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A B S T R A C T   

Bleeding management is considered essential for saving life both in the military and civilian field. There is still a 
need to develop topical hemostats that can stop bleeding and be used easily in the trauma sites. The aim of this 
work is to develop a hemostat based on mesoporous silica particles with large pores for bleeding control. 
Mesoporous silica microspheres (MSM) with particle size of 1.5 − 5 µm and pores diameter of 25 nm have been 
successfully synthesized and, for the first time, loaded with tranexamic acid (TXA) with a content of 4.7%w/w. 
The hemostatic activity of both the pure material and TXA-loaded material (TXA@MSM) was investigated. It was 
found that the blood clotting time was significantly shortened by both systems with respect to control. A he
molysis assay was performed to evaluate the hemolytic activity of MSM, and the result indicated that the material 
was blood compatible. A preliminary TXA in vitro release test was performed, showing the complete release of 
TXA from the carrier within one hour. Considering the above results, TXA@MSM can be considered a promising 
material for the development of new hemostats.   

1. Introduction 

The uncontrolled bleeding that may follow major traumas remains 
one of the most common causes of potentially preventable death among 
injured patients [1]. The World Health Organization (WHO) estimated 
that in 2000 injuries accounted for 9% of global mortality and 12% of 
global burden diseases [2]. In 2015, the American National Institute of 
Trauma estimated that hemorrhages were responsible for over 35% of 
pre-hospital deaths and about 40% of deaths within the first 24 h after 
injury in civilian hospitals [3]. In addition, in case of victims’ survival, 
the initial large blood loss could impair wound healing, increase the risk 
of infections and organ failure so resulting in late morbidity and mor
tality risk and high economic cost of care [4]. Therefore, an early and 
rapid management of bleeding is considered critical for life saving. A 
large variety of products, which include active and non-active hemo
stats, have been developed and suggested to be used in the management 
of bleeding. Active hemostatic agents are a class of products that contain 
one or more active proteins such as fibrin, thrombin, and collagen, but 
are very difficult to use outside hospitals since they require special 
storage conditions [5]. Moreover, active hemostats could induce allergic 

reactions due to the presence of animal- or human-derived proteins [6]. 
To overcome these limitations and facilitate the achievement of hemo
stasis in emergency (for instance in the battlefield or in trauma sites), 
topically applied non-active materials, which do not contain proteins, 
have been developed and used to control bleeding [7]. Hemostats based 
on inorganic materials, which include zeolites (i.e., QuikClot™), have 
been recommended in the management of massive bleeding by the 
Committee on Tactical Combat Casualty Care (CoTCCC) since they are 
animal-protein or human-protein free and very efficient [6]. However, 
patients treated with QuikClot agents experienced adverse effects such 
as thermal tissue injuries and abnormal foreign-body reactions due to 
the exothermic process of action and poor biodegradability of these 
materials [8]. Therefore, there is still a need to develop alternative 
effective hemostatic materials able to control hemorrhages and reduce 
collateral effects. 

Recently, mesoporous silica-based materials (MS) have attracted 
much attention as hemostats due to their biocompatibility, biodegrad
ability and unique physiochemical properties including high surface 
area, high pore volume and large pore size [9–17]. As zeolites, MS have 
shown great potential in promoting the clotting process and achieving 
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hemostasis without causing any adverse side effect. Owing to their high 
porosity and large pore size, MS are able to achieve hemostasis by 
absorbing a large amount of water from the blood and concentrating the 
clotting factors and platelets at the bleeding site: this mechanism of 
action allows them to be classified as factor concentrators. Moreover, 
the presence of a high concentration of polar silanols and negative net 
charges at the surface of MS is beneficial to blood coagulation as it can 
activate factor XII and other clotting proteins, which is known as the 
procoagulant effect [6,14,18]. Various studies have investigated the 
effect of specific surface area and pore size on the hemostatic ability as 
they are considered important factors in improving the adsorption ca
pacity of these materials. The effect of specific surface area on the he
mostatic efficiency of mesoporous silica xerogels was investigated by 
Wu et al. [11] whose results indicated that the prothrombin time (PT, i. 
e. the time to activate the extrinsic pathway) and the activated partial 
thromboplastin time (APTT, i.e. the time to activate the intrinsic 
pathway) were shortened by the presence of a mesoporous silica xerogel 
with respect to non-mesoporous silica xerogel and control. The authors 
ascribed the clotting ability of the mesoporous silica xerogel to its high 
surface area, which improved the water absorption capability of the 
material and resulted in higher concentration of the blood components 
and the consequent reduction of clotting time. Chen et al. [14] investi
gated the hemostatic performance of MS nanoparticles with different 
pore and particle sizes. The results of the clotting blood tests showed that 
the hemostatic efficiency of the nanoparticles was influenced by the 
pore size rather than the particle size and it was maximum for those 
nanoparticles with a pore size larger than 10 nm. 

