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Abstract
Chlorinated polypropylene (PP-Cl)-chitosan (Cs) composite films (PP-Css) are pre-
pared at different proportions (PP-Cl:Cs (w:w) = 2:1, 1:1, 1:2) by solution casting 
method as a candidate for biomedical applications. PP-Cs based composite films 
that will normally not be obtained as a blend due to incompatibility are achieved 
for the first time in the literature by taking advantage of polarity enhancing chlo-
rine functionality of PP-Cl. Fourier-transform infrared spectroscopy is conducted to 
show the chemical structure of composite or pristine samples. Surface wettability 
properties of them are determined by water contact angle measurements, whereas 
their surface morphologies are characterized by scanning electron microscopy anal-
ysis. On the other hand, thermal and mechanical behaviors are studied by thermo-
gravimetric analysis, differential scanning calorimetry, and universal tensile test, 
respectively. Overall biological activities of PP-Css and pristine PP-Cl and Cs as 
well are determined by biodegradability and antibacterial tests. The incorporation 
of higher amount of Cs into the PP-Cl increased the biodegradability and antibacte-
rial activity of the films against both gram-negative (E. coli) and gram-positive (S. 
aureus) bacteria. As a result of these observations, it is proposed that PP-Css are a 
potential biomaterial for different bioengineering applications.
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Introduction

Polyolefins, as the most prevalent produced plastics, have played an integral role 
in our everyday life positioned itself in wide range applications because they pro-
vide high recyclability rate, meet the requirements of green polymer chemistry 
and environmental sustainability [1]. They have more than 178 million tons of 
annual production capacity and in this respect more than half of the global plas-
tic industry is provided by commercially available polyolefins [2]. Among their 
incredible variety of features, low cost, transparency, high mechanical and physi-
cal properties, high chemical resistance, both ease of recyclability and process-
ability, and high electrical resistivity are the most-known key factors in many 
important fields including automotive, medical, building, packaging, household, 
cosmetic, textile, and other industries [3–7]. However, besides their advantages 
mentioned above, they have also some drawbacks resulted from their chemical 
functionality (nonpolar nature) like sensitivity to photo oxidation, incompat-
ibility, poor adhesion, and wettability limited significantly their applications in 
particular biomedical and biological areas [8–10]. Therefore, the modification 
of polyolefins becomes mandatory so as to overcome such these limitations in 
industry and academia [11]. For this purpose, halogenation process, transition 
metal-catalyzed olefin copolymerization, impregnation, reactive grafting, and 
plasma treatment polyolefin modification methods have recently been established 
for introducing functional groups that can improve polyolefin features [12–16]. 
Among them, halogenation process which is a post polymerization technique 
enhances the polarity of olefin backbone, and number of active groups which can 
be used in several well-known chemical reactions [17–19]. Chlorinated polymers 
present high fire and cold resistance as well as plasticity features made them good 
choices for a number of industrial applications [20–23]. Among them, chlorinated 
polypropylene (PP-Cl) has been used in different industrial applications due to its 
heat and light stability, and superior abrasion and chemical resisting properties.

Polysaccharides and related materials, as one of the most important biopoly-
mers, are widely used for applications in various fields within the medical indus-
try. In the literature, in particular, starch, cellulose, and chitosan have been incor-
porated with various materials to improve biodegradability, blood platelets, and 
biocompatibility and/or to prevent bacteria, or cell attachment [24–27]. A linear 
aminopolysaccharide derivative chitosan (Cs) obtained by N-deacetylation of its 
parent natural polymer chitin in basic medium is a biopolymer with broad range 
application as a medical or packaging precursor due to its biodegradability, bio-
compatibility, hydrophilicity and high film forming capacity [28–31]. The other 
numerous merits of Cs are non-toxicity, antimicrobial activity against fungi and 
bacteria and low immunogenicity, heavy metal adsorption, and anti-oxidation 
effects. [32–34]. The combination of these features is commonly needed in bio-
material design and development.

