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Abstract. Platelet‑rich plasma (PRP) is blood plasma 
containing a high number of platelets that release growth factors 
for wound healing and tissue regeneration. In the present study, 
the feasibility of improving PRP therapy by using chitosan 
that exhibits high platelet activation ability was investigated. 
A total of 13 chitosan samples with different molecular weight 
(Mw) and degree of deacetylation (DDA) were individually 
added to blood samples of rats and the amount of growth 
factors, albumin and fibrinogen in plasma was measured. To 
examine the influence of plasma activated by chitosan on the 
proliferation of fibroblasts and adipose tissue‑derived stromal 
cells (ASCs), the plasma was added to the culture medium of 
human fibroblasts and adipose tissue‑derived stromal cells. 
Chitosan with a DDA of >75% increased the release of platelet 
factor 4 into the plasma. The amount of growth factors released 
into the plasma and platelet activation varied depending on 
the Mw and DDA, while albumin and fibrinogen were hardly 
affected. The proliferation rate was highest when using plasma 
activated by chitosan with a DDA of 75‑85% and an Mw of 
50,000‑190,000 Da. These results suggested that the effective-
ness of PRP therapy may be improved by using chitosan with 
a DDA of 75‑85% and an Mw of 50,000‑190,000 Da.

Introduction

Platelet‑rich plasma (PRP) is blood plasma with a high 
number of platelets. As an enriched source of autologous 
platelets, PRP contains several growth factors that are 
important for initiating and accelerating tissue repair and 
regeneration. Given these advantages, PRP therapy has 

recently emerged as an innovative technique with great 
potential for healing chronic and acute wounds, including 
diabetic wounds, bedsores, skin ulcers and thermal burns. 
Fundamentally, the mechanisms underlying PRP therapy 
are the molecular and cellular stimulation of normal wound 
healing responses, similar to those observed during platelet 
activation  (1). However, it is difficult to cure intractable 
diseases such as diabetic ulcers and decubitus, since the 
therapeutic effect tend to differ among individuals  (2,3). 
Reviving a wound with impaired healing is unmanageable 
because standard wound healing methods do not always 
provide improved healing results. This often demands more 
advanced therapies (4‑6). Platelets can be activated upon two 
different types of stimuli: Physical stimuli, including heat, 
cold and vibration, and chemical stimuli, including collagen, 
lipopolysaccharide and chitosan  (7‑11). The activated 
platelets release biologically active substances and growth 
factors, such as platelet factor 4 (PF4), von Willebrand factor, 
platelet‑derived growth factor (PDGF), hepatocyte growth 
factor (HGF), insulin‑like growth factor (IGF) and vascular 
endothelial growth factor (12‑14).

Chitosan is a polysaccharide derived from chitin, which 
is a compound of natural origin obtained from the shell 
of crabs and shellfish. Chitosan prepared from alkaline 
N‑deacetylation is composed of β‑(1‑4)‑linked D‑glucosamine 
and N‑acetyl‑D‑glucosamine, which are randomly distrib-
uted. It carries a positive charge, as the free amino groups of 
β‑(1‑4)‑linked D‑glucosamine are protonated at physiological 
pH. Chitosan is being extensively used as a potential biomate-
rial in several medical devices and health care products owing 
to its biodegradability and advantageous biological properties, 
including hemostatic activity (15,16), biodegradability (15,17), 
antibacterial activity (18,19) and its ability to serve as a wound 
dressing agent to accelerate wound healing (16,20,21). Given 
these advantages, the use of chitosan as a stimulant for platelet 
activation can be highly effective in PRP therapy. However, 
depending on the methods adopted for purifying chitosan from 
chitin, the molecular weight (Mw) and degree of deacetylation 
(DDA) vary. In other words, the function, properties and perfor-
mance of chitosan are associated with their DDA and Mw.

Given these considerations, the present study proposed the 
concept of effective PRP therapy using chitosan. This strategy 
relies on the fact that chitosan activates platelets and enhances 
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the release of growth factors into the plasma. To further enhance 
the effectiveness of PRP, a basic study using 13 different types 
of chitosan with varying Mw and DDA was performed.

