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Abstract

In this study, polylactic acid (PLA) was synthesized via direct polycondensation. The
effects of catalyst, temperature, pressure, and solvent system on PLA properties were
observed. Synthesized PLA was blended with polycaprolactone (PCL) and chitosan (CHI)
and was casted into the blended film. The film was used to construct a biodegradable device
for controlled delivery of active ingredient with hemostatic activity to speed up blood clotting
and at the same time providing the network where fibrin-based clot formed.
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Introduction

Hemorrhage is the leading cause of death from battlefield trauma and the second
leading cause of death after an accident and trauma in the civilian community. An effective
method for controlling hemorrhage in forward treatment elements (pre-hospital, non-
physician providers) would greatly reduce mortality rate and decrease logistical requirement
for casualty care. A topical hemostatic agent must control rapidly flowing, otherwise lethal,
large venous or arterial hemorrhage, through a pool of blood without vascular control.
Relatively minor injuries, such as a superficially cut finger or scrapped knee, are often
covered with sterile cotton gauze pads that are held over the injured site by pressure from an
adhesive barrier strip affixed to adjacent normal skin. Such first aid strips may be used to
sequester small amounts of blood within the absorbent pad until components of blood and
damage tissue can form fibrin-based clot. The clot initially clogs the ends of small blood
vessels and adheres to wounded surface. Control of bleeding is complicated by many factors
because clotting is a complex process involving multiple interdependent interactions among
platelets, endothelial cells, while cells, and plasma proteins. Although blood clotting process
is not yet understood in all details, it can be simply defined in 3 steps. First, the prothrombin-
heparin complex reacts with the cephalin freed by the disintegrating platelets to form
prothrombin and cephalo-heparin. Second, prothrombin forms threombin by a reaction which
involves free calcium ions. Last, thrombin and fibrinogen are reacted and the fibrin-based
clot is formed' ™.

When large vessels are cut or torn, the rapid flow of escaping blood tends to remove
fibrin clots before they can clog the vessel and adhere to the adjacent damaged tissue. There
is a requirement for material able to arrest such major hemorrhage. In many cases, blood
adhering to damage tissue is clotted and slowly transformed into a scab that serves as a skin
substitute. The scab retains body fluids while sealing out bacteria and other environmental
hazards. Wound healing normally takes place under cover of the protective scab, which
prevents drying of underlying cells and undesirable inflammatory reactions which limit
normally healing. Such healing requires closure of any void with fibroblasts and the
migration of epidermal cells over fibroblasts and fibroblastic collagen products under
physiological conditions. There is a need for methods able to rapidly provide the protective
functions normally provided by epithelial cells and to foster re-epithilialization for re-
establishment of such functions. An artificial scab is expected to provide such immediate
protection. Polymers in forms of aqueous gel, mucilage, glue, cream, granule, and particle,
such as polyvinyl alcohol, polyvinyl acetate, polyphosphate, poly-4-hydroxybutyrate, and
chitosan, are now commercially available to prevent trauma bleeding by providing the
template for scab formation. Polyvinyl alcohol and polyvinyl acetate in form of gel helped
cover and adhere to the open wound, denuded tissue, or burned skin so that bleeding or fluid
loss was reduced or stopped. It was reported that polyphosphate modulated blood coagulation
.and fibrinolysis; thus, reduced bleeding. Carboxymethyl chitosan bandage has been proved to
treat burned skin and prevent infection and skin inflammatory. Chitosan granule containing
poly-4-hydroxybutyrate can be used to treat intracavity biecding""?.

Mot only immediate clotting, biocompatibility and antimicrobial activity are also the
requirements in treatment of hemorrhage. Biomaterials such as polylactic acid (PLA) and
chitosan can provide such the required properties. PLA is a biodegradable, thermoplastic,
aliphatic polyester derived from renewable resources, such as cornstarch or sugarcanes.
Although PLA has been known for more than a century, it has only been of commercial
interest in recent years due to its biodegradability. PLA is currently used in a number of
biomedical applications, such as sutures, stents, dialysis media, and drug delivery devices. It
is also being evaluated as a material for tissue engineering. While chitosan’s properties allow



it to rapidly clot blood, and has recently gained approval in the US for use in bandages and
other hemostatic agents. Chitosan purified from shrimp shells is used in a granular hemostatic
product, Celox, made by Medtrade Biopolymers Inc. (Crewe, England) and in the chitosan
dressings made by HemCon Medical Technologies Inc. (OR, USA). Celox has been shown in
testing by the US Marines to quickly stop bleeding and result in 100% survival of otherwise
lethal arterial wounds and to reduce blood loss. The HemCon product reduces blood loss in
comparison to gauze dressings and increases patient survival. In addition, chitosan is
hypoallergenic, and has natural antibacterial properties, further supporting its use in
bandages’.