Since biomedical applications are often based on cell-surface interactions, it 
is necessary to balance between hydrophobicity and hydrophilicity well in order 
to adjust the biocompatibility, biodegradability and antibacterial activity of a 
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material. Antibacterial activity can be supported by surface interactions provided 
with functional groups of a material. These functional groups are incorporated by 
coating or different modification procedures. There have been numerous reports 
published concerning this phenomena [35–38]. However, these reports require 
the more compelling, harsh, and restrictive workup conditions which cause safety 
issues [39]. In this perspective, blending of polymers is known as one of the con-
veniencing approaches for providing enhanced properties, easy processability and 
product design and lower cost for specific uses [40]. In particular, blending the 
synthetic and natural polymers has been subject of many studies aiming synergis-
tically combine the biological properties of natural polymers and higher mechani-
cal properties of synthetic polymers [41].

As part of our continued interest in improving the some drawbacks of polypro-
pylene and chitosan, herein, it was aimed to study the synergistic effect between 
PP-Cl and Cs by simple blending method for biomedical applications. Biodeg-
radability with antibacterial activity was provided to PP-Cl by incorporation of 
Cs blending part. On the other hand, the limited mechanical properties, process-
ability, and film forming capability, which limit the application area of Cs, were 
tried to be improved by addition of PP-Cl. Furthermore, a variety of properties of 
PP-Cs composite films at different loading ratios were determined and compared 
with pristine samples deeply by related analyses.

Experimental

Materials

The following reagents and solvents were bought and used: The utilized com-
modity chlorinated polypropylene (PP-Cl, chlorine mass fraction: 29–32% [m/m] 
quoted from product catalog, Mn,GPC = 50,000 g  mol−1 determined by GPC meas-
urement) was procured from Mark Zhang Shanghai Sunking Industry Incorpo-
ration (Shanghai, China). This polymer is non-toxic for biomedical applications 
(Safety data sheet (SDS) can be provided from supplier Company). Medium 
molecular weight chitosan (CS, molecular weight of 190–310  kDa, deacetyla-
tion degree of 75–85%, 200–800 cP, 1 wt% in 1% acetic acid at 25 °C) was sup-
plied from Sigma-Aldrich (Steinheim, Germany). Solvents such as tetrahydro-
furan (THF, ≥ 99.9%) and glacial acetic acid  (CH3CO2H, analytical standard) 
were procured from Sigma-Aldrich (Steinheim, Germany). Pre-cleaned/ready 
to use ground edge-color end microscope slides (3 × 1 inch) was supplied from 
ISOLAB (Istanbul, Turkey). In order to carry out the biodegradation experiments 
phosphate buffer saline (PBS, 0.01 M, pH = 7.4) and lysozyme from chicken egg 
white (protein ≥ 90%, ≥ 40,000 units/mg protein) were procured from Sigma-
Aldrich (Steinheim, Germany) and used as received. The bacterial strains used in 
this study include Gram-negative bacteria, Escherichia coli (ATCC 25922), and 
Gram-positive bacteria, Staphylococcus aureus (ATCC 29213).
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Instrumentation

Fourier-transform infrared (FT-IR) spectroscopic analyses were conducted on 
a PerkinElmer (Lambda 25, Waltham, USA) FT-IR Spectrum Two Spectrom-
eter equipped with a diamond ATR (Attenuated total reflection) device working 
at 4000–400   cm−1 scanning range, 0.2 cm/s scan speed and 8 scan numbers. Sur-
face water wettability of the samples was analyzed on a Theta Optical Tensiometer 
device (CAM-200, Vastra Frolunda, Sweden) equipped with a conventional digital 
camera. Surface topographies and morphologies of the samples were characterized 
by scanning electron microscope (SEM FEI type Inspect S50, Hillsboro, OR, USA). 
Thermal behaviors of the samples were studied by thermogravimetric analysis (at a 
heating rate of 10 °C/min under dry air) and differential scanning calorimetry (DSC, 
two cycles, at scanning range of 25 to 100  °C and 25 to 400  °C by heating rate 
of 10 °C/min using a nitrogen flow of 50 mL  min−1) were performed on SeikoSII 
TG–DTA 6300 TG/DTA analyzer and Mettler Toledo DSC analyzer, respectively. 
The used samples were weighed to 5 mg throughout the both analyses. The samples 
cut into dimensions of 1 mm × 50 mm × 10 mm were tested mechanically via Zwick/
Roell Z1.0 model universal test machine using DIN EN ISO 527-1 guideline. The 
average dimensions were measured by conducting five independent measurements 
on the randomly selected different positions of the film specimens with 0.001 mm 
sensitivity by a micrometer (Mitutoyo Manufacturing Co. Ltd., Tokyo, Japan).