Given the above premises, the aim of this work is the development of 
a topical hemostat based on large pore MS to be used in the management 
of massive bleeding in emergency situations. To further enhance the 
hemostatic performance, MS was loaded with tranexamic acid (TXA). 
TXA, trans-4-(aminomethyl) cyclohexanecarboxylic acid, is a synthetic 
antifibrinolytic drug widely used to manage the excessive blood loss that 
results from trauma, surgery or bleeding disorders. It is a derivative of 
lysine and it inhibits the breakdown of fibrin clot by reversibly binding 
to the lysine-binding sites on plasminogen molecules, thereby stabilizing 
the clot and preventing the excessive bleeding caused by hyper
fibrinolysis [19]. However, TXA presents a low bioavailability and 
causes several adverse effects, which include gastrointestinal disorders 
when administered orally, and hypotension when administered intra
venously [20]. An effective alternative approach to improve the efficacy 
of TXA is to apply it topically [21] and use appropriate carriers to control 
its release [20,22]. To the best of the authors’ knowledge, the combi
nation of mesoporous silica with tranexamic acid has not been reported 
yet. To this purpose, mesoporous silica microspheres (MSM) with large 
pores have been synthesized and, for the first time, loaded with TXA to 
prepare a material that combines the intrinsic hemostatic properties of 
MS and the antifibrinolytic activity of TXA. The characterization of the 
MSM before and after the loading with TXA was performed using 
different techniques such as nitrogen sorption analysis, X-Ray Diffrac
tion (XRD) and Fourier Transform Infrared spectroscopy (FT-IR). A 
blood clotting time test and a hemolysis assay were carried out on the 
materials to evaluate their hemostatic ability and blood compatibility, 
respectively. Finally, a preliminary in vitro release test was performed in 
an isotonic solution (NaCl 0.9% w/v) to determine the release ability of 
the carrier. 

2. Materials and methods 

2.1. Materials 

Pluronic P123, tetraethyl orthosilicate (TEOS, 99.999% trace metals 
basis), hydrochloric acid (ACS reagent, 37%), potassium chloride (KCl, 
≥99,0%), mesitylene (98%), tranexamic acid (pharmaceutical second
ary standard) and sodium chloride were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Water (LC-MS grade) was provided by Merck 

(Billerica, MA, USA). 

2.2. The synthesis of MSM 

The procedure used for the preparation of MSM was adapted from 
that reported by Wang and coworkers [23]. It is a well-established 
method that allow a material with spherical morphology and large 
pores to be obtained, which is suitable for its final application. 4.0 g of 
Pluronic P123 and 6.1 g of KCl were dissolved in a mixture of 120 g of 
H2O and 23.6 g of HCl (conc. 37%); then 3.0 g of TMB were added and 
the solution was stirred. After 2 h of stirring, 8.5 g of TEOS was added 
drop by drop and the mixture was stirred vigorously for 10 min. The 
final molar ratios of the reactants were 1 TEOS: 0.017 P123: 0.6 mesi
tylene: 2 KCl: 5.85 HCl: 165 H2O. The mixture was maintained under 
static condition at 35 ◦C for 24 h, then it was transferred into a sealed 
PTFE bottle and kept at 100 ◦C for 24 h. The resulting white solid pre
cipitate was filtered, washed with water, and dried at 60 ◦C in an oven 
for one night. The dried powder was calcined in air at 500 ◦C for 6 h in a 
muffle furnace to remove the template. 