In clotting process, the role of biomaterials is to provide the supported network where
platelets aggregate and fibrin-based clot forms on demand by body response. In case of
severe bleeding, use of active ingredient to speed up clotting process and further reduce
clotting time can help prevent trauma hemorrhage, There are many of such active ingredients
reported in the literatures including monosodium glutamate and oleanolic acid, for example.
Those active ingredients exhibit the great hemostatic activity; thus, help promote wound
healing process. In this study, we aimed to construct a biodegradable device for controlling
delivery of the active ingredients with hemostatic activity and at the same time providing the
network where fibrin-based clot form. Our previous study showed that 2 biodegradable
devices (low molecular weight poly(L-lactic acid)-chitosan copolymer film and blended
poly(L-lactide-co-caprolactone)/chitosan film) could effectively deliver tetracycline and
nicotine. Therefore, we used these 2 biodegradable copolymer films as the devices for in vitro
delivery to speed up blood clotting. The expected outcome of this research would be the
manufacturing process of the biodegradable device for treatment of hemorrhage. With further

in vivo study on animal and clinical trial, it is expected that this biodegradable device can be
of commercial interest.

Research objectives

To tailor the biodegradable wound healing device for rapid control of hemorrhage.
- Selection of commercially available active ingredients which promote clotting process
- Synthesis, characterization, and in vitro study of biodegradable device for delivering
active ingredients and strengthening the fibrin network

Materials and methods

Preparation of PLA/PCL/CHI film

First, PLA was synthesized via direct polymerization. The effects of catalysts
(Sn(Oct)z, Co(OAc); and Sb(OAc);), reaction time (24, 48, 72, and 96 h), and pressure (10,
100, and 500 mmHg) on PLA properties were investigated. The solvent system used in this
study was diphenyl ether.

PLA/PCL blend was prepared by mixing PLA with PCL at various weight ratios in
dichloromethane. PLA/PCL solution was poured into the petridish. Solvent evaporation from
PLA/PCL solution was allowed under vacuum to obtain PLA/PCL particle. PLA/PCL
particle was dissolved into CHI solution (2% CHI in lactic acid (1%)) by spontaneous
emulsification-solvent diffusion technique. Initially, PLA/PCL particle was dissolved in
dichloromethane containing active ingredients (monosodium glutamate or oleanolic acid).
PLA/PCL solution was gently dropped into 2% CHI solution containing 0.5% (by weight)
glycerine. The mixture was stirred at 12,000 rpm. The solution was poured into the petridish



and the solvent was allowed to evaporate. The PLA/PCL/CHI film was dried at 30°C for 72
h. The film was kept under vacuum until use.

Characterization of PLA/PCL/CHI film

Pmmn nuclear magnetic resonance spectroscopy {H NMR) (Varian mercury-400
spectrometer 'H NMR operating at 400 MHz) was used to characterize L-lactide and
copolymer products obtained from PLA synthesis. The sample was dissolved in chloroform-
D (CDCls) and thoroughly vortexed to obtain clear solution. Chemical shifts (5) were
reported in parts per million (ppm) relatively to the residual protonated solvent signal as a
reference.

Gel permeation chromatography (GPC) (Water 150-CV chromatography equipped
with PL-gel 10 um mixed B2 columns (MW resolving range of 500-10,000,000) at 35°C)
was used to determine the molecular weight of copolymer products. The copolymer sample
(15 mg) was dissolved in tetrahydrofuran (THF) (3 mL) and filtered through 0.45 p nylon
membrane. Degassed THE as an eluent was passed through the column for 20 min before
sample injection. 100 pL sample was injected into the column. The retention time was set at
40 min. The sample peak was detected by a refractive index detector. Polystyrene (MW of
5,460-1,290,000) was used as the standard for calibration.

Differential scanning calorimeter (NETZSCH DSC204F1 Phoenix) was used to
determine the glass transition temperature (T;) of copolymer products.