Procedure for the preparation of chlorinated polypropylene and chitosan 
composite films (PP‑Css)

PP-Cl (7.2  g, 0.144  mmol) was dissolved with THF (300  mL) in one-necked flat 
bottom flask equipped with magnetic stirrer bar for 1 h at 50 °C. Separately, Cs solu-
tion (1 g, ~ 4 ×  10–3 mmol) was prepared by dissolving it with 50 mL aqueous acetic 
acid solution (2% v/v) for 1  day at room temperature until homogeneity. The Cs 
solution was poured simultaneously into prepared PP-Cl solution while stirring at 
50 °C. The final blend was stirred approximately 60 min at this temperature until the 
ensuring the homogeneity. After the given time, the homogeneous solution mixture 
was casted on a petri dish and kept in vacuum oven at 35 °C for 2 days in order to 
completely evaporation of solvents to be obtained the uniform smooth films. Misci-
ble composite film formulations were prepared in the PP-Cl/Cs weight ratios of 2:1, 
1:1, 1:2 by casting method using the advantage of chlorine functionality of PP-Cl 
and named as PP-Cs (2:1), PP-Cs (1:1), PP-Cs (1:2), respectively.

Sample coating procedure

The uniform dip coating of blend solutions on glass microscope slides was achieved 
through the protocol as previously described [42, 43]. Pre-rinsed glass microscope 
slides using chromic acid solution and distilled water were vertically immersed 
into solution mixtures of PP-Cl and Cs at various loading ratios subsequently. The 
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dipping process was carried out by means of a precise homemade mechanical dip-
coater. The dipping/withdrawing rate and waiting duration were 80  mm/min and 
2  min, respectively, throughout the coatings. The glass microscope slides coated 
with the sample solutions to be used as substrate for the static water contact angle 
measurements were kept in a desiccator for 48 h to remove the residual solvents.

Water contact angle measurements

Static WCA measurements were taken on the blend composite or pristine film sam-
ples by sessile drop technique using Theta Optical Tensiometer device (CAM-200). 
The 5 µL of ultra-pure water was dropped onto film surfaces by means of a program-
mable syringe pump equipped with a micro-syringe with stainless steel needle. A 
conventional digital camera was utilized to capture the water droplet photographs 
on the samples. WCA values calculated by Laplace–Young fitting algorithm were 
reported as average of 8–10 measurements on different locations of the film samples 
with ± SD.

In vitro Biodegradation studies

The degradation behaviors of pre-weighed pristine PP-Cl, Cs and composite film 
samples were assessed by individually incubating and shaking (50  rpm) in 8  mL 
PBS (pH = 7.40) solution at 37 °C with lysozyme [44]. The studied samples were 
kept in amber vials pre-rinsed with PBS and incubation was carried out for 28 days 
at 7 day intervals. Separate three measurements were conducted for each sample. All 
degradation solutions were altered (to keep the identical conditions) after the sam-
ples were removed from the solution, pH was monitored and samples incubated and 
weighted were washed with deionized water, dried in a vacuum oven at 50 °C for 
24 h in each cycle. In order to determine the dry Percentage residual weights (PRW) 
the following Eq. 1 is used and mean of all individual test result were presented.

where W0 and W1 were the initial and final dry weights of the samples, 
respectively.