2.3. The loading of TXA 

The loading of TXA was performed using water as a solvent through 
the incipient wetness impregnation technique. This method is simple, 
fast, economic and green since any organic solvent is employed, which 
make it suitable for a potential future industrial transfer. For the 
impregnation, 15 mg of TXA were dissolved in 0.36 ml of water, then the 
solution was added dropwise to 285 mg of MSM so that the nominal TXA 
content was about 5%w/w. The slurry was mixed vigorously using a 
spatula, and the sample was kept drying at room temperature overnight. 
The obtained material was designed as TXA@MSM. 

To confirm that the TXA amount initially dissolved in the impreg
nating water solution had effectively been loaded on the carrier, TG 
analyses were performed using a SETARAM 92 instrument (Caluire, 
France) between 25 ◦C and 800 ◦C at the heating rate of 10 ◦C /min in 
air. The TXA content in the TXA@MSM sample was calculated from the 
weight loss between 200 ◦C and 800 ◦C by subtracting the weight loss 
measured in the same temperature range for the unimpregnated MSM 
(Fig. S1), and its amount resulted to be 4.7% w/w. 

2.4. Instrumental Characterization 

The morphology of the sample was characterized using a Field 
Emission Scanning Electron Microscope (FESEM Supra 40 instrument, 
Carl Zeiss, Oberkochen, Germany). Particle size distribution was calcu
lated using the software “ImageJ.” (Open source, https://imagej.net/) 
by analyzing 73 particles. 

Nitrogen adsorption-desorption isotherms were obtained with a 
Micromeritics ASAP 2020 Plus Physisorption analyzer (Micromeritics, 
Norcross, GA, USA). Before the measurement, the unimpregnated sam
ple was outgassed at 150 ◦C for 2 h, while the impregnated MSM was 
outgassed at 70 ◦C for 2 h. Specific surface area (SSA) was calculated 
using the Barret-Emmett-Teller (BET) method in the relative pressure 
range of 0.12–0.20. The total pore volume was determined at a relative 
pressure of about 0.99. The pore size distribution and the average pore 
size were obtained using the density functional theory (DFT) model. 

Zeta potential measurements of MSM and TXA@MSM were per
formed using a 90 Plus Instrument (Brookhaven, New York City, NY, 
USA). The zeta potential values were determined by placing diluted 
samples in an electrophoretic cell, where an approximately 15-V/cm 
electric field was applied. All measurements were carried out in 
triplicate. 

Wide angle X-Ray Diffraction (XRD) patterns were recorded on 
Panalytical X′Pert PRO (Malvern Panalytical, Almelo, The Neatherlands) 
using Cu-Kα radiation (40 kV, 40 mA). The data were collected from 5◦

to 60◦ (2θ) with a step size of 0.026◦ (2θ). 
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Fourier Transform Infrared (FT-IR) analysis was performed using an 
Equinox 55 spectrometer (Bruker, Billerica, MA, USA) on self-supported 
pellets, prepared by pressing the powder with a hydraulic press. All 
samples were outgassed in high vacuum (residual pressure equal to 0.1 
Pa) at room temperature for 1 h. Spectra were obtained from 4000 cm− 1 

to 600 cm− 1 with a resolution of 2 cm− 1. 

2.5. In vitro blood Coagulation test 

Blood clotting time (BCT) test is a simple method used to evaluate 
whole blood coagulation in vitro. The test was performed according to 
the procedure reported in literature [14,17]. Briefly, 3 mg of sample 
were put in an eppendorf tube and kept at 37 ◦C for 5 min. Then 250 µl of 
3.2% sodium citrate rat blood was added to the sample, followed by 
vortexing for 10 s, and incubated at 37 ◦C for 3 min. After that, 25 µl of 0, 
25 M calcium chloride (CaCl2) aqueous solution was pipetted into the 
tube to activate blood coagulation. The tube was tilted every 15 s until 
the blood stopped to flow through the wall of the tube. The clotting time 
was used as the result of the BCT test. 

2.6. Hemolysis assay 

The hemolytic activity of the samples was evaluated on rat blood 
diluted with PBS pH 7.4 (1:10 v/v). 

100 µl of the samples prepared in saline solution (NaCl 0.9% w/v) at 
two different concentration (1 mg/ml and 5 mg/ml) were incubated 
with 900 µl of diluted blood at 37 ◦C for 90 min, so that the final con
centrations were 100 µg/ml and 500 µg/ml. After incubation, the sam
ples were centrifuged at 2000 rpm for 10 min to separate the plasma. 
The amount of hemoglobin released in the supernatant due to hemolysis 
was measured spectrophotometrically at 543 nm (Du 730 spectropho
tometer, Beckman). 

