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This study was conducted to assess hydrolytic influence of cellulase (C) on the physicochemical stability of chitosan
(CH)/hydroxypropyl methylcellulose (HPMC) films in time of storage (T). Initially, nine films were physically characterized by
contact angle, water vapour permeability (WVP), water activity (𝑎

𝑤
), tensile test, dynamic mechanical thermal analysis (DMTA),

and thermogravimetric analysis (TGA) and chemically by Fourier Transform Infrared Spectrometry (FTIR). The contact angle
results varied from 53.67∘ to 78.33∘. The presence of the enzyme and passing time reduced the WVP from 8.46𝐸 − 09 to
7.41𝐸 − 09 g/s⋅m⋅Pa. The enzyme treatment improved elasticity but decreased tensile strength of films. After adding cellulase 𝑇

𝑔

was shifted to a higher temperature. Thermal stability of the films decreased with addition of cellulase and after prolonging storage
time. FTIR analysis proved that chemical changes in polysaccharides structure were caused by cellulase incorporation in films
composition, which may be observed in appearance of 1656 cm−1 band. The 𝑎

𝑤
values did not change.

1. Introduction

Ideal edible film or coating should have the following
features: it cannot contain toxic, allergenic components; it
should provide structural stability and prevent mechanical
damage during transport, handling, and exposure.The edible
coating should adhere well to the surface, provide complete
uniform coverage of product, and control water migration
to and from the protected food to maintain the desired
level of water content. It has to provide semipermeability to
gases, maintain the internal equilibrium of gases involved
in the aerobic and anaerobic respiration, and prevent the
loss or absorption of aroma and flavor and nutritional and
organoleptic characteristics, which are necessary to appeal
to consumer. Microbiological and biochemical stability and
protection against dirt, pests, and microbial proliferation
should be provided. The edible coating has to maintain or
increase the aesthetic and sensory attributes of the product
and act as a carrier for the desired additives (antioxidants
and antimicrobials). Moreover, production process of film or
coating should be simple and inexpensive [1]. The difference
between the film and the coating results from the fact that

the protective coatings are part of the product, while films are
not necessarily integrated with the product [2].

When it comes to bioavailability, nontoxicity, biodegrad-
ability, biocompatibility, the ability to form chelates, gels,
and antimicrobial and antifungal activity of chitin, chitosan
and chitooligomers are excellent materials for edible films
production [3, 4]. Chitosan coatings have been already
characterized by the moderate water permeability and ability
to oxidize lipids, reduce discoloration, maintain stability
of fresh foods with a high water activity during storage
at low temperatures, and minimize oil absorption during
frying breaded products [5, 6]. The mechanical properties
and permeability of chitosan films can be controlled by
selecting molecular weight and a suitable solvent system and
adding plasticizer and dispersing or homogenizing agents [7].
Many researchers have proved better bactericidal effect of
chitooligomers than chitin and chitosan [8, 9]. Enzymatic
hydrolysis of chitosan is an environmentally friendly way to
obtain chitooligomers withmodified properties. Enzymes are
used under mild reaction conditions and are easy to control.
No information is provided on physical and chemical changes
of films and coatings produced with enzymes, which could
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Table 1: Experimental design.

Variants
coding

Variation factors Constant factors

Cellulase, C [%] Time, 𝑇 [days] Chitosan, CH [%]
Hydroxypropyl

methylcellulose, HPMC
[%]

Glycerol, G [%] Lactic acid, LA [%]

C0T0 0
0

1 1 25 0.25

C0.05T0 0.05
C0.1T0 0.1
C0T7 0

7C0.05T7 0.05
C0.1T7 0.1
C0T14 0

14C0.05T14 0.05
C0.1T14 0.1

provide polysaccharide hydrolysis.The exception is lysozyme
incorporation to chitosan films and coatings, which was
mainly used in view of its lytic action against many bacteria,
compared to hydrolytic effect of polysaccharides [10, 11].

The aim of the study was to assess the variability of
hydrolytic influence of cellulase on the polysaccharides films
prepared by casting and evaluate their stability of physical and
chemical properties during storage.