In vitro study on controlled release of PLA/PCL/CHI film

Swelling property of PLA/PCL/CHI film was observed by monitoring water
absorption onto the film. The film was cut into 2x2 em® and weighed (W)) before immerging
into 50 mL phosphate buffer saline (PBS), pH 7.4 at ambient temperature. After soaking, the
film was removed and the free water on the film surface was carefully removed by drying

between filter papers. The film was then weighed (#,). The degree of swelling is calculated
as follow:

W
% swelling = -'—W-E % 100
o

The adhesive strength of copolymer film was determined by T-peel test. In vitro study
was performed using 30 pm thick polyamide (6/6 nylon) film as a substrate. The film sample
was adhered to the substrate. T-peel test (ASTM D 1876) was performed and the adhesive
failure strength was determined.

Controlled release of active ingredients from PLA/PCL/CHI film was observed.
During in vitro study, the loaded film was immersed into PBS buffer (pH 7.4) and the amount
of the active ingredients diffusing into the buffer was analyzed. The amount of the active
ingredients released at various time was compared with the initial amount loaded onto the
film. The release rate and the recovery percentage of the active ingredients were calculated.

Prothrombin time (PT) and activated partial thromboplastin time (APTT) were used
as the indicators to investigate the hemostatic activity of loaded PLA/PCL/CHI film. The
method described by Brown (1998) was modified for PT determination. Plasma was obtained
from the centrifuged citrated blood sample (15 min at 1,500 g). Thromboplastin-calcium
reagent was reconstituted with distilled water. The mixture was preheated in a water bath at
37°C for 10 min before the test. 100 uL plasma was placed in the test tube and incubated in
the water bath for 3 min. For the control, 100 pL. preheated PBS and 200 pL preheated
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thromboplastin-calcium reagent were rapidly added into the plasma in the test tube. The test
tube was then gently tilted until the clot was formed. The clotting time (PT) was defined as
the time when the clot was formed. For the sample, 100 pL preheated sample solution in PBS
was mixed with the plasma. After that, the mixture was added into thromboplastin-calcium
reagent in the test tube®.

APTT was also determined by the modified method described by Brown (1998). For
the control, Alexin (partial thromboplastin with activator) and 0.02 M CaCl, were preheated
to 37°C. 50 pL plasma was placed into the test tube. After 3 min incubation, 50 pL Alexin
was added into the reaction mixture. The mixture was incubated for another 3 min prior to the
addition of 50 puL PBS. 50 pL 0.02 CaCly was added into the mixture. The mixture was
mixed thoroughly. The test tube was maintained in the water bath with gently tilted every 5 s.
At the end of 20 s, the test tube was removed from the water bath, and further gently tilted
until the clot was formed. The clotting time was defined as APTT. For the sample, 50 pL
PBS was replaced with 50 pL sample®.

Platelet adhesion was monitored under scanning electron microscope (SEM). The film
sample was immersed into the whole citrated blood of the guinea pig for 1 h. Later the
sample was carefully washed with saline solution to remove nonadhered blood cells. The
sample was then soaked in 2.5% (by weight) glutaraldehyde in saline solution for 30 min.
After that the sample was carefully washed 3 times with saline solution. Before freeze-
drying, the sample was washed thoroughly with distilled water to remove NaCl. The sample
was vacuum-coated with carbon and gold after freeze-drying. The specimen was observed
under SEM.

An antibacterial activity of PLA/PCL/CHI film was investigated. Triplicate soy broth
(TSB) was used as the culture medium throughout the in vitro test. Staphylococcus aureus
and Escherichia coli were selected as the model bacteria in this study. 0.3 mL bacterial
suspension was inoculated into 250 mL Erlenmeyer flask containing 50 mL TSB. Various
PLA/PCL/CHI films (2x2 -:mz‘; were immersed into the broth before incubation at 37°C and
250 rpm for 24 h. After incubation, the bacteria colonized on the film were fixed by
immersing into 3% glutaraldehyde and kept at 4°C. After 24 h soaking in 3% glutaraldehyde,
the film with colonized bacteria was washed with PBS, followed by a stepwise dehydration
with 30%, 50%, 70%, 90%, and 100% ethanol in water for 10 min interval. The film was then
dried and sputter-coated with gold before SEM observation. The culture broth was also taken
for dry cell weight analysis and optical density reading at 600 nm.

Resulis and discussion
Direct polycondensation of L-lactic acid

An optically pure L-lactic acid was subjected to polycondensation under vacuum at 10
mm Hg (Figure 1). The effects of catalysts, temperature, and reaction time were investigated.

n HGO
n

Figure 1 Polycondensation of L-lactic acid.