In vitro antibacterial activity testing

Contact-active method was used in order to assess the antibacterial activity of the 
samples. Briefly, the prepared suspensions of E. coli and S. aureus  (106 CFU (col-
ony forming unit)) in saline were dropped on the film surfaces having dimensions of 
1 × 1 cm and the samples were kept in sterile conditions for drying for 2 h. Then, the 
dried film samples were taken in Eppendorf tubes filled with 0.5 mL liquid micro-
bial growth medium (LB) medium. The test tubes containing the required materials 
were subjected to mixing-sonicating –mixing cycles, respectively, by using vortex 

(1)Percentage residual weights (PRW) = 100 −
[(

W0 −W1

)

∕W0

]

× 100
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and sonication devices for 5 min. At the end of the cycles, drop plate method [45] 
was utilized to enumerate the bacteria in the resulting sonicate.

Results and discussion

Driven by technological development, market demand, environmental, and cost sav-
ing concerns, several synthetic approaches have been proposed during the last years 
for developing new class of biomaterials [46–48]. The blending method is the assim-
ilation of dissimilar polymers so as to provide the unique properties that are different 
from those of the individual components. PP-Cl is hydrophobic polymer [49] and 
blending it with hydrophilic Cs [50] reveals desirable properties for different bio-
medical applications that require the combining mechanical strength of commercial 
PP-Cl with biological properties of chitosan. In this regard, blend composite films 
prepared by different loading ratio of PP-Cl and Cs were characterized, besides the 
spectroscopic, wettability, morphologic, thermal, and mechanical analyses, in terms 
of their biodegradability and antibacterial properties. The representative compos-
ite film preparing procedure and SEM images of a sample with its precursors were 
as depicted in Scheme 1 and Fig. 1. As seen in SEM images of blend PP-Cs (1:1) 
composite film and its precursors captured at 5.000 × magnification, the absence of 
any phase separation proved to the good compatibility between PP-Cl and Cs chains 
[51].

The specific functional groups of obtained composite films and their precur-
sors were firstly identified comparatively by FT-IR spectroscopy using ATR device 

Scheme 1  Preparation route for PP-Cs based composite films

Fig. 1  SEM images pristine PP-Cl, PP-Cs (1:1) composite and pristine Cs films
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(Fig. 2). As seen in Fig. 2, FT‐IR spectrum of PP-Cl film indicated the main charac-
teristic signals located at 2940 and 710  cm−1 corresponding to the asymmetric and 
symmetric stretching vibrations of C-H and stretching vibrations of C–Cl groups, 
respectively [17]. On the other hand, the signals of the Cs film seen at 3360, 3290, 
1645, 1550, 1325, 1590, and 1030  cm−1 were attributed to –OH and N–H, amide I, 
II, and III bending, primary –NH bending and C–O stretching vibrations, respec-
tively [52, 53]. In the case of PP-Cs (1:1), observation of the all the major character-
istic signals of both polymers and the amino stretching vibrations of Cs shifted from 
1550 to 1555  cm−1 demonstrated the formation of desired composite films formed 
by intermolecular electrostatic interactions [54].

The surface characteristics of a material have played a major role in the field of 
practical bio-applications [55]. According to a widely accepted view, biological 
properties of a biomaterial are highly dependent on its surface wettability. In this 

Fig. 2  Comparative ATR FT-IR 
spectra of PP-Cl, Cs, and PP-Cs 
(1:1)

Fig. 3  WCA values of PP-Cs composite films and pristine PP-Cl and Cs, and water droplet photographs 
captured on their surfaces
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regard, the contact angle values between PP-Cl, Cs and their composite film sur-
faces and a water droplet were presented in order to investigate the surface proper-
ties (Fig. 3). As can be seen from this figure, pristine PP-Cl film indicated a hydro-
phobic WCA of 100° ± 2, while pristine Cs had a hydrophilic nature with a WCA of 
71° ± 2, in well agreed with the literature [56–58]. Considering the different ratio of 
Cs loading, it was found that all composite films had a lower WCA value than that 
of pristine PP-Cl film with a decreasing trend as loading ratio increased. Among all 
the PP-Cs composite films, PP-Cs (2:1) possessed a relatively large water contact 
angle probably due to increased ratio of hydrophobic blend part and increasing elec-
trostatic interactions [59, 60].