2. Experimental

2.1. Materials. Low molecular weight chitosan (CH) from
crab shells (DD = 75–85%), DL lactic acid (LA) (85%
syrup), and glycerol (G) 99% were obtained from Sigma
Aldrich, Poland. Hydroxypropyl methylcellulose (HPMC),
Methocel, was purchased from Dow Chemical Co., USA.
Cellulase CPCONC (C)with an activity of 120U/mg and side
activity (typical) of 30U/mg of 𝛽-glucanase was produced by
the fermentation of non-GMO Trichoderma longibrachiatum
(formerly Trichoderma reesei) that was obtained fromDyadic
(USA). Because of high level of cellulase and beta-1,3-
1,4-glucanase it can break down nonstarch polysaccharides
(NSP) including cellulose and beta-glucans.

2.2. Films Preparation. Cellulase stock solutions were pre-
pared by dissolving in bidistilled water followed by centrifu-
gation (5000×g). The HPMC dissolved in bidistilled water
and CH solubilized in 2% (v/v) aqueous LA solutions at 1%
were blended with 25% wt/wt of G (of dry weight of the used
polymers) and C (at three different levels: 0%, 0.05%, and
0.1%) in different ratio (wt/wt), which is shown in Table 1.
All experimental samples were centrifuged at 5000×g for 10
minutes to remove insoluble residues and air bubbles. Eighty
mL of film forming solution was cast on leveled, coated with
Teflon glass plate on the 80 × 200mm area, and dried at
room temperature 24 ± 0.5∘C and 60% RH for 72 hours.
Films were stored after this time for 0, 7, and 14 days in
the same conditions. Experimental variants were coded as
follows: C0T0 refers to the film with 0% of cellulase stored
0 days and contains the rest of materials at the same level

as other experimental variants, which is presented in Table 1.
The films thicknesses were 0.07 ± 0.01mm.

2.3. Contact Angle Measurements. Contact angles were mea-
sured in air using a Contact Angle Analyzer (Surface Electro
Optics). A film sample (2 cm2) was put on a movable sample
stage and leveled horizontally; then a drop of about 6 𝜇L of
distilled water was placed on the surface of the film using
a micro syringe. The contact angles were measured on both
sides of the drop and averaged.

2.4. Water Vapour Permeability (WVP). Water vapour per-
meability of films was determined gravimetrically using
ASTM E-96 method [12]. The cups were filled with 100 cm3
of distilled water each. A sample was placed in between the
cup and the ring cover of each cup and stored in controlled
conditions at 4∘C and 60% RH. Cups were weighed every
hour for 6 h. Water vapour transmission rate (WVTP) was
estimated using the following equation:

WVTR = 𝐺
(𝑡 × 𝐴)
, (1)

where𝐺 is the change in weight (g), 𝑡 is time (h), and𝐴 is the
test area (m2).

WVP was calculated as

WVP = (WVPR × 𝑇)
Δ𝑃

, (2)

where 𝑇 is the thickness of the test specimen (mm) and Δ𝑃 is
the partial pressure difference of the water vapour across the
film.

2.5. Tensile Test. Tensile test was performed in a univer-
sal Material Testing Machines Zwick/Roell Z010 following
ASTM D 882.1995 method to measure the tensile strength
(TS) and elongation at break (EB) [13].The film samples were
cut into 12mm × 65mm dumbbell-shaped test specimens
with contraction of the following dimensions: 7mm× 15mm.
Films were stretched using a crosshead speed of 125mm/min.
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Table 2: Results of contact angle, WVP, and 𝑎
𝑤
and mechanical properties results of polysaccharides films.