Among 3 catalysts studied, 1% Sb(OAc); yielded the highest molecular weight of
lactic acid oligomer at 140°C (Table 1).

Table 1 Molecular weight of PLA obtained by direct polycondensation using 3 different
catalysts under 10 mm Hg. The reaction temperature was maintained at 140°C,

— M

feaction time (k) 1% Sb(OAC), 1% Co(OAC) 1% Sn(Ocl),
7 6,690 1,500 5.042
48 11,546 2,630 13,367
7 29,307 3272 17,588
96 28.437 3854 20,664

The effect of temperature on the molecular weight of PLA was also observed. It was
found that at 72 h reaction time with the temperature of 140°C, the highest molecular weight
of 29,807 was obtained via direct polycondensation with 1% Sb(OAc); as the catalyst and
diphenylether as the solvent (Table 2). The characteristic properties of PLA synthesized are
shown in Figures 2-3. Those properties are comparable with the commercial PLA available in
market.

Table 2 Molecular weight of PLA obtained by direct polycondensation using 1%Sb(OAc); as
the catalyst under 10 mm Hg.

o M.
Reaction tume (1) 130 °C 160 °C 300 °C
2 6,690 8331 3835
43 1,546 9.269 4395
7 29.807 12,082 7.346
96 28,437 14,408 9,506

L — - ==ty

'H NMR of synthesized PLLA

Figure 2 '"H NMR spectra of synthesized PLA.
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Figure 3 DSC chromatogram of synthesized PLLA.

PLA/PCL/CHI blending

After obtaining synthesized PLA via direct polycondensation, it was blended with
PCL at various ratios. The resulting blends were analyzed for their glass transition
temperature (Tg) and melting temperature (Tw) properties (Table 3). It was found that T, and
Tm of PLA were higher than those of PCL while they could not be detected in CHI. An
increase in PLA in the blend led to the slightly lower T, for both PCL and PLA in the blend
whereas T, of the blend could not be detected.

To improve the mechanical properties of CHI film, CHI was casted with PLA/PCL
blend obtained prior. Table 4 shows those properties of the PLA/PCL/CHI film at various
ratios. It was observed that swelling degree of the film was improved when PLA/PCL was
blended with CHI. The lowest swelling degree was found in the film containing
PLA/PCL(50:50)/CHI. Tensile strength of PLA/PCL/CHI film was lower than that of CHI
film but elongation percentage was higher in PLA/PCL/CHI film compared with that in CHI
film. Increasing PLA ratio led to the increase in tensile strength of the film. On the other
hand, elongation rate was reduced when PLA/PCL was present in the film. Figure 4 shows

the IR spectra of PLA/PCL/CHI film compared with the spectra of CHI only and PLA/PCL
blend.

Table 3 thermal properties of PLA/PCL blend.

Biomaterials T (°C) Tm (°C)

CHI M.D. N.D.

PCL -62.5 61

PLA/PCL 10:90 N.D. 59.6 (PCL); 130.1 (PLA)
PLA/PCL 30:70 N.D. 58.0 (PCL); 130.8 (PLA)
PLA/PCL 50:50 N.D. 56.8 (PCL); 132.3 (PLA)
PLA/PCL 70:30 N.D. 56.7 (PCL); 129.6 (PLA)
PLA/PCL 90:10 N.D. 55.4 (PCL); 129.7 (PLA)
PLA 45.4 131.1
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Table 4 Mechanical properties of PLA/PCL/CHI film.

Film Thickness  Swelling Tensile Elongation T-peel

(mm) degree (%) (MPa) (%) (Nfem)

CHI 0.270 bursting 17.069 58.223 0.0412
PLA/PCL(10:90)/CHI 0.180 980 2.898 122.990 0.0416
PLA/PCL(30:70)/CHI 0.172 1,008.80 4.127 105.221 0.0348
PLA/PCL(50:50)/CHI 0.170 407.05 4.749 107.445 0.0328
PLA/PCL(70:30)/CHI 0.160 982.97 6.313 107.332 0.0336
PLA/PCL(90:10)/CH] 0.158 1,048.10 6.821 87.833 0.0252

From the further study on the swelling property of the film, it was observed that the
swelling degree was increased with an increasing percentage of CHI in the film. The superior

swelling property was achieved from the film containing CHI and PLA/PCL at the ratio of

60:40 when glycerol was present as the binder (Figure 5). Further improvement on swelling
property was achieved by mean of blending various PLA/PCL ratios. From Figure 6,
PLA/PCL ratio of 50:50 gave the superior property among other ratios tested.
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Figure 4 IR spectra of PLA/PCL/CHI film
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Figure 6 Swelling of PLA/PCL/CHI film (CHI(60):PLA/PCL(40) at various PLA:PCL
ratios.