Materials and methods

Animals and chitosan. The present study was approved by 
the Ethics Committee of Animal Care and Use, National 
Defense Medical College (Saitama, Japan) on July 28, 2014 
(approval no., 14040) and the protocol was in accordance with 
the committee's guidelines for the care of animal subjects. 
Male Sprague‑Dawley rats (28‑48  weeks old; weight, 
500‑700 g; n=4) were obtained from Japan SLC (Hamamatsu, 
Japan). Following anesthesia with 3% sevoflurane (Maruishi 
Pharmaceutical Co., Ltd., Osaka, Japan) inhalation, each 
15‑ml blood sample collected from the tail vein was mixed 
with 3.13% sodium citrate solution (10% v/v) to inhibit coagu-
lation. The blood sample was used for the examination as soon 
as it was collected. The Mw and DDA of each chitosan sample 
are listed in Table I. The samples with a DDA (in %)/Mw 
(in Da) of 84.2/8,600, 85.7/15,900, 50.3/28,800, 48.7/57,700, 
35.5/30,000 and 33.6/57,300 (Yaizu Suisankagaku Industry 
Co., Ltd, Tokyo, Japan) were purified according to a previ-
ously described method  (22). Chitosan oligomers (dimer, 
trimer, tetramer, pentamer and hexamer) were purchased 
from Seikagaku Co. (Tokyo, Japan), chitosan with a DDA of 
87.6% and a Mw of 247,000 Da was obtained from Primex ehf 
(Siglufjordur, Iceland) and chitosan with a DDA of 75‑85% 
and a Mw of 50,000‑190,000 Da was from Sigma‑Aldrich 
(Merck Millipore, Darmstadt, Germany). As an adjustment 
for the chitosan solution, 40 mg of each chitosan powder was 
dissolved in 15 ml 2% acetic acid, the pH was adjusted to 
4.0 with 1 M sodium bicarbonate, 2 ml of 10X concentrated 
Dulbecco's phosphate‑buffered saline (PBS) without calcium 
and magnesium was added to adjust to the osmotic pressure of 
blood, and the solution was topped up to 20 ml with distilled 
water. Blank sample was adjusted as follows: 15 ml 2% acetic 
acid was adjusted to pH 4.0 with 1 M sodium bicarbonate, 
2 ml of 10X concentrated PBS without calcium and magne-
sium was added and the solution was topped up to 20 ml with 
distilled water.

Determination of protein in the plasma. In a typical process, 
500 µl of blood was added to 500 µl of 0.2% chitosan solution 
and 25 µl of 200 mM calcium chloride solution. The solution 
was gently mixed and incubated at room temperature for 1 h. 
Subsequently, the mixture was centrifuged at 10,000 x g for 
15 min and the plasma was collected. The plasma samples 
were used at once without freezing. The levels of albumin, 
fibrinogen, PF4, PDGF‑AB, PDGF‑BB, IGF and HGF in 
the plasma were measured using ELISA kits as follows: 
Rat Albumin ELISA kit (E‑25AL) and Rat Fibrinogen 
ELISA kit (E‑25FIB), both from Immunology Consultants 
Laboratory (Portland, OR, USA); ELISA kit for Platelet 
Factor 4 (SEA172Ra; USCN Life Science, Wuhan, China); 
Mouse/Rat PDGF‑AB Quantikine ELISA kit (MHD00), 
Mouse/Rat PDGF‑BB Quantikine ELISA kit (MBB00) and 
Mouse/Rat IGF‑I Quantikine ELISA kit (MG100), all from 
R&D Systems, Inc. (Minneapolis, MN, USA); and Rat HGF 
EIA (1Z81; Institute of Immunology, Tokyo, Japan).

Cell proliferation assay. Plasma was sterilized using a 0.2‑µm 
filter (EMD Millipore, Billerica, MA, USA). Human fibro-
blasts (NHDF‑Ad) and adipose tissue‑derived stromal cells 
(ASCs; cat. no. PT‑5006) (Lonza Japan, Tokyo) were plated 
at a density of 1.0x104 cells/well in 96‑well culture plates 
(Sumitomo Bakelite Co., Ltd., Tokyo, Japan) and were cultured 
with Dulbecco's modified Eagle's medium including 5% 
plasma. Cell proliferation was examined using a Cell Counting 
kit (Dojindo Co., Kumamoto, Japan).

Statistical analysis. Values are expressed as the mean ± stan-
dard deviation. Multiple comparisons were evaluated using 
analysis of variance, as well as Tukey's and Dunnet's tests as 
appropriate. Statistical analysis was conducted using JMP® 
11 software (SAS Institute Inc., Cary, NC, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Platelet activation. The platelet activation test was performed 
by measuring PF4 secretion in plasma. Chitosan with a high 
DDA (>75%) including oligomer induced a higher release of 
PF4 in plasma than chitosan with a DDA of 50.3% and below 
(Fig. 1). In particular, chitosan with a Mw of 50,000‑190,000 Da 
and a DDA of 75‑85% exhibited the best activating efficiency 
among the 13 types of chitosan tested.

Table I. Chitosan samples used in the present study.