Variants Contact angle [∘] WVP [g/s⋅m⋅Pa] TS [MPa] EB [%] 𝑎
𝑤

C0T0 69.00 ± 1.0 8.46𝐸 − 09 ± 1.3𝐸 − 09 5.83 ± 0.6 6.33 ± 0.7 0.9253 ± 0.0009
C0.05T0 64.00 ± 0.6 7.50𝐸 − 09 ± 1.0𝐸 − 09 5.32 ± 0.9 14.41 ± 0.0 0.9243 ± 0.0009
C0.1T0 62.00 ± 1.7 8.41𝐸 − 09 ± 1.0𝐸 − 11 3.31 ± 0.2 9.87 ± 1.5 0.9250 ± 0.0012
C0T7 76.00 ± 3.1 8.74𝐸 − 09 ± 1.2𝐸 − 10 3.39 ± 0.2 24.73 ± 2.2 0.9247 ± 0.0009
C0.05T7 67.00 ± 1.5 9.84𝐸 − 09 ± 3.9𝐸 − 10 4.69 ± 0.3 8.11 ± 0.1 0.9253 ± 0.0009
C0.1T7 62.33 ± 1.9 7.64𝐸 − 09 ± 5.0𝐸 − 11 0.92 ± 0.2 12.51 ± 1.6 0.9243 ± 0.0009
C0T14 78.33 ± 1.8 7.79𝐸 − 09 ± 2.6𝐸 − 10 2.09 ± 0.5 12.52 ± 0.2 0.9250 ± 0.0006
C0.05T14 53.67 ± 1.8 9.36𝐸 − 09 ± 1.5𝐸 − 10 4.77 ± 0.6 18.12 ± 1.6 0.9253 ± 0.0009
C0.1T14 66.67 ± 1.5 7.41𝐸 − 09 ± 2.0𝐸 − 10 0.82 ± 0.1 24.98 ± 2.3 0.9243 ± 0.0009

TS is defined as stress, which is measured as used force (N)
per tested unit area (mm2). EB is defined as the ratio between
changed length and initial length after breakage of the test
specimen.

2.6. Dynamic Mechanical Thermal Analysis (DMTA).
Dynamic mechanical thermal analysis (DMTA) was per-
formed using Rheometric Scientific DMTA Mk III. Samples
were heated from −80∘C to 50∘C at a heating rate of 2∘C/min
and frequency of 1Hz. 𝐸, storage modulus, and tan 𝛿, loss
factor, were recorded.

2.7. Thermogravimetric Analysis (TGA). The thermal gravi-
metric analysis (TGA)was conducted tomeasure the thermal
stability of chitosan films on Thermogravimetric Analyzer
Hi-Res TGA 2950 (TA Instruments). The analyses were
made at the temperature varying from 0∘C to 300∘C in an
inert nitrogen atmosphere with flow of 60mL/min and rate
warming of 10∘C/min. The testing area of strips was 25mm2.

2.8. Fourier Transform Infrared Spectrometry. Infrared spec-
tra were registered in Infinity AR60 spectrometer (ATI
Mattson). The transmission spectra were collected at 2 cm−1
resolution and by 64 scans, directly on films with a golden
bridge reflexion apparatus.The reference backgroundwas air.

2.9. Water Activity. The water activity (𝑎
𝑤
) was measured by

aw-meter (ABW Lab).

2.10. Data Analysis. All experiments were replicated three
times. Average values and standard deviation were calculated
using Statistica 9 (StatSoft, Poland).

3. Results and Discussion

The results of contact angles of polysaccharides films are
shown in Table 2. The effect of time on contact angle of
films is also presented in Figure 1. The contact angle values
of films varied from 53.67∘ to 78.33∘ which was caused by
simultaneous effect of cellulase dosage and storage time.
When the contact angle is smaller than 90∘, the surface
is defined as hydrophilic and when it is larger than 90∘

hydrophobic character of surface may be observed [14].
Chitosan, hydroxypropyl methylcellulose, and glycerol are
hydrophilic polymers and their impact on the wettability of
films surface is reflected.TheHPMC and the chitosan contact
angles are 75∘ and 47∘, respectively [15]. The 69.00∘ contact
angle was obtained for mixture of HPMC-chitosan (C0T0)
in our study. The smaller the contact angle, the better the
wettability and adhesiveness of chitosan [16]. The degree of
samples deformation caused by contact with water can be
quite large. The destruction is due to dissolution of samples
by contact with water. This process is accompanied by the
stress formation, which results from the sample deformation.
Any chemical and physical changes taking place in the
substrate surface can be confirmed by measuring the contact
angle, which also allows characterizing the hydrophobic-
ity/hydrophilicity of the surface [17]. Selected films presented
in Figure 1 did not show changes in the contact angle in
storage time, which demonstrates their chemical stability.

