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Obstract

Biomaterials developed with biopolymers contribute to the healing process of healthy or diabetic patients. The objective 
of the present study was to evaluate the effect of honey incorporation (0.3, 0.6, and 1.2 g/100 mL) in chitosan/collagen/
glycerol composite films. The Ch/Coll/1.2H films revealed the greatest percentage of elongation (27.10%) and Young´s 
modulus (65.58 MPa). The barrier properties (WVTR and WVP) exhibited a significant increase when the honey was 
incorporated into the films. The absorption capacity, solubility, and enzymatic biodegradability were lower in films 
containing honey. The chemical interactions between the functional groups of the films were verified by FTIR. The 
morphology studied by SEM confirmed the mixture’s homogeneity. Finally, all formulations exhibited antibacterial 
properties against Staphylococcus aureus, Pseudomonas aeruginosa, Listeria monocytogenes, and Salmonella Typhimurium. 
The aforementioned properties of formulated dressings are suitable for their potential application in chronic wounds.
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1. Introduction

Wounds are skin breaks caused by physical or thermal 
damage that can alter the physiological and bodily functions 
of the underlying tissue[1]. They can be classified as acute or 
chronic[2]. Chronic wounds affect a great part of the world’s 
population. Their prevalence has increased with the growth 
of the adult population and comorbidities such as obesity 
and diabetes[2]. It has been estimated that around 1 to 2% 
of the world’s population has suffered or will experience 
chronic injuries[3,4]. The costs of treating chronic wounds 
have been extremely expensive. In the United States, around 
$20 billion is invested annually in the health sector, solely 
for that purpose[4]. Traditionally, several natural materials 
such as biopolymers, animal fats, vegetable fibers, honey 
pastes, cotton fabrics, lint, and gauze have been widely 
used in medicine for wound healing[5]. The ideal material 
for wound healing should provide an adequate moist 
environment, promote gas exchange, possess adequate 
mechanical properties for handling and manipulation, act 
as an efficient barrier against infectious microorganisms, be 
non-toxic, and promote efficient wound healing[6,7].

Chitosan is a biopolymer derived from the thermo-alkali 
deacetylation of chitin, which is abundantly found in the 
exoskeletons of crustaceans and insects and in fungal cell 
walls[8]. The chitosan-free amino groups impart relevant 

properties such as antimicrobial, biodegradable, biocompatible, 
and non-toxic characteristics. These properties have served 
as a basis for providing an efficient treatment for several 
chronic conditions, such as diabetic foot, third-degree burns, 
decubitus ulcers, pyoderma gangrenosum, venous ulcers, 
and pressure ulcers[9].

Collagen is the main extracellular matrix (ECM) 
component that creates highly organized and elastic structures 
and confers physical tissue support[10]. It shows potential 
uses in biomedicine due to its ability to stimulate fibroblast 
and keratinocyte proliferation and promote the synthesis of 
proteins that make up the ECM[6,10]. Using additional collagen 
from external media allows for accelerated healing processes, 
including in wounds where healing occurs more slowly.

Honey has long been employed in traditional medicine 
as an effective therapy to treat burn injuries and chronic 
wounds[11]. The presence of flavonoids and phenolic compounds 
has favored the antioxidant roles of honey, which provide 
anti-inflammatory responses in wounds[12]. In addition, the 
antimicrobial nature of honey is directly associated with its 
supersaturated concentration of sugars, its high osmolarity 
in conjunction with its acidic nature, and the presence of 
hydrogen peroxides and flavonoids[13,14]. Honey can be 
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 considered a suitable material because it decreases pain and 
swelling, and promotes autolytic debridement and healing[14].

The present study was focused on preparing chitosan/
collagen/glycerol/honey films. The effect of incorporating 
honey at different concentrations in chitosan/collagen/
glycerol films was evaluated. The optical, physicochemical, 
mechanical, barrier, structural, morphological, thermal, 
biodegradable, and antibacterial properties of the films 
were investigated to enhance their possible application as 
wound dressings.