	 Degree of deacetylation 	  Molecular weight
Number	 (%)	 (Da)

1	 84.2	 8,600
2	 85.7	 15,900
3	 75‑85	 50,000‑190,000
4	 87.6	 247,000
5	 50.3	 28,800
6	 48.7	 57,700
7	 35.5	 30,000
8	 33.6	 57,300
II (dimer)	 100	 413.25
III (trimer)	 100	 610.87
IV (tetramer)	 100	 808.49
V (pentamer)	 100	 1,006.11
VI (hexamer)	 100	 1,203.72
 

Figure 1. Amount of PF4 in plasma. Values are expressed as the mean ± stan-
dard deviation (n=4). *P<0.0001, **P<0.001 vs. b. #P<0.05 vs. all other 
samples. Each number corresponds to a chitosan sample defined in Table I. 
PF4, platelet factor 4; b, blank.
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Growth factors induced by chitosan. The amounts of growth 
factors such as PDGF‑AB, PDGF‑BB, IGF‑1 and HGF in 
plasma were measured (Fig. 2). The amount of PDGF‑AB and 
IGF‑1 increased upon the addition of chitosan with a DDA of 
>75% and a Mw of >8,600 Da, as well as chitosan with a 
DDA of ~50% and a Mw of 28,800 or 57,700 Da (Fig. 2A 
and B). The amount of PDGF‑BB and HGF was increased 
upon addition of chitosan with a DDA of >75% and a Mw 
of >8,600 Da as well as with a DDA of 48% and a Mw of 
57,700 Da (Fig. 2C and D). Chitosan oligomer (100% DDA) 
did not have any influence on the release of these growth 
factors.

Effect on plasma protein. The effect of chitosan on plasma 
albumin, which accounts for ~60% of all plasma protein, and 
on fibrinogen, which has an important role in secondary hemo-
stasis, was measured. However, chitosan was found to have no 
effect on the levels of albumin and fibrinogen in plasma (Fig. 3).

Cell proliferation. To analyze the effect of chitosan‑treated 
plasma on cell proliferation, human fibroblasts and ASCs were 
cultured using plasma activated by chitosan (Fig. 4). Based 
on the results of growth factors induced by chitosan (Fig. 2), 

Figure 2. Amount of (A) PDGF‑AB, (B) IGF‑1, (C) PDGF‑BB and (D) HGF in plasma. Each number corresponds to a chitosan sample defined in Table I. 
Values are expressed as the mean ± standard deviation (n=4). *P<0.0001, **P<0.0005, ***P<0.001 vs. b. #P<0.0005, ##P<0.05 vs. all other samples. PDGF, 
platelet‑derived growth factor; IGF, insulin growth factor; HGF, hepatocyte growth factor; b, blank.

Figure 3. Amount of albumin and fibrinogen in plasma. Each number cor-
responds to a chitosan sample defined in Table I. Values are expressed as the 
mean ± standard deviation (n=4). b, blank.

Figure 4. Proliferation of human fibroblasts and ASCs. Each number cor-
responds to a chitosan sample defined in Table I. Values are expressed as the 
mean ± standard deviation (n=4). *P<0.0005, **P<0.001 vs. b. ASC, adipose 
tissue‑derived stromal cell; OD, optical density; b, blank.
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the effects of plasma individually treated with 7 different 
chitosan samples on cell proliferation was examined. The use 
of plasma activated by chitosan with a DDA of 75‑85% and a 
Mw of 50,000‑190,000 Da resulted in the highest increase in 
the proliferation of fibroblasts and ASCs. The second‑highest 
increase was achieved using chitosan with a DDA of 85.7 % 
and a Mw of 15,900 Da. However, the chitosan oligomer did 
not increase the cell proliferation when compared to other 
chitosan samples.

Discussion

PRP therapy is a treatment process that uses a patient's own 
blood to activate and release of growth factor‑rich granules 
at the wound site. Chitosan has been reported to improve the 
efficiency of PRP therapy (23‑25). PRP‑loaded chitosan scaf-
folds may be an appropriate carrier for PRP applications that 
facilitate the sustained release of growth factors (23). Chitosan 
is used as a functional delivery aid to simultaneously support 
PRP, stem cells and growth factors (24). Platelets contain nega-
tively charged membranes due to the presence of negatively 
charged sugars, negatively charged phospholipids such as 
phosphatidylethanolamine phosphatidylcholine, carbohydrates 
such as sialic acid, and, to a much lesser extent, negatively 
charged amino acids such as aspartate and glutamate (26‑29). 
By contrast, chitosan is positively charged due to the exis-
tence of free amino groups derived from the deacetylation 
of N‑acetyl‑D‑glucosamine. Chitosan is highly positively 
charged, and strongly attracts and binds to negatively charged 
molecules. These interactions potentially induce platelet 
activation. Normally, non‑activated platelets store CD62P in 
the alpha‑granule membranes, but several stimulators rapidly 
translocate to the platelet surface (30‑33). Platelet activated by 
these stimulators releases alpha‑granule constituents, such as 
PF4 and growth factors (12,13). Although chitosan has previ-
ously been reported to cause platelet activation (34‑37), the 
effect of differences in Mw and DDA has remained elusive. 
Therefore, basic studies using 13 types of chitosan with varying 
Mw and DDA were performed in the present study.