The water vapour permeability values of polysaccharides
films are shown in Table 2.The highest WVP value is 9.84𝐸−
09 g/s⋅m⋅Pa and was registered for C0.05T7. It suggests that
results of WVP are affected by cellulase concentration and
storage time. The presence of enzyme slightly reduced the
WVP from 8.74𝐸 − 09 g/s⋅m⋅Pa to 7.64𝐸 − 09 g/s⋅m⋅Pa for
C0T7 andC0.1T7, respectively. However, Park et al. andDuan
et al. did not note any change in WVP of chitosan coatings
modified by lysozyme [18, 19]. The lowest WVP of 7.41𝐸 −
09 g/s⋅m⋅Pa was noted for C0.1T14 film, while the WVP of
film with the same concentration of enzyme, not stored, was
8.41𝐸 − 09 g/s⋅m⋅Pa, which suggests the influence of time.
Reduction in WVP of HPMC films with ascorbic acid, citric
acid, and ginger oil was noted byAtarés et al. [20].Thehighest
change ofWVPwas observed for HPMC filmwith ginger oil,
which indicates that permeability decreases with oil addition.
Cerqueira et al. confirmed that oil and glycerol have impact
onWVP of chitosan films [21].The oil presence leads to lower
WVP, while the WVP values increase when more glycerol is
added. That is the reason why glycerol was used in dosage of
25% of dry weight of the used polymers in each experimental
variant.

The results of tensile properties of all tested films are
presented in Table 2. TS of films decreased with rising
concentration of cellulase in separate periods of time. When
cellulase concentration increased from 0 to 0.1%, the tensile
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Figure 1: Contact angle of selected films ((a) C0.1T0; (b) C0.1T7; (c) 0.1T14).

strength decreased from 5.32 to 3.31MPa, from 3.39 to
0.92MPa, and from 2.09 to 0.82MPa after 0, 7, and 14 days
of storage, respectively. Similar effect was observed in storage
time, where TS value was the highest without enzyme addi-
tion. However, EB values increased linearly with increasing
dosage of cellulase from 12.52 to 24.98MPa just in storage
period of 14 days. The lowest TS of polysaccharide films was
observed for C0.1T14 sample, which suggests simultaneous
effect of both factors. Park et al. observed lowering TS and EB
value of chitosan-lysozyme coatings with increasing enzyme
addition which weakened their structure and integrity [18].
They suggest that the intermolecular hydrogen bonds of
chitosan may be weakened as an effect of lysozyme addition
and disrupt the formation of crystalline structure during
drying. On the other hand, it could be degradation effect of
cellulase on chitosan or hydroxypropylmethylcellulose chain.
In view of side activities of xylanase, pectinase, mannanase,
xyloglucanase, laminarase, 𝛽-glucosidase, 𝛽-xylosidase, 𝛼-
L-arabinofuranosidase, amylase, and protease in cellulase
preparation, which were listed in product specification sheet,
it is highly possible that hydrolysis took place. Xia et al.
are of the opinion that most cellulases possess a nonspecific
hydrolytic activity against chitosan, and some have even
greater ability than chitosanases to degrade chitosan [22].
They also suggested that it may be related to the struc-
tural similarity of chitin, chitosan, and cellulose, which are
polymers of d-glucose linked by 𝛽-1,4-glycosidic linkages.
The C-2 hydroxyl groups are replaced by amino groups in

chitosan. It is possible that this enzyme does not recognize
the group in C-2 position of glucose or glucosamine residue.
Cellulases from Trichoderma viride and Trichoderma reesei,
as well as the cellulase preparation Celluclast from T. reesei,
were used in the degradation process of chitosan to obtain
oligosaccharides by Hong and Kim [23]. They noted that the
commercial Celluclast is suitable enzyme to chitooligomers
production for 15 h.