2. Materials and Methods

2.1 Materials

Apis mellifera honey was acquired from a local market in 
Mani, Yuc. Mexico. The shrimp chitosan powder was supplied 
by Quitomex, S.A. (Obregon, Mexico). The chitosan has an 
average molecular weight of 378 KDa and a deacetylation 
degree of 87%. Hydrolyzed fish collagen was provided by 
the Food Science and Technology Laboratory at ITSON 
(Obregon, Mexico). Glycerol was purchased from REASOL 
(Mexico City, México). Glacial acetic acid was obtained from 
FAGALAB (Mocorito, Mexico). Lysozyme (40,000 units/mg) 
and phosphate-buffered saline (PBS) pH 7.4 were supplied 
by Sigma-Aldrich (St. Louis, MI, USA).

2.2 Preparation of chitosan-collagen-glycerol-honey-
based films

Chitosan-collagen-honey composite films were prepared 
by the solution casting technique[15]. 100 mL of a solution 
of acetic acid (1% v/v) was used to prepare a composite 
blend of chitosan (1% w/v) and collagen (0.5% w/v). 
Both chitosan and collagen were mixed in the acetic acid 
solution. This mixture was considered a control group and 
named Ch/Coll. Based on this formulation, the other four 
blends were prepared by adding glycerol, and subsequently, 
honey at different concentrations, as described in Table 1. 
The solutions were homogenized by a magnetic stirrer, 
Cimarec™ Thermo Fisher Scientific (Waltham, MA, USA), 
at 25 ºC and subsequently filtered through 100 μm of organza 
fabric (100 mesh). Finally, the films were produced by 
pouring the corresponding solution into plastic containers 
(150 mL) and leaving them to dry at 45 ºC for 48 h in a 
DZF-6050 vacuum oven (Xiamen, China).

2.3 Optical properties of the films

Color determination of the films was performed using a 
colorimeter Chroma Meter CR-400, Konica Minolta (Osaka, 
Japan) calibrated to a standard (Y= 94.10, X= 0.3155, and 

y= 0.3319). Measurements were recorded at three specific 
points on the film, and an average of nine measurements 
was reported for each formulation. Using the CIELab scale, 
the values of L* (lightness) and the chromatic parameters a* 
(red/green) and b* (yellow/blue) were measured. The color 
difference (ΔE) of each film was compared against the Ch/
Coll formulation and was calculated using Equation 1:

( ) ( ) ( )2 2 2 * * *E L a b∆ = ∆ + ∆ + ∆  (1)

where ∆L*= L – LO, ∆a* = a – aO, and ∆b* = b – bO. The 
L*, a*, and b* parameters are the chromatic values of 
the sample, and LO*, aO*, and bO* represent the control’s 
chromatic values (Ch/Coll film).

The transparency measurement was performed according 
to the methodology established by Escárcega-Galaz et al.
[16]. Rectangular samples (3x1 cm) were made and placed 
inside a spectrophotometric cell. The absorbance readings 
were determined at 600 nm in a UV-Vis spectrophotometer 
Varian Cary 50 Bio. Transparency was calculated using the 
following Equation 2:

600AT
t

=  (2)

where A600 is the recorded absorbance value at 600 nm, and 
t represents the average thickness of the film in mm. The 
transparency of the films was analyzed, and the average 
value of two replicates was reported for each formulation.

2.4 Mechanical properties

The mechanical characterization of the films was 
analyzed using a texture analyzer TA-XT plus texture 
analyzer, Stable Micro Systems (Surrey, UK). The tensile 
parameters tensile strength (σmax), elongation at break (εb), 
and Young’s modulus (E) were calculated according to the 
ASTM D882-02 standard method[17]. Rectangular samples 
(10x60 mm) were obtained, and the thickness of each film 
was measured in triplicate. The separation distance, end-to-
end, of 30 mm was set, and a 10 mm/min crosshead speed 
was programmed. The tensile parameters were reported 
based on the average value of six replicates per film.

2.5 Physicochemical properties

2.5.1 Water holding capacity and solubility

Water holding capacity (DS) and solubility (WS) tests 
were performed according to the methodology reported 
by Madera-Santana et al.[18]. with some modifications. 

Table 1. Composition of films based on chitosan, collagen, glycerol, and honey.

Formulation Cha (g) Collb (g) Glyc (g) Hd (g)
Ch/Coll 1.0 0.5 0 0

Ch/Coll/Gly 1.0 0.5 0.6 0
Ch/Coll/Gly/0.3H 1.0 0.5 0.6 0.3
Ch/Coll/Gly/0.6H 1.0 0.5 0.6 0.6
Ch/Coll/Gly/1.2H 1.0 0.5 0.6 1.2

aCh: Chitosan. bColl: Collagen. cGly: Glycerol. dH: Honey. Solute (g/100 mL).
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The films were evaluated with PBS pH 7.4 and deionized 
water. Circular cuts (3 mm in diameter) were performed 
in triplicate for each film formulation. The sample weight 
was recorded and transferred to a Petri dish. Subsequently, 
PBS or deionized water was added (3 mL), and the samples 
remained in adsorption equilibrium at different time intervals 
(5, 10, 15, 30, and 60 min). Excess moisture was removed by 
placing the film surface on filter paper. Finally, the weight 
of the wet sample was recorded, and the percentage of water 
retention was calculated using Equation 3:

%  100e o
o

W WDS
W
−

= ×  (3)

where eW  corresponds to the weight of the film at equilibrium 
adsorption in PBS medium or deionized water, and oW  
represents the initial weight of the film.

To determine solubility, wet samples employed for the 
%DS assay at time intervals of 60 min in both mediums 
were allowed to dry for 24 h. Solubility was calculated 
using Equation 4:

%  100o d
o

W WWS
W
−

= ×  (4)

where oW  is the initial weight of the film and dW  is the weight 
of the film after the drying process at 60 ºC.

2.6 Barrier properties

2.6.1 Water Vapor Transmission Rate (WVTR)

The test to determine WVTR was performed according 
to the wet cup gravimetric method established by ASTM 
E96[19]. Water vapor diffusion was determined by the weight 
loss from a transmission container (w). For this purpose, a 
plastic container with deionized water (30 mL) was sealed 
with a lid containing the sample firmly fixed on its top. 
The container was stored at 25±1 °C and 30±5% RH in 
a desiccator with dry silica. The assay was performed in 
triplicate for each sample, and the container weight was 
recorded periodically for 30 h. WVTR was calculated 
from the slope of the straight line where time (h) vs. weight 
difference (g) was plotted using Equation 5:

*
wWVTR

t A
=  (5)

where w is the weight loss of the container (g), t is the 
time in hours and A corresponds to the permeation area 
(2.85x10-4 m2).

2.6.2 Water Vapor Permeability (WVP)

The determination of WVP was calculated from the 
WVTR and using Equation 6:

*WVTR lWVP
p

=
∆  (6)

where l is the average thickness of the film and p∆  corresponds 
to the difference in water vapor pressure on the internal 

and external sides of the container where the film sample 
is located.

2.7 Fourier transform infrared spectroscopy (FTIR)

The infrared spectra of the samples were obtained using 
FTIR-ATR equipment Nicolet iS50 FTIR, Thermo Fisher 
Scientific (Waltham, MA, USA). The study was carried 
out in a wavenumber range from 4000 to 600 cm-1 with a 
spectral resolution of 4 cm-1, and 64 scans were performed 
for each formulation.

2.8 Morphological and elemental analysis

Surface morphology was analyzed using micrographs 
taken in a field emission scanning electron microscope 
(FESEM) model JEOL JSM-7600F (Peabody, MA, USA). 
The samples were placed on an aluminum stub, and the 
observation was performed at an angle of 90º to the surface.

2.9 In vitro enzymatic biodegradation

The biodegradation study of the films was performed 
according to the methodology proposed by Martinez-
Ibarra et al.[9] with some modifications. The assay was 
performed in a PBS solution containing lysozyme (40,000 units/
mg) at a 2 mg/mL concentration. For this purpose, circular 
dry samples with diameters of 17 mm were weighed and 
immersed in a PBS solution containing lysozyme (3 mL). 
Samples were incubated at 37 °C for 9 days, and weight 
was determined at 1, 2, 4, 7, and 9 days. To carry out 
the measurements, the samples were removed from the 
enzyme solution and carefully washed with distilled water 
to interrupt the enzymatic process. The excess moisture was 
removed using filter paper, the films were dried, and their 
weight was recorded. In vitro enzymatic biodegradation 
was evaluated by weight loss, which was calculated by the 
following Equation 7:

%   1 00o t
o

W WWeight loss
W
−

= ×  (7)

where oW  is the weight of the dry sample before contact 
with lysozyme and tW  is the weight of the sample after 
contact with the enzyme. The results corresponding to 
biodegradation were calculated based on an average of 
three replicates per formulation.

2.10 Antibacterial properties

The antibacterial properties of the films were evaluated 
against Staphylococcus aureus ATCC 6538, Pseudomonas 
aeruginosa ATCC 10154, Listeria monocytogenes ATCC 
7644, and Salmonella Typhimurium ATCC 14028 using 
the method established by Rodríguez-Núñez et al.[15]. 
Inoculums were prepared 18 h before the study to reach 
their exponential phases; a loop of bacteria was introduced 
into tubes with BD Difco™ Mueller-Hinton broth (10 mL) 
and incubated at 37 °C. Small aliquots of each inoculum 
were transferred to tubes with saline solution (NaCl 0.9% 
w/v) until their absorbance was adjusted to 0.100 at 600 nm 
in UV/vis spectroscopy (equivalent to 108 CFU/mL). 
To evaluate the antibacterial properties of the films, 16 mm 
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diameter film samples were placed in tubes containing 
10 mL of Mueller-Hinton broth. Then 10 µL of the adjusted 
inoculum was introduced. An inoculated tube without a 
film sample was used as a bacterial control for comparison. 
The samples were incubated at 37 °C for 24 h, and 200 µL 
of the broths were transferred to polypropylene microplate 
wells. Absorbance readings were performed at 600 nm on 
a UV-Vis SPECTROStar Omega microplate reader (BMG 
LabTech GmbH, Germany).

Finally, the colony-forming units (CFU/mL) were 
calculated from the absorbance obtained using the equations 
established by Gonzáles-Pérez et al.[20] (Supplementary 
Material).

2.11 Statistical analysis

A completely randomized design was used, where 
the response variables were measured according to the 
composition of glycerol (0 and 0.6 g/100 mL) and honey 
(0, 0.3, 0.6, and 1.2 g/100 mL) in the films. The Ch/Coll 
films were considered control samples. The mean values ± 
standard deviations of the replicates were reported for each 
analysis. An analysis of variance (ANOVA) test was 
performed using the STATGRAPHICS PLUS 5.1 statistical 
package. Statistically significant differences between the 
means of each group were estimated below a significance 
level of (p<0.05).

3. Results and Discussions

3.1 Optical properties

The color parameters of the Ch/Coll, Ch/Coll/Gly, and 
Ch/Coll/Gly/H films are listed in Table 2. The Ch/Coll/Gly 
films did not generate changes in L* and a* compared to the 
Ch/Coll films. In qualitative terms, the Ch/Coll films showed 
a clear yellow, homogeneous, and transparent coloration, 
while the addition of glycerol conferred a mostly shiny and 
smooth surface texture. In contrast, brown coloration was 
observed due to honey addition in the films (Figure SI1, 
Supplementary Material). The a* values exhibited low blue 
tinting in the Ch/Coll films, while reddening appeared in the 
honey composite films. The b* value showed yellowness in 
all films, with the Ch/Coll/Gly/0.3H formulation exhibiting 
the strongest yellow tint. The color difference (ΔE) revealed 
statistical differences among the films (p<0.05). The lowest 
values corresponded to the Ch/Coll/Gly formulation, 
while the Ch/Coll/40Gly/0.6H films had the highest color 
difference according to the control film (Ch/Coll film). 
The browning by the honey Maillard reactions generated a 

greater reddening and decreased lightness (L*) that caused 
an increment in ΔE. Significant changes were obtained by 
Escárcega-Galaz et al.[16], who reported significant increases 
in L*, a*, and ΔE by including honey and glycerol compounds 
in their chitosan films, which showed a trend very similar 
to those reported here.

Table 2 illustrates the corresponding transparency 
of the analyzed formulations. Transparency ranged from 
0.96 to 3.74, with the Ch/Coll/Gly films having the lowest 
transparency value, while the Ch/Coll/Gly/1.2H films exhibited 
the highest values. The inclusion of glycerol significantly 
decreased (p˂0.05) the transparency values in the Ch/Coll 
films. This effect was confirmed by Rivero et al.[21], where 
they evidenced that the presence of glycerol improved 
transparency in laminated films based on gelatin/chitosan.

3.2 Mechanical properties

In this study, the mechanical parameters measured in 
the films by the tensile test were determined by the stress-
strain curves. These parameters, tensile strength (σmax), 
elongation at break (εb), and Young’s modulus (E), are 
shown in Table 3. The σmax of the films presented ranges that 
fluctuated between 8.61 MPa and 71.78 MPa; the εb ranged 
from 1.66% to 27.10%; and the E showed values between 
65.58 MPa and 3882.73 MPa. The Ch/Coll films exhibited 
the highest values of σmax and E, although they exhibited the 
lowest value of εb. This film formulation had high strength, 
but it was not flexible and showed brittle characteristics.

The incorporation of glycerol into Ch/Coll films 
produced a significant decrease (p<0.05) in σmax and E values. 
In contrast, the εb showed a significant increase (p<0.05). 
This combination of results was mainly pronounced in 
formulations that contained honey. The most noticeable 

Table 2. Optical properties of films based on chitosan and collagen loaded with honey.

Formulation
Color parameters

Transparency
L* a* b* ΔE

Ch/Coll 81.30 ± 0.47c -1.79 ± 0.08ª 35.31 ± 1.86c ND 1.54 ± 0.03b

Ch/Coll/Gly 82.01 ± 0.30c -1.59 ± 0.07ª 34.23 ± 0.81bc 4.96 ± 0.90a 0.96 ± 0.02ª
Ch/Coll/Gly/0.3H 57.94 ± 2.75b 24.92 ± 2.59b 54.40 ± 2.13d 36.17 ± 3.72b 2.67 ± 0.21c

Ch/Coll/Gly/0.6H 34.44 ± 1.47a 32.33 ± 0.70c 25.34 ± 0.95ª 57.13 ± 2.64c 3.41 ± 0.21d

Ch/Coll/Gly/1.2H 35.67 ± 3.05a 33.27 ± 0.33c 32.61 ± 2.81b 54.45 ± 2.20c 3.74 ± 0.15d

Mean values ± standard deviation is reported for each treatment. ND: No determined. Different letters in the same column indicate significant 
difference (p<0.05).

Table 3.  Mechanical properties of films based on chitosan and 
collagen loaded with honey.

Formulation
σmax εb E

[MPa] [%] [MPa]

Ch/Coll 71.78 ± 5.5d 1.66 ± 0.3a 3882.7 ± 1007.2c

Ch/Coll/Gly 24.74 ± 6.9b 8.51 ± 1.9c 722.5 ± 181.9b

Ch/Coll/Gly/0.3H 19.84 ± 5.1b 2.94 ± 1.2ab 974.9 ± 310.5b

Ch/Coll/Gly/0.6H 33.06 ± 9.5c 4.30 ± 1.4b 1110.3 ± 192.1b

Ch/Coll/Gly/1.2H 8.61 ± 1.7a 27.10 ± 2.3d 65.6 ± 12.9a

Mean values ± standard deviation are reported for each treatment. 
Different letters in the same column indicate a significant difference 
(p<0.05).
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changes were observed in the Ch/Coll/Gly/1.2H film, 
which provided mostly elastic and flexible structures. 
These characteristics were attributed to the capability of 
glycerol and honey to act as plasticizing agents in the films. 
Recently, Rocha-Lemus et al.[22] reported the performance of 
honey as a plasticizer in graphene oxide-agar films. Other 
authors have reported that incorporating glycerol and honey 
can promote a larger free volume between the polymeric 
chains, causing a decrease in the intermolecular interactions 
among them[15]. It explains the drastic decreases in elastic 
modulus values and the increase in elongation rates when 
both compounds were added to Ch/Coll films, particularly 
in the Ch/Coll/Gly/1.2H formulation. On the other hand, 
the Ch/Coll/Gly/0.3H and Ch/Coll/Gly/0.6H films revealed 
lower elongation at break and a higher elastic modulus 
compared to Ch/Coll/Gly films but were more elastic and 
flexible when compared to Ch/Coll films.

3.3 Physicochemical properties

3.3.1 Water holding capacity and solubility

Figure 1 shows the kinetics of the water-holding capacity 
performed on each film for 60 min using PBS solution 
and deionized water as hydrating agents, both at 25 ºC. 
The study revealed that all formulations reached equilibrium 
absorption after 15 min of contact with the PBS solution 
(Figure 2a). However, the instability in the behavior of 
the Ch/Coll/Gly formulation was observed between 5 and 
10 min, while in the Ch/Coll/Gly/0.3H film, there was a 
fluctuation between 10 and 15 min. The film that exhibited 
the highest adsorption capacity in PBS was Ch/Coll, with 
a retention rate of 111.79% at 5 min and 67.96% at 60 min 
of contact. In contrast, the Ch/Coll/Gly/0.6H formulation 
revealed the lowest rates, measured at 32.05% and 6.63% 
at 5 and 60 min, respectively.

Figure 1b revealed the water-holding capacity of films 
hydrated with deionized water. The kinetics indicated that the 
films, except for Ch/Coll/Gly, achieved equilibrium adsorption 
after being in contact for 10 min with the hydrating medium. 
The Ch/Coll/Gly films exhibited a considerable increase in 

their adsorption with values between 5 and 30 min; however, 
at these times, they achieved equilibrium. The highest 
absorption rates corresponded to the Ch/Coll formulation, 
and the film with the lowest water retention was the Ch/
Coll/Gly/1.2H formulation. Likewise, the study indicated 
no considerable differences in the values obtained among 
the films containing honey. The decrease in water-holding 
capacity in honey composite films is an effect associated 
with the hydrophilic nature of honey and the viscosity of 
the polymers used to produce the films. Likewise, honey 
can restrict mobility and free rotation among polymer 
chains by forming strong hydrogen-bonding interactions 
with chitosan, collagen, and glycerol due to the presence 
of many functional groups among the components. In this 
sense, strong interactions between polymers could shorten 
intermolecular distances and create a much more compact 
network, resulting in a lower adsorption capacity. Figure 
SI2 (Supplementary Material) shows the solubility of the 
different formulations exposed for 60 min in PBS solution 
and deionized water.

3.4 Barrier properties

Figure 2 shows the water permeability behavior for each 
formulation described. The film’s water vapor diffusion was 
significantly affected by incorporating glycerol and honey. 
According to Figure 2, the Ch/Coll/Gly/0.3H films exhibited 
the highest WVTR and WVP values; in contrast, the Ch/Coll 
films presented the lowest WVTR and WVP. The Ch/Coll/
Gly films exhibited higher WVTR and WVP in comparison 
to the Ch/Coll films. Ziani et al.[23] obtained increases in 
their WVP values from 0.89 to 1.11 g mm kPa-1 h-1 m-2 when 
plasticizing chitosan films (96% DD) with glycerol. It can 
be explained because glycerol possesses short linear chains 
that allow it to incorporate into adjacent polymeric chains, 
increasing the free volume and weakening the intermolecular 
forces. This effect causes the polymeric network to be less 
dense and favors greater water vapor molecules diffusion.

The honey inclusion promoted significant increases 
in film permeability. However, no significant differences 
(p>0.05) were found for WVTR in Ch/Coll/Gly/0.3H and 

Figure 1. Kinetics of water-holding capacity of films based on chitosan and collagen loaded with honey hydrated with PBS (a) and 
deionized water (b).
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Ch/Coll/Gly/0.6H films. Likewise, statistical similarities 
(p>0.05) were found for WVP in Ch/Coll/Gly/0.3H and 
Ch/Coll/Gly/1.2H films. Slight decreases in permeability 
behavior with increasing honey concentrations in the films 
were observed. During the healing process, biomaterials 
must control water loss in the wound at optimal levels and 
provide adequate moisture to prevent excessive dehydration 
and facilitate tissue healing. Considering these criteria, Ch/
Coll/Gly/0.6H films had a lower WVP, which results in the 
formulations with the best properties to prevent dehydration 
and maintain suitable wound environments.

3.5 FTIR analysis

The effects of the interactions of the chitosan-collagen 
films and the subsequent incorporation of glycerol and 
honey were evaluated by FTIR spectroscopy (Figure 3).

The absorption patterns of the Ch/Coll films revealed 
extensive bands at 3358–3276 cm-1 attributed to N-H bonds 
stretching vibrations and the existence of O-H groups linked 
by hydrogen bonds[24]. The signals found at lengths of 2923–
2873 cm-1 were associated with the stretching vibrations of 
C-H groups contained in chitosan and collagen molecules. 
The absorption band related to Amide I, corresponding to C=O 

group stretching vibrations, was located at 1637 cm-1. The Amide 
II was found at 1541 cm-1 and was attributed to the C-N group 
stretching vibrations in conjunction with N-H and CH2 bending 
vibrations[25]. The collagen’s O-H deformation (COOH) was 
found at 1401 cm-1. An extensive absorption band between 
1199 and 1022 cm-1 showed the C-O stretching vibration, which 
is characteristic of the polysaccharide structure of chitosan. 
Specifically, the peak located at 1151 cm-1 corresponded to 
C-O-C bond stretching vibrations, and the peaks found at 
1065 cm-1 and 1022 cm-1 were related to C-O bond vibrations. 
The absorption band associated with the pyranose ring stretching 
of chitosan was found at 899 cm-1[24].

FTIR analysis showed overlaps of the O-H groups over 
the N-H groups at 3278 cm-1. This effect explains the strong 
stretching vibration of the O-H groups of chitosan, collagen, 
glycerol, and honey[26]. Higher absorption intensities were 
found at 2923-2873 cm-1, corresponding to C-H groups 
of carboxylic acids and NH3

+ groups of free amino acids, 
indicating the presence of honey in the films. The most 
notable changes in the spectra occurred with the appearance 
of a strong Amide I band, whose peak was augmented with 
increasing honey concentration in the films.

Likewise, the honey incorporation decreased the absorption 
bands of Amide II, and the peak was found at 1401 cm-1 (O-H 

Figure 3. FTIR-ATR spectra of films based on chitosan and collagen loaded with honey at wavelengths 2600 - 3800 cm-1 (a) and 
700 – 1900 cm-1 (b).

Figure 2.  WVTR (a) and WVP (b) of films based on chitosan and collagen loaded with honey. Different letters in each column indicate 
a significant difference (p<0.05).
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deformation). These changes could indicate a possible 
interaction of hydrogen bonds between the COOH, NH2, 
C=O, and OH groups found in the film’s components[26,27]. 
The glycerol addition caused an overlap at 1023 cm-1, and its 
intensity increased with the addition of honey. The signal at 
wavenumbers between 700-940 cm-1 is attributed to bending 
vibrations of the honey carbohydrate ring in anomeric regions, 
while at wavenumbers from 940 to 1145 cm-1, it is due to the 
C-C and C-O groups stretching the carbohydrates.

3.6 Morphological analysis

The surface morphology of the films was analyzed by SEM 
micrographs, as shown in Figure 4. The test was performed 
under a magnification of 500x at a scale of 10 μm. The study 
revealed films with smooth, homogeneous, and continuous 
surfaces, indicating that the components were uniformly 
dispersed in the polymer matrix. However, it was possible 
to witness some rough regions in the Ch/Coll/Gly and Ch/
Coll/Gly/0.6H films. In addition, all films exhibited good 
structural integrity with the absence of porosities, cracks, 
or fractures on their surfaces. Micrographs revealed good 
miscibility in Ch/Coll and Ch/Coll/Gly films; however, 
small crystals started to appear with the incorporation of 
honey into the membranes. Costa et al.[28] mentioned that this 
phenomenon is strongly related to glucose, which can favor 
honey crystallization during storage due to its presence at 
supersaturated concentrations. The low solubility of glucose 
in water allows these molecules to separate from water and 
form crystals, as shown in Figures 4c, 4d, and 4e.

3.7 In vitro enzymatic biodegradation

The films presented successive weight losses as a 
consequence of the dynamic degradation of lysozyme, 

as shown in Figure 5. The largest weight loss in the films 
occurred during the first day of incubation. After nine days, 
Ch/Coll and Ch/Coll/Gly films were completely dissolved 
in the enzyme-containing solution, while formulations of 
Ch/Coll/Gly/0.3H, Ch/Coll/Gly/0.6H, and Ch/Coll/Gly/1.2H 
presented breakage to small particles as a consequence of 
hydrolysis. The Ch/Coll formulation showed the highest 
biodegradability rate, with weight losses of 62.10%. The Ch/
Coll/Gly films showed very similar behaviors during the 
first two days of incubation; however, after day four, a lower 
weight loss was observed compared to the Ch/Coll films.

On the other hand, the honey incorporation in the films had 
a less pronounced effect. The Ch/Coll/Gly/0.6H formulation 

Figure 4. SEM micrographs of films based on chitosan and collagen: Ch/Coll (a), Ch/Coll/Gly (b), Ch/Coll/Gly/0.3H (c), Ch/Coll/
Gly/0.6H (d), and Ch/Coll/Gly/1.2H (e).

Figure 5. Kinetic of enzymatic degradation by lysozyme in films 
based on chitosan and collagen loaded with honey.
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recorded the lowest weight loss with values of 36.79% at nine 
days of incubation. Similarly, the Ch/Coll/Gly/0.3H films 
revealed higher progressive weight losses over the first four 
days of incubation but no significant differences (p>0.05) 
between the honey-based formulations. The above results 
indicated that glycerol and honey favored lower weight 
loss. Moreover, there was a direct relationship between the 
biodegradability of the films and their adsorption capacity. 
The Ch/Coll and Ch/Coll/Gly formulations presented the 
highest biodegradability rates because they had a higher 
capacity to absorb the enzymatic solution, which favored 
contact with a greater volume of lysozyme in the films.

3.8 Antibacterial properties

The antibacterial activity of films based on chitosan and 
collagen loaded with honey is given in Figure 6. Significant 
reductions (p˂0.05) were observed in all formulations 
compared to the control for each microorganism. When the 
films were evaluated against S. aureus, some significant 
differences (p˂0.05) were observed among the treatments 
employed. The Ch/Coll films presented the highest bacterial 
reduction of all films (1.57x108 CFU/mL), while the Ch/Coll/
Gly/0.3H formulation revealed the highest microbial count 
(2.87x108 CFU/mL). The effect of honey, according to the 
increase in its concentration on the films, caused gradual 
decreases in the microbial count of S. aureus.

On the other hand, films inoculated with P. aeruginosa 
presented a different behavior in their microbial growth. 
The Ch/Coll composite films exhibited the highest counts 
with values of 1.31x108 CFU/mL, and the lowest count 
was recorded for the Ch/Coll/Gly/0.3H formulation 
(8.48x107 CFU/mL). Increasing the honey concentration 
in the films caused increases in their microbial counts. 
For L. monocytogenes and S. Typhimurium, similar trends 
were observed among the different treatments. The microbial 
count values gradually decreased as honey was incorporated 
and concentrations increased. In both study organisms, 
statistical similarities (p˂0.05) were observed between the 

counts of Ch/Coll and Ch/Coll/Gly films. In contrast, the 
effect of honey showed significant differences (p˂0.05) 
when compared in both films.

Both chitosan and honey are compounds that contribute 
synergistically to the antibacterial properties of the films. 
The antibacterial properties of honey lie in its supersaturated 
concentration of sugars, its high osmolarity, its acidic nature, 
the constant production of hydrogen peroxides, and the 
existence of lysozymes, phenolic acid, and flavonoids[13,14]. 
In contrast, chitosan with positively charged amino groups can 
interact with the negatively charged bacterial cell wall. This 
process produces strong electrostatic interactions, resulting 
in cell wall rupture and leakage of intracellular components, 
causing cell death[28,29]. In addition, many studies have shown 
that chitosan can block the cell membrane of Gram+ bacteria 
and prevent the entry of nutrients into the cell[30].

4. Conclusions

Honey is a favorable compound to be incorporated 
into biomaterials. In this work, films of chitosan, collagen, 
glycerol, and honey were prepared by using the solution casting 
technique. All the films were transparent and presented a 
good appearance and color in their structure. Additionally, the 
interactions between the functional groups of the compounds 
used in this study allowed the formation of miscible, 
homogeneous, and uniformly dispersed mixtures. The effect 
of honey on the films promoted increases in elongation at 
break and tear strength, generating mostly flexible and elastic 
films. The enzymatic biodegradation of films by lysozyme 
action resulted in lower weight losses in the films containing 
honey. In addition, this research demonstrated that the films 
had enhanced antibacterial properties against S. aureus, 
P. aeruginosa, L. monocytogenes, and S. Typhimurium when 
honey was incorporated into them. These results reveal that 
honey-prepared films are a promising alternative for chronic 
wound treatment in biomedicine.
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Figure SI1. Chitosan-collagen films loaded with honey.
Figure SI2. Solubility of films based on chitosan and collagen loaded with honey in PBS solution and deionized water. 
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