The hemolytic activity was calculated with reference to complete 
hemolyzed samples (induced by the addition of Triton X-100 1% w/v to 
the blood, used as positive control) and negative control (NaCl 0.9% w/ 
v). 

Hemolysis(%) =
(Abssample − Absneg)
(Abspos − Absneg)

x100  

2.7. Preliminary in vitro release test of TXA 

To assess the ability of TXA@MSM to release TXA, a dissolution test 
was carried out using an isotonic solution (NaCl 0.9% w/v) as the 
receiving medium. 10 mg of TXA@MSM were soaked in 10 ml of 
isotonic solution. After 60 min, the sample was recovered by filtration, 

dried upon complete evaporation of the solvent, and analyzed by FT-IR 
spectroscopy. The analysis was performed on a self-supporting pellet, 
prepared by pressing the powder with a hydraulic press. Before the 
measurement the sample was outgassed in high vacuum (residual 
pressure of 0.1 Pa) at room temperature for 1 h. Then, the achieved 
spectrum was compared with the spectrum of TXA@MSM, i.e., the 
sample before the dissolution test. 

3. Results and discussion 

3.1. MSM and TXA@MSM characterization 

The characterization of the unimpregnated (MSM) and impregnated 
(TXA@MSM) material by means of FESEM, nitrogen sorption analysis, 
XRD and FT-IR spectroscopy is discussed hereafter. 

Fig. 1 shows the FESEM images of MSM and the calculated particle 
size distribution. The material appears composed of spherical micro
particles with a wide particle size distribution in the range of 
1.5 − 5 µm. 

a) b). 
Nitrogen adsorption-desorption isotherms and pore size distribution 

of MSM and TXA@MSM are shown in Fig. 2. MSM presents a type IV 
isotherm (Fig. 2a, black lines), according to IUPAC classification, with a 
H5 hysteresis loop, which is characteristic of materials with both open 
and partially blocked mesopores [24]. The pore size distribution 
(Fig. 2b, black line) of MSM is unimodal and narrow with an average 
pore size of 25 nm. The values of SSABET and Vp are 342 m2/g and 
1.27 cm3/g, respectively. 

As far as the sample TXA@MSM is concerned, no significant change 
could be observed in the isotherm (Fig. 2a, red lines) neither in the pore 
size distribution (Fig. 2a, red line) when compared to MSM as such. The 
values of SSABET and pore volume of TXA@MSM are 325 m2/g and 
1.22 cm3/g, respectively, i.e., almost negligibly lower than those 
measured for MSM before impregnation (Table 1). These results suggest 
that TXA molecules are well dispersed and homogeneously distributed 
on the surface of the mesopores. Indeed, due to the large pore size of 
MSM (25 nm), the limited amount of TXA molecules in TXA@MSM 
(0.092 mmol/m2) and the small molecular size of TXA (C8H15NO2, 
molecular weight 157.21, Scheme 1) it is not surprising that the pres
ence of the guest TXA molecules on the surface of mesopores negligibly 
affects the porosity of the carrier. 

Zeta potentials of MSM and TXA@MSM were determined to be - 
33.44 ± 2.91 mV and - 34.18 ± 2.26 mV, respectively. No significant 
change can be observed after TXA adsorption, suggesting that particles’ 
external surface did not undergo significant modification upon TXA 
loading and that TXA molecules are mostly located inside the pores. 

Fig. 1. (a) FESEM images (magnification: 1.00 K X and 10.00 K X in the inset) and (b) particle size distribution of MSM.  
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Fig. 3 compares the XRD patterns of MSM, TXA@MSM and pure TXA. 
The XRD pattern of pure TXA presents well-defined peaks of the crys
talline phase [25]. On the other hand, the XRD patterns of MSM and 
TXA@MSM are typical of amorphous silica. The absence of the typical 
peaks of crystalline TXA in the TXA@MSM sample suggests that the 
molecules of the drug are dispersed inside the mesoporous carrier in 
non-crystalline form. 