The temperature dependence of storage modulus (𝐸)
and tan 𝛿 for polysaccharides films with addition of the
cellulase and in storage time was measured with a DMTA
and results are shown in Figures 2(a) and 2(b), respectively.
Storage modulus is indicated as rigidity of polymers. The
glass transition is seen as a drop in the storage modulus [24].
The curves of the storage modulus versus temperature of
filmswith enzyme showed themain relaxations, at−20–20∘C.
The storage modulus of film with the highest concentration
of cellulase after 14 days of storage was almost constant
during temperature degradation while samples with lower
concentration and without enzyme were decreased with
rising temperature.The𝐸 curves decreased from 715MPa for
C0T0 to 49MPa for C0.1T14 films.The loss factor tan 𝛿 shows
a few peaks, which are assigned to the relaxation processes
𝛼 and 𝛽. The 𝛽 relaxation is attributed to local mode in
amorphous phase and the 𝛼 relaxation is related to the glass
transition of the amorphous phase, which is controlled by
intra- and intermolecular interactions [25]. When the loss
tangent is in the range 0 < 𝛿 < 90∘, the material shows
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Figure 2: DMTA thermograms. (a) Effect of time on 𝐸 of CH/HPMC films modified by cellulase; (b) effect of time on tan 𝛿 of CH/HMPC
films modified by cellulose.

Table 3: Results of thermogravimetric analysis.

Variants 𝑇
𝑒

# [∘C] Weight loss [%] 𝑇
𝑑

# [∘C] Weight loss [%] 𝑅
300

# [%]
C0T0 66.72 ± 0.6 12.94 ± 0.2 195.87 ± 0.5 24.56 ± 0.5 25.24 ± 0.8
C0.05T0 55.93 ± 0.1 9.58 ± 0.6 176.15 ± 0.6 30.57 ± 0.7 47.13 ± 0.2
C0.1T0 61.43 ± 0.5 8.63 ± 0.9 178.81 ± 1.1 30.99 ± 0.4 47.21 ± 0.9
C0T7 60.99 ± 0.5 14.45 ± 0.1 196.68 ± 1.1 61.46 ± 0.3 24.01 ± 0.3
C0.05T7 60.82 ± 0.3 7.79 ± 0.2 185.74 ± 1.8 29.17 ± 1.2 47.69 ± 0.6
C0.1T7 59.25 ± 0.4 7.65 ± 0.2 178.39 ± 1.1 32.10 ± 1.0 47.46 ± 1.3
C0T14 61.24 ± 0.3 12.37 ± 0.5 190.97 ± 0.8 62.53 ± 0.4 24.87 ± 0.4
C0.05T14 61.23 ± 0.7 7.20 ± 0.3 182.92 ± 3.3 29.81 ± 0.7 49.69 ± 0.3
C0.1T14 62.47 ± 0.2 4.23 ± 0.2 176.18 ± 1.5 32.03 ± 0.6 49.36 ± 0.4
#
𝑇
𝑒
: water evaporation temperature; 𝑇

𝑑
: pyrolysis decomposition temperature; 𝑅

300
: residual weight at 300∘C.

viscoelastic characteristics. The loss factor values were found
between 0.1 and 0.9, which reflects viscoelastic behavior of
polysaccharides films. The value of tan 𝛿 depends on the
frequency and temperature. The increase in 𝑇

𝑔
was noted

after adding cellulase (data not presented).
The characterization of degradation was performed by

thermogravimetric analysis and data of thermal stability
and weight loss are shown in Table 3. Small weight loss
from 4.23 to 14.45% was observed in all samples at tem-
peratures lower than 80∘C. It corresponds to evaporation
of moisture and bonded water from films. Strong affinity
for water of polysaccharides films was proved in contact
angle analysis. Pyrolysis decomposition temperature was
noted between 176.15 and 196.68∘C and is attributed to
endothermic reaction, which is due to the depolymerization
and evaporation of degradation products.The least thermally
stable was C0.1T14, which is related to hydrolyzing effect of
cellulase on polymers. The lower thermal stability is caused
by decreasing of molecular weight [26]. Despite the fact that
the maximum cellulase activity used in our study is displayed
at temperature of 40∘C to 57∘C and pH of 4.2 to 6.5, we
can assume that hydrolytic effect is also possible at 24∘C

and pH of 4.0–4.5 during structuring process. Activities of
endoglucanase, b-glucosidase, and xylanase from Aspergillus
niger at 23∘C and pH = 4.5 are 3.21 IU/mL, 8.40 IU/mL,
and 1.72 IU/mL, respectively [27]. Water activity needed for
enzymes action in dry chitosan films is 0.93 [28]. 𝑎