Controlled release study on PLA/PCL/CHI film

Tetracycline HCI was used as a model drug loaded onto the PLA/PCL/CHI film at
various ratios of CHI:PLA:PCL to observe the in vitro delivery behavior (Figure 7). All films
except PLA(4)/PCL(36)/CHI(60) gave almost 100% release of tetracycline HCI. The results

indicated that PLA played the crucial role in controlled delivery of active ingredient from the
loaded film.
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Figure 7 Tetracycline HCI release from loaded PLA/PCL/CHI films

After obtaining the superior properties of PLA/PCL/CHI film, the active ingredients
that promote blood clotting were loaded onto the film with the appropriate ratio. The active
ingredients tested included monosodium glutamate, oleanolic acid, and kanamycin. The
chemical structures of both active ingredients are given in Figure 8.

12



Before loaded each active ingredient onto the film, the lowest concentration required
was determined by observing fibrin formation. Fibrin formation occurred when the
concentration of monosodium glutamate at least 200 g/L. was present in the sample (Table 5).
Further study on PTT and APTT evaluation will be done in the next phase of this study.

Mevertheless, oleanolic acid could not be tested for fibrin formation because it is not soluble
in water.

1. Monosodinm Glutamate

A
HO lD'N*

d
NH, solubility in water (g/L) : 740

2. Oleanelic acid

- 3. Kanamycin
OH

D’é:?ﬁ LS

? A1 H ‘

N
HoN NHz

Figure 8 Active ingredients loaded onto PLA/PCL/CHI film.

Table 5 Concentration effect of monosodium glutamate on fibrin formation.

Concentration (g/L) Fibrin formation
10 -
35 -
50
100
200
400
800

+ + + |

Later blood clotting on the PLA/PCL/CHI film loaded with the active ingredients was
observed and compared with that on the commercial film (Boots stop bleeding fast dressing)
(Figure 9). More blood was adhered on the CHI film surface; however, the film was swollen
and eventually lost its mechanical strength. While the other films tested could keep their
shape and structure due to their swelling degrees when compared with CHI film (Table 4).



The presence of the fiber mat in Boots stop bleeding fast dressing led to blood adhesion on
the surface as well as adsorption into the fiber mat.
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Figure 9 Whole blood clots found on different film surfaces

SEM micrographs helped determine how whole blood clot occurred on different film
surfaces (Figure 10). It was observed that whole blood cells were entrapped in CHI network
in CHI film while cell adsorption was found in PLA/PCL/CHI films loaded with active
ingredients. The evidence of CHI film swelling and bursting might be caused from the blood
cells entrapment that eventually led to loss in the shape and structure. Among the films

tested, Boots stop bleeding fast dressing yielded the lowest whole blood cell attachment on
the surface.
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Figure 10 SEM micrographs of the whole blood cells present in the fiber network of the film



Antibacterial activity of the films prepared in this study was observed against E. coli
and S. aureus. Figure 11 shows an example of the growth profiles of E. coli when the film
was present in the culture broth. Growth was delayed when CHI film was present while
PLA/PCL/CHI film did not exhibit bacterial inhibition. Similar trends in growth profiles were
observed in S. aureus culture.
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Figure 11 Growth profile of E. coli in TSB broth (diamond shape: E. coli in TSB with the
presence of CHI film; triangle shape: E. coli in TSB).

From the previous antibacterial activity evaluation, it is clear that antibacterial agent
such as tetracycline HCl and Kanamycin requires being loaded onto the PLA/PCL/CHI film
so that the film possesses the ability to inhibit or kill unwanted bacteria that eventually cause
infection at the wound.

Conclusion

The preliminary results obtained in this study show the significance of PLA when
present in the PLA/PCL/CHI film. PLA promoted the mechanical strength of the film and
provided the network for fibrin formation; thus, enhancing clotting process. Both
monosodium glutamate and oleanolic acid enhanced blood clotting. PLA/PCL/CHI film did
not show the antimicrobial activity; therefore, it is necessary to load an antimicrobial agent
onto the film during casting process in order to obtain such property.
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