Determining the thermal properties of bio-composites has been an important 
consideration, especially in explaining and interpreting the relevant degradation 
behavior. Firstly, thermo-stabilities of the PP-Cs based composite films and their 
pristine precursors were studied with the aid of TGA analysis. Figure 4 shows typi-
cal TGA thermograms of weight loss as a function of temperature at the scanning 
range from 25 to 600  °C. In the case of pristine PP-Cl, two thermal decomposi-
tion steps were recorded at 190 °C and 310 °C due to the dehydrochlorination pro-
cess and degradation of the unchlorinated PP backbone, respectively [61]. On the 
other hand, thermogravimetric curve of Cs indicated that the pristine chitosan film 
had two decomposition stages. The initial weight loss seen up to around 100  °C 
resulted from evaporation of the adsorbed water content, whereas the second stage 
observed around 200–500 °C could be corresponded to degradation of polymeric Cs 
chains [62]. It was found that in all composite film cases, weight losses occurred in 
a similar way to pristine PP-Cl. One may notice from the thermograms of composite 
films, after the Cs loading was increased, first and second degradation steps slightly 
shifted toward higher temperatures which may related to the increased electrostatic 
interactions and amount of more thermally stable Cs units (Table 1). The other gen-
erally accepted method, a DSC analysis, for providing information about the thermal 
properties of the polymers was carried out (Fig. 5). The observation of single glass 
transition temperature (Tg) has been employed as an evident of the good compatibil-
ity of polymeric segments in the blends [63]. The compatibility between PP-Cl and 

Fig. 4  TGA curves of the 
PP-Cs composite films and their 
precursors
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Cs chains was expected to significantly improve the generation of predicted elec-
trostatic attraction forces. In this perspective, there was only one Tg determined for 
each PP-Cs, which indicated that three blend composite films prepared were com-
patible in the range of composition tested in this study (Table 1). The determined 
PP-Cl’s Tg value of 40 °C [56] was found to be 52, 60 and 75 °C for PP-Cs (2:1), 
PP-Cs (1:1) and PP-Cs (1:2) samples, respectively, after blending it with Cs. The 
endothermic and exothermic peaks appeared between 80–120 and 275–300 °C were 
associated with the evaporation of solvent traces and decomposition of chitosan 
units [64, 65]. The reason why no melting temperature was observed in both neat 
PP-Cl and neat chitosan is probably due to their amorphous structures. Moreover, 
the linearly increased Tg value indicated that the enhanced electrostatic attractions 
caused to restriction of segmental mobility arising from smaller free volume of the 
polymer segments, as expected.

Despite its many advantages including biodegradability, biocompatibility, anti-
bacterial activity, and non-toxicity, the weak physical properties of Cs limit its wide 
range applications. Thus, developing Cs-based composite materials with enhanced 
mechanical properties while maintaining the unique properties of Cs mentioned 
above has been an attractive research topic in different applications [66, 67]. In 
this context, tensile test was utilized to evaluate the mechanical properties of pre-
pared composite films by comparing with their pristine segments in terms of tensile 

Table 1  Thermal and mechanical properties of the samples

a The first and second degradation temperatures determined by TGA analysis
b Glass transition temperature determined by DSC analysis
c Tensile strength determined by tensile test
d Percent elongation at break determined by tensile test
e Young’s modulus determined by tensile test

Sample T1
a (°C) T2

a (°C) Tg
b (°C) σM

c (MPa) ɛM
d (%) Et

e (MPa)

PP-Cl 180 310 40 12 365 170
PP-Cs (2:1) 185 320 52 15 330 220
PP-Cs (1:1) 192 345 60 30 260 430
PP-Cs (1:2) 195 355 75 79 90 1250
Cs 330 485 – 88 9 1830

Fig. 5  DSC profiles of the 
PP-Cs composite films and their 
precursors
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strength, elongation at break, and Young’s modulus (Fig. 6 and Table 1). Based on 
the achievements from tensile test, the higher tensile strength was determined for 
pristine Cs with the value of 88 MPa by elongation of 9%, while the lowest deter-
mined for PP-Cl with the value of 12  MPa at 365% elongation. Furthermore, Cs 
gave the higher Young’s modulus (1830 MPa) compared to that of PP-Cl (170 MPa). 
In the case of composite films, the linear relationship of mechanical features inves-
tigated with increasing Cs content is also observed, as listed in Table 1. Among the 
PP-Cs composite films, PP-Cs (1:2) indicated improved tensile strength but lower 
percent elongation due to brittle nature of Cs. These results revealed that incorpora-
tion of higher amount of PP-Cl highly increased the elasticity of the PP-Cs compos-
ite films.