The FT-IR spectra of MSM and TXA@MSM are shown in Fig. 4. MSM 
exhibits the typical spectrum of amorphous silica with two main bands: 
a narrow band at 3740 cm− 1 due to the isolated silanols and a broad 

absorption band at about 3500 cm− 1 due to silanols interacting via H- 
bonding [26]. The spectrum of TXA@MSM shows a decrease in the in
tensity of the peak (3740 cm− 1) associated to the isolated silanols. In 
addition, a new broad absorption band appears in the 3500–2500 cm− 1 

range, which also shows two superimposed narrower bands at 
2934 cm− 1 and 2858 cm − 1, respectively. The decrease in the intensity 
of the peak ascribed to isolated silanols (3740 cm− 1) suggests the 
occurrence of H-bonding interactions between the isolated silanols and 
TXA molecules, which is also responsible for the new broad absorption 
below 3500 cm− 1. The narrower bands at 2934 cm− 1 and 2858 cm − 1 

are attributed to the stretching vibrations of the -CH2- groups of TXA 
[27]. Other bands ascribed to TXA can be observed at lower wave
numbers. In particular, an intense band appears between 1600 cm− 1 and 
1500 cm− 1, which can be attributed to the symmetric deformation mode 
of protonated amine groups -NH3

+ [28,29]. A second intense band is 
observed at about 1400 cm− 1, which is ascribed to both the bending 
vibrations (wegging) of -CH2- groups [27] and the symmetric stretching 
vibration of carboxylate -COO- species [28,30]. The antisymmetric 
stretching vibration of the same COO- groups, which is expected to 
appear in the spectrum above 1500 cm− 1, more likely contributes to the 
band observed between 1600 cm− 1 and 1500 cm− 1. Moreover, two 
weaker bands can be observed at about 1630 cm− 1 and 1450 cm− 1, 
which are ascribed to the bending modes (scissoring) of the amine and 
-CH2- groups of TXA, respectively [27]. Residual molecular water 
adsorbed on the sample could also contribute to the absorption band at 
about 1630 cm− 1. 

The above discussed spectroscopic results suggest that TXA has been 
deposited on the silica surface mainly in the form of zwitterionic species 
[20,29]. 

3.2. Blood clotting time test 

The in vitro hemostatic efficiency of MSM and TXA@MSM was 
evaluated by blood clotting time (BCT) test, a method which measures 
the time that blood needs to form a clot. As shown in Fig. 5, the clotting 
time was significantly shortened by MSM as well as by TXA@MSM when 
compared to control. In addition, the test showed that there was no 
difference in the clotting time between the two samples. This is due to 
the fact that TXA is an antifibrinolytic drug, so it exerts its hemostatic 
action not by inducing the formation of a clot, but preventing clot 
dissolution [19] in a longer time. 

In conclusion, the results of the BCT test indicated that both samples 
exhibited good hemostatic performance, and that the presence of TXA 
on the surface of the material did not affect the ability of MSM in 
inducing the activation of the coagulation cascade. 

Fig. 2. (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution of the MSM and TXA@MSM.  

Table 1 
SSABET and pore volume of MSM and TXA@MSM.   

SSABET (m2/g) Pore volume (cm3/g) 

MSM  342  1.27 
TXA@MSM  325  1.22  

Scheme 1. : Chemical structure of tranexamic acid.  

Fig. 3. XRD patterns of MSM, TXA@MSM and pure TXA.  
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3.3. Hemolysis assay 

Besides its efficiency, a hemostatic material should not cause damage 
to blood components. It is known that silica based materials could cause 
damage to the membrane of red blood cells [31–33]. Therefore, a he
molysis assay was carried out to evaluate the hemolytic behavior of 
MSM. Fig. 6 reports the hemolysis ratio of MSM at two different con
centrations (i.e., 100 and 500 µg/ml). The results of the test showed that 
no significant hemolytic activity was observed at the two concentra
tions. In conclusion, the hemolysis assay revealed that MSM showed a 
high hemocompatibility toward the red blood cells. 

3.4. In vitro release of TXA 

The preliminary in vitro release test aimed at verifying the possibility 
of a fast release of the drug from the microspheres. Fast release, in fact, is 
considered an important factor in bleeding control. Indeed, according to 
the CRASH-2 (Clinical Randomization of an Antifibrinolytic in Signifi
cant Hemorrhages-2) trial, early administration of TXA to control 
hemorrhages is fundamental in reducing the risk of death in bleeding 
trauma patients, without increasing the risk of developing thrombosis. 
The maximum efficiency can be obtained when TXA is administered 
within one hour of the traumatic event [34]. 

