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ABSTRACT: Chitosan, which is obtained via deacetylation of
chitin, has a variety of uses in agriculture, food, medicine,
pharmaceuticals, and cosmetics. Industrial chitosan is in a gel form,
which is produced by dissolving in acetic acids. These gels can be
chitosan-only films or composite films that include other
ingredients such as plant extracts or other polymers. Chitosan-
based films, however, are not as natural as chitosan dissolved in
weak acids, and they lack some of chitosan’s innate properties. In
this study, natural chitosan films (NCFs) were obtained from the
pupa shells of black soldier flies through a process that maintains
the original structure. The semisynthetic film (SCF) was then
produced by dissolving the same NCF in acetic acid along with
glycerol and glutaraldehyde. The semisynthetic film remarkably
lost the beneficial properties of the natural film. The deteriorated characteristics include hydrophobicity, crystallinity, thermal
properties, as well as a loss of fibril structure and a reduction in bacterial attachment. Moreover, the Ag-deposited NCFs manifested
strikingly higher surface-enhanced Raman scattering activity as compared with the semisynthetic ones. These results, including the
molecular modeling data, demonstrate that dissolving chitosan in acetic acid changes its polymeric structure.
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■ INTRODUCTION

Chitosan is produced by the deacetylation of chitin, which is
the second most abundant polymer in the world and is widely
used in the film technology. Chitosan-based films are produced
by dissolving chitosan powder in acetic acid, and the solution is
then plasticized with the addition of a plasticizer such as
glycerol.1 The dissolution of chitosan in acetic acid at the
nontoxic concentration (<1%) enables easy formation of films.
Chitosan films have numerous industrial applications includ-
ing, but not limited to, food coating, agriculture, pharmacy, and
biomedicine.2,3 Furthermore, it is an attractive material for a
multitude of applications as it can be easily shaped by molding.
The biodegradable, biocompatible, antimicrobial, and anti-
oxidant nature of chitosan makes this material more useful for
film applications.2 Moreover, thanks to its predispositions to
chemical modifications due to its functional chemical structure,
chitosan facilitates composite film formation by mixing with
different kinds of polymers, plant extracts, essential oils, and
proteins to increase these desired properties.4−8 The
composite formation with other matrices or biomolecules is
driven by a series of chemical events, which leads to significant
modifications in the overall polymeric chemistry of chitosan.
The alteration of the chemical properties of chitosan during
film formation affects its physicochemical characteristics.

However, there is no information in the literature on how
the physicochemical and biological properties of chitosan
powder used in these studies change vis-a-̀vis films obtained
after dissolving in acetic acid.
Commercially available chitosan samples, and samples used

in previous studies, are in powder, granule, or flake form.9 In a
limited number of recent studies, chitin isolation has been
carried out by preserving the 3D structure of the
organisms.10,11 However, until now, chitosan has not been
produced by preserving the 3D structure of an organism. For
this reason, there seems to be no comparison available on the
properties of chitosan films produced synthetically by
dissolving chitosan in acetic acid, with natural chitosan film
(NCF), which is produced by preserving its three-dimensional
structure directly from the organism. There is also a need for
molecular modeling studies to shed light on the differences
between natural and semisynthetic films. Previous efforts
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focused on the structural differences between α and β-chitin
with chitosan using molecular dynamics simulation methods in
aqueous solutions.12 However, the conformational flexibility of
chitin and chitosan was investigated using Monte Carlo
simulations in terms of the freedom of the glycosidic bond by
Svokstrup et al.13 Although rheological properties of chitosan
have been investigated using a viscometric function in acetic
acid, the quantum computational methods have not been used
for investigation of the stability of chitosan in an acetic acid
solution. Therefore, the present study aims to understand the
solvent effect on the stability of NCFs and semisynthetic
chitosan films (SCFs).
The black soldier fly (BSF), Hermetia illucens (Diptera:

Stratiomyidae), is rapidly receiving growing attention in recent
years due to its value as an environmental and resource insects.
Though originally native to the Americas, it is widely
distributed in tropical and temperate regions throughout the
world.14,15 There are many studies on BSF for waste
management and its high nutrient potential.16−18 Furthermore,
it is reported that BSF is a chitin source.19 In a study, chitin
was isolated for the first time from a BSF and showed to have
an α form.20 In another study, the isolation of chitin was made
in the waste shells remaining after the pupa stage and it was
emphasized that this structure was rich in chitin content.21 In
all of these studies, chitins were isolated in the powder form
from different life stages of the BSF. Until this time, chitin and
chitosan production has never been made by keeping the 3D
structure intact from the shell of a BSF pupa, which remained
completely waste when they turned into an adult. The BSF,
which produces an economically significant amount of larvae,
also creates waste shells.20 In this study, NCFs were produced
from the shells that emerged as waste from the life cycle of a
BSF, for the first time. The SCF was produced by adding
plasticizer and glutaraldehyde after dissolving the same
chitosan in acetic acid. It is aimed to show the physiochemical
difference between the NCF and SCF, how the antimicrobial
property changes according to surface morphologies, surface
changes by SERS analysis, changes in the polymer structure
and degradability properties. Accordingly, the following
questions will be answered in this study by using quantum
chemical calculations: (i) what are the thermodynamically
stable configurations for the optimum configurations of
chitosan-dimer (CD), CD−acetic acid complex (CDA),
aqueous CD (ACD), and aqueous protonated CD (PACD);
and (ii) how does the stability of CD change when
experimental conditions are simulated taking into account
the conditions of aqueous acetic acid solution?

■ MATERIALS AND METHODS
Sample Collection and Materials. BSF pupa shells were

collected from a culture in Vytautas Magnus University, Lithuania
in May 2019. 100 g of BSF pupa shells (around 11,000 shell
specimens) were used in this study. The chitin content of the pupa
shells on a dry basis was calculated as ∼26.4%. The properties of the
isolated chitin such as chemical bonding, thermal stability,
crystallinity, hydrophobicity, and surface morphologies are given in
the Supporting Information. All analysis results provided in the
Supporting Information confirmed the purity of the chitin from BSF
pupa shells.
Chitin Isolation. The chitin isolation from BSF pupa shells was

carried out following the method reported by Kaya et al.11 The BSF
pupa shell sample was washed with distilled water to remove any dirt
particles that may remain on it before extracting the chitin and then
dried at 50 °C for 3 days. The samples were subjected to very

sensitive conditions in order not to disturb their original 3D
structures. To remove the minerals from the samples, they were
treated for 6 h in 1 M HCl solution at 60 °C. The samples were then
washed with distilled water until they reached neutral pH and dried in
the oven at 50 °C for 3 days. After the demineralization process, the
dried sample was treated with 1 M NaOH solution at 80 °C to
remove the proteins from the structure. Following this procedure of
deproteinization, the samples were washed with distilled water until
neutral pH was achieved and oven-dried at 50 °C for 3 days. The
purity and properties of the obtained chitin were confirmed by
Fourier transform infrared (FT-IR) (Figure S1), thermogravimetric
analysis (TGA) (Figure S2), contact angle (Figure S3), and scanning
electron microscopy (SEM) analyses (Figure S4), which are provided
in the supplementary document. The functional group and vibration
modes of NCFs are shown in Table S1.

Production of Films. Natural Chitosan Film Production. Pure
3D chitin films isolated from BSF pupa shells were refluxed with 60%
NaOH for 5 h at 130 °C for chitosan production. After this process,
samples were washed with distilled water until they reached a neutral
pH. The 3D chitosan films were initially produced in the form of a
pouch and then were cut with a scalpel. The films were dried flat by
holding them between two microscope slides.

Semisynthetic Chitosan Film Production and Characterization.
A method reported in our previous studies for SCF production was
followed with some modification.22 200 mg of chitosan produced
from BSF pupa shells were dissolved in a 20 mL of 1% acetic acid
solution (0.018 M, pH = 3.25) with a magnetic stirrer