One of the major drawbacks of synthetic polymeric films is their slow biodeg-
radability particularly in packaging, agricultural and medical applications. The 
issue of developing innovative biodegradable materials has therefore been an area 
of interest in industry and academia for many years. In the current study, the bio-
degradation behavior of the specimens which were in the form of film was followed 

Fig. 6  Tensile stress–strain 
curves PP-Cs composite films 
and their precursors

Fig. 7  Biodegradation profiles 
of the samples in the presence 
of lysozyme
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in 8 mL PBS (pH = 7.4) at 37 °C in the presence of lysozyme (Fig. 7). As can be 
clearly seen from the figure, the most biodegradable film was Cs film in the 28 days 
with the PRW of 22%; on the contrary, the PP-Cl film was almost never degraded 
over the same period of time. Moreover, it was clearly seen that degradation rate was 
found to increase with increase in Cs loading in the composite matrix. Consider-
ing the PP-Cs (1: 2) composite film having PRW of 14%, it can be concluded that 
the increase in degradability compared to other samples is presumably due to the 
higher hydrophilicity in consistent with the WCA results. The concurrent analyses 
were performed in PBS without lysozyme and no significant degradation behavior 
was observed for any sample.

The antibacterial activity of the samples was examined against E. coli and S. 
aureus bacteria, as mentioned in detail before in the experimental part. The achieved 
results after the antibacterial activity tests were illustrated in  Fig.  8. The con-
trol test was concurrently performed to prove the consistency of the results with-
out any sample was used. The composite film coupons indicated more inhibition 
effect than PP-Cl, but less than Cs against to growth of both E.coli and S. aureus. 
Compared to PP-Cl film, more than 1.7 log, 3.9 log, 6.1log, and 10.9 log reduc-
tions were observed on the E.coli counts of PP-Cs (2:1), PP-Cs (1:1), PP-Cs (1:2), 
and Cs samples, respectively. On the other hand, when compared the same samples 
against to S. aureus, more than 1.8 log, 3.0 log, 5.5 log, and 9.9 log reductions were 
observed. One can see from the results that antibacterial activity was improved with 
the increasing ratio of Cs in the composites, and the inhibitory effect of the all sam-
ples was slightly higher against E.coli than that of S. aureus, as well.

Conclusions

Synthetic polymers intended for use in biomedical applications may require addi-
tional features such as biodegradability and antibacterial activity for specific appli-
cations. In this study, a series of composite films comprising synthetic and natural 

Fig. 8  Antibacterial activity of the samples against to a E. coli and b S. aureus 
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polymers, namely PP-Cl and Cs, were prepared to overcome the disadvantages of 
both segments and characterized in detail. The different characteristic behaviors 
were observed for PP-Css by changing their loading ratios, conducting the WCA, 
SEM, TGA, DSC, tensile test, and a series of biological analysis. The compatibil-
ity or miscibility of the blended species was proved by determining the single glass 
transition temperature for all composites probably due to the electrostatic interac-
tions between PP-Cl and Cs. Considering the achieved experimental results, it was 
clearly seen that increasing the Cs loading enhanced the thermal properties, Young’s 
modulus and tensile strength but reduced the hydrophobicity and elasticity of the 
composites. Moreover, biodegradability of PP-Cs based composites was higher than 
pristine PP-Cl, however lower compared to pristine Cs. In accordance, a high level 
of antibacterial activity was determined against both E. coli and S. aureus for pris-
tine Cs film compared to both PP-Cl and other prepared composite films. Further-
more, higher Cs loading ratio in the composite formulation increased the antibacte-
rial activity. The versatility and unique properties of PP-Css such as film forming 
ability, biodegradability, and antibacterial activity are expected to contribute to the 
successful development of a variety of materials for biomedical applications.
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