In order to evaluate the drug release from TXA@MSM, an FT-IR 
analysis (Fig. 7) was carried out on the powder recovered after the 
release test (60 min). The FTIR spectrum of TXA@MSM did not show 
any band related to TXA, so confirming its total release within an hour. 
The obtained result is crucial since, as mentioned earlier, the maximum 

efficacy is achieved when the administration of TXA occurs within the 
first hour. 

In conclusion, the preliminary in vitro release test suggests that MSM 
could be a suitable carrier for the release of TXA as it is able to deliver it 
in a rapid manner, which is desirable for its use in the management of 
bleeding during first aid situations. 

Beyond evaluating the release of TXA from the microspheres, it is 
important to assess if the drug can limit fibrinolysis or not. Generally, 
fibrinolysis is studied by monitoring the changes in turbidity during clot 
formation and its subsequent lysis [35,36] with a spectrophotometer. 
Unfortunately, this technique cannot be applied to the investigated 
system since the presence of silica microspheres affects turbidity so 
interfering with the analysis. In order to obtain some preliminary insight 
on this point, clot lysis was evaluated through a simple qualitative 
approach based on the observation of the flow of plasma inside an 

Fig. 4. FT-IR Spectra of MSM (black curve) and TXA@MSM (red curve).  

Fig. 5. BCT time for MSM, TXA@MSM and control. Data are represented as 
mean ± SD (n = 3). * Significant difference (p < 0.05) analyzed by one- 
way ANOVA. 

Fig. 6. Hemolysis assay on MSM. Photographs of hemolysis of red blood cells 
(a) negative control, (b) MSM-100 µg/ml, (c) MSM-500 µg/ml, (d) positive 
control and (e) percentage of hemolysis of red blood cells. 
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eppendorf tube. First, the clotting of plasma was induced; as a result, 
plasma stopped flowing through the walls of the tube when this was 
tilted. Then, a thrombolytic drug was added to induce the clot lysis of the 
plasma, which started flowing again. The extent of the clot lysis was 
estimated by observing the flow of the plasma after the addition of the 
thrombolytic drug to the clot. The results of the test showed that in the 
presence of TXA@MSM the flow was much slower with respect to the 
samples treated with pure TXA or MSM, suggesting that TXA@MSM can 
limit fibrinolysis. However, more accurate tests need to be implemented 
in order to confirm this behavior. 

4. Conclusions 

A novel hemostatic material to be used for the control of hemor
rhages in emergency has been proposed for the first time. The obtained 
material combines the hemostatic ability of mesoporous silica with the 
antifibrinolytic activity of tranexamic acid. MSM (with particle sizes 
ranging from 1 to 5 µm and an average pore diameter of 25 nm) were 
synthesized, characterized, and loaded with TXA (with a final content of 
4.7%w/w) through an incipient wetness impregnation technique by 
using water as a solvent. The XRD analysis revealed that TXA was 
distributed inside the carrier in non-crystalline form. The FT-IR analysis 
showed that TXA molecules were dispersed on the mesopore silica sur
face in their zwitterionic form. BCT tests performed on both the unim
pregnated and impregnated MSM indicated that both systems were able 
to activate the coagulation cascade. A hemolysis assay was performed to 
evaluate the hemolytic activity of MSM, and the result indicated that the 
material was blood compatible. The preliminary in vitro release of TXA 
showed that the material was able to deliver TXA to the release medium 
within one hour, as suggested from the CRASH-2 trial in order to achieve 
maximum efficiency in the hemorrhage control. Furthermore, a pre
liminary clot lysis evaluation indicated that impregnated MSM can limit 
fibrinolysis. 

In conclusion, the aim of this study was to combine tranexamic acid, 
a clinically used antifibrinolytic agent, and mesoporous silica micro
spheres (MSM), to develop a novel material with intrinsic hemostatic 
properties. The preliminary results suggest that the proposed system is 
promising for the future development of new hemostats suitable for 
bleeding control in emergency situations. The present work can open the 
way to future investigations of the in vitro and in vivo behavior of the 
proposed system. 
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