundicauda species 
using light-scanning electron microscopy and particle size analyzer based on their 
cell size, morphology, cytoplasmic granule size and quantity, and nuclear-cytoplas-
mic ratio. Three types of hemocytes were identified, the significantly larger-sized 
granular cells with abundant granules, the semi-granular cells with lesser granules, 
and the significantly smaller-sized hyaline cells containing few granules but a sig-
nificantly greater nuclear-cytoplasmic ratio. Their morphology was indistinguish-
able between species and sexes, but a significantly higher hemocyte count in 
females of both species. The granular cell was the major cell type in both sexes of 
the two species. Wu et al. (2019) re-examined the results using a transmission elec-
tron microscopy and found the consistently three cell types as described in Wu 
et al. (2015). However, the quantification of hemocytes by flow cytometry demon-
strated that the hyaline cell was dominant in numbers that might be caused by the 
handling process.
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In this study, the hemocytes of T. tridentatus and C. rotundicauda in hemolymph 
were stained by the Wright–Giemsa method and examined under a light micros-
copy. Consistent with most relevant reports in horseshoe crabs, the granulocyte was 
the major cell type for captive horseshoe crabs, in which their intracellular granules 
were in two different staining colors, the basophil granulocyte in blue and the eosin-
ophil granulocyte in purple–red. Similar to the previous studies, we differentiated 
the granulocyte from non-granulocyte according to the number of cytoplasmic 
granules present in the hemocytes. The third identified hemocyte type was macro-
phage with a mixture of blue and red-stained intracellular granules. While the clas-
sification scheme and naming of horseshoe crab hemocytes varied among studies, 
the three cell types mentioned in Wu et al. (2015, 2019), according to our justifica-
tions, can be considered as the granulocytes (or amebocytes) under different mor-
phological states (Coates et al. 2012; Kwan et al. 2014). It is also important to note 
that the hemocyte morphology can be heavily affected by the degranulation process. 
The degranulation in horseshoe crab hemocytes can be induced from increased tem-
perature (Coates et al. 2012), captivity stress (Kwan et al. 2014), deteriorated water 
quality (Kwan et  al. 2015, 2018), and anticoagulant formulation for bleeding 
(Sheikh et al. 2021).

Hemocytes play a primary role in the immune defenses of varying aquatic inver-
tebrates (Buchmann 2014; Huang and Ren 2020). A spherical-granular state appears 
to be the optimum, most viable cell morphology in horseshoe crabs (Armstrong 
1979; Hurton et al. 2005). Wu et al. (2019) also found that granular cells contained 
higher reactive oxygen species, phagocytosis, and non-specific esterase. Therefore, 
the total and differential hemocyte counts in horseshoe crabs are fundamental in 
assessing their physiological state and health status, which in turn, affects the 
resource sustainability for bleeding and the TAL/LAL production quality. Despite 
the fact that the total number of different hemocyte types was not quantified in this 
study, it was apparent that only a very low proportion of non-granulocytes and mac-
rophages was observed surrounded by the basophil granulocytes. Based on the pre-
liminary morphological observations of hemocytes in this study, it seems that there 
was no observable difference in our captive adult horseshoe crabs compared to that 
reported in wild-caught horseshoe crabs in the literature. The antimicrobial and 
clotting substances available in basophils and eosinophils of horseshoe crabs, as 
well as their implication to health status indication require further investigations.

4.2  �Characterization of Enzymatic Activity in Different Tissues

The AKP and GSH-Px activities have been widely utilized to reflect non-specific 
immunological performance in aquatic invertebrates (Javahery et al. 2019; Qi et al. 
2019; Amoah et al. 2020; Xu et al. 2020). AKP is an intrinsic plasma membrane 
enzyme available in the cell membranes of organisms (except some plants), which 
plays a key role in the degradation and transport of exogenous substances, such as 
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proteins, carbohydrates, and lipids (Blasco et al. 1993). For marine invertebrates, 
AKP involves in the absorption of phosphorus and calcium in seawater, and also the 
formation of calcium phosphate and chitin (Xu et al. 2020). Dietary supplementa-
tions with immunostimulants and essential dietary elements (Javahery et al. 2019; 
Qi et al. 2019) as well as changes in environmental conditions (Pinoni et al. 2005; 
Li et al. 2008) were demonstrated to affect the AKP activities in aquatic inverte-
brates. For example, arginine was demonstrated to increase the AKP activities in 
juvenile Chinese mitten crab, Eriocheir sinensis. Similar observation was reported 
in Xu et al. (2020) that the addition of copper supplement to T. tridentatus diets for 
two weeks had significantly increased their plasma AKP activity level. Compared 
with the present findings, plasma AKP activity level in T. tridentatus under pro-
longed captivity (one year) was approximately four times higher than that reported 
in Xu et al. (2020), which is maintained in laboratory for totally two months without 
copper supplementation. Significantly higher plasma AKP level was also noted in 
T. tridentatus compared to C. rotundicauda in this study, which may be attributed to 
the considerable differences in their body size. However, the AKP levels in different 
digestive tissues were statistically similar in both Asian species.

The GSH-Px is a primary component in animal’s detoxification system by cata-
lyzing hydrogen peroxide into water and inhibiting active oxygen and hydroxyl free 
radical productions (Moreira et al. 2016; Sui et al. 2017). Therefore, the GSH-Px 
activity can be regarded as an important indicator to reflect an organism’s antioxi-
dant capacity. A variety of factors have been showed to influence the GSH-Px activ-
ity such as inflammation (Jones et  al. 1997; Rogers et  al. 2000), developmental 
differentiation Hayashibe et al. 1990; Bravard et al. 1999), and hormonal regulation 
(Dougall and Nick 1991; Sampath and Perez-Polo 1997; Sugino et al. 1998). Similar 
to the AKP level, plasma GSH-Px activity levels in T. tridentatus in this study were 
about five times greater than that described in Xu et  al. (2020) under laboratory 
culture for two months. The difference may be resulted from culture conditions 
(Capparelli et al. 2019; Schvezov et al. 2019) and diets (Wang et al. 2019; Yang 
et al. 2019; Liu et al. 2020). For digestive tract tissues, in this study, the GSH-Px 
activity levels maintained in the range of 27–41 U/mg protein regardless of species 
and tissue types. The GSH-Px activity levels in horseshoe crabs, in general, were 
higher than that of intestine tissues from other smaller-sized aquatic invertebrates, 
such as whiteleg shrimp, Litopenaeus vannamei (7–8  U/mg protein, Duan et  al. 
2018), and juvenile Chinese mitten crab, Eriocheir sinensis (8–15 U/mg protein, Lu 
et  al. 2019). While the horseshoe crab baseline data regarding the non-specific 
immunological parameters are very limited, the present findings may be useful in 
further immunological studies for developing health monitoring system and improv-
ing sustainable bleeding practices.
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