As it was assumed possible to produce more effective treat-
ments for intractable diseases by use of PRP in which platelets are 
activated by chitosan, a preliminary experiment was performed 
to assess the platelet activation and the release of growth factors 
in PRP including chitosan; however, no accurate analysis was 
possible. Due to the platelet activation effect of chitosan, the PF4 
levels and growth factors showed large variations due to being 
affected by slight stimulations occurring during the measure-
ment procedure. Consequently, these factors were assayed in 
plasma, which was centrifuged after chitosan was added to the 
whole blood. Chitosan with a DDA of >75%, including chitosan 
oligomer, significantly enhanced PF4 release; chitosan with a 
reasonably high DDA therefore increased the platelet activation. 
This activation can be attributed to the increase in the number of 
free amino groups in chitosan with a higher DDA. A high DDA 
is therefore important for high platelet activation, and addition-
ally, a Mw of >8,900 Da was also required for higher activation.

Platelets activated by chitosan released various growth 
factors, including PDGF‑AB, PDGF‑BB, HGF and IGF‑1. 
However, the effects on the levels of growth factors were not 
the same among the different types of chitosan. The release of 

PDGF‑AB and PDGF‑BB was the highest in the presence of 
chitosan with a DDA of 75‑85% and a Mw of 50,000‑190,000 Da. 
However, this was not the case for IGF‑1 and HGF, whose 
release was highest in the presence of chitosan with a DDA of 
>75% and a Mw of 8,600‑190,000 Da as well as with a DDA 
of 48% and a Mw of 57,700 Da. The observed difference in the 
levels of growth factors may possibly be attributed to the charge 
balance or interactions of other proteins. Further studies are 
required to explain for the high platelet activation observed in 
chitosan with a higher DDA and lower Mw. Overall the results 
of the present study demonstrated that the addition of chitosan 
to blood activates platelets to release growth factors in plasma, 
thereby improving the effectiveness of the PRP therapy.

Growth factors promote cell proliferation, differentiation and 
angiogenesis (38,39). PRP induces stimulation of cell growth in 
ASCs, periodontal ligament and mesenchymal stem cells as well 
as enhancement of cellular adhesion, proliferation and differen-
tiation of human periodontal ligament cells (40). In the present 
study, plasma with chitosan‑induced growth factor enrichment 
stimulated the growth of fibroblasts and ASCs. In particular, the 
proliferation was enhanced with the use of plasma containing 
chitosan with a DDA of 75‑85% and a Mw of 50,000‑190,000 Da. 
Recently, Bura et al (41) demonstrated the feasibility and safety 
of autologous ASC transplantation in patients with objectively 
proven critical limb ischemia not suitable for revascularization. 
The use of ASCs and PRP, which is activated by chitosan with a 
DDA of 75‑85% and a Mw of 50,000‑190,000 Da for therapeutic 
application in wound healing and complications in patients with 
intractable diseases such as diabetic ulcers and decubitus, is 
expected to be an efficacious approach.

Fibrinogen is an acute‑phase protein that is a part of the 
coagulation cascade, the end result of which is the production of 
thrombin that converts fibrinogen to fibrin clots. Surfaces of the 
materials coated with fibrinogen promote platelet adhesion and 
activation (42). Albumin, which accounts for ~60% of plasma 
protein, is negatively charged, as are platelets (43). Albumin 
combines with various internal substrates and functions to trans-
port them to the target tissue. In the present study, chitosan was 
not found to affect fibrinogen and albumin in plasma.

Of all the 13 chitosan samples tested in the present study, 
that with a DDA of 75‑85% and a Mw of 50,000‑190,000 Da 
showed the highest platelet activation and release of growth 
factors. Moreover, plasma induced by chitosan stimulated 
the proliferation of human fibroblasts and ASCs. However, 
chitosan did not affect the levels of fibrinogen and albumin in 
plasma. These results suggested that the effectiveness of PRP 
can be improved by using this type of chitosan.
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