𝑤
of our

films were about 0.925 (Table 2). Very slight differences of 𝑎
𝑤

values were observed. Simultaneously, Stefanescu et al. and
Pawlak andMucha found that chitosanmay improve thermal
stability of cellulose [29, 30]. The C0T0 sample occurred
to be the most thermally stable. The gradual degradation,
which corresponds to the charring and oxidation of the
thermal decomposition products of exothermic reaction,
was not observed. It may happen that the endothermic and
exothermic reactions take place in the same temperature,
which results in endothermoverlapping by the exothermwith
partial compensation [31].

FTIR spectra of the polysaccharide films without and
with cellulase in time are shown in Figure 3. The spectrum
is dominated by chitosan in films composition [32]. The
infrared spectrum of all tested films showed broad and
intense band at 3500 cm−1–2800 cm−1, corresponding to the
following functional groups: the stretching vibration of –OH
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Figure 3: Effect of cellulase and time on FTIR spectra of CH/HPMC
films.

at 3426 cm−1, the asymmetric stretching vibration of –NH
2

located at a length of 3377 cm−1, theN–H stretching vibration
at 3303 cm−1 indicating hydrogen molecular interaction,
and the intramolecular C–H at 2878 cm−1. The intensity of
the characteristic vibration of amide bonds for GlcNHAc
subunits is located at 1656 cm−1, 1597 cm−1, and 1378 cm−1
and corresponds to the stretching vibration of CO of the
secondary amide, N–H bending of the primary amine, and
symmetrical skeletal deforming –CH

3
–, respectively. Shin

et al. noted that the intensity of the amide I and amide
II bands at 1655 and 1560 cm−1 decreased because of the
deacetylation of chitosan, whereas the absorption band of
the newly formed amine group increases at 1590 cm−1 [33].
The peak at 1597 cm−1 for primary amine –NH

2
bending

disappeared or decreased when enzyme was added. At the
same time, a peak of 1656 cm−1 appeared with cellulase
addition. Those peaks are used as the characteristic band(s)
of chitosan N-acetylation [34]. At the same time the carboxyl
group absorption band derived from lactic acid at 1730 cm−1
within C0T0 spectrum disappeared in spectrum of samples
with enzyme. Nah and Jang [35] also registered that peak in
chitosan spectrum, but within the spectrumof lowmolecular,
water-soluble chitosan the absorption band at 1730 cm−1 also
disappeared.The wavelength of 1421 cm−1 corresponds to the
bend vibration of O–H from primary alcohol. The oligomers
have shown the specific bands of the (1–4) glycosidic bridges
located at 1153 cm−1 and 897 cm−1 and of the glucopyranose
ring located at 1032 cm−1. Small band of low absorption in the
1733 cm−1 refers to the acylated-OH group.

4. Conclusions

The results of this study suggest that storage time and enzyme
addition have an impact on physical and chemical properties
of polysaccharides films. The use of cellulase in the edible

polysaccharides films based on chitosan and HPMC did not
change the water vapor permeability. The chemical stability
of films in time was confirmed by contact angle results.
The thermal stability studied by TGA modified by enzyme
films in time was lower than CH/HPMC. All film variants
showed viscoelastic behavior. According to FTIR spectro-
scopic analysis of chitosan/hydroxypropyl methylcellulose
films, the varied physical properties are related to changes
of chitosan hydrolysis. The water did not cause mechanical
antiplasticization of films, because the 𝑎

𝑤
values almost did

not change for each variant. This allows for conclusion that
the film properties assayed were successfully modified by
incorporation of cellulase and stable during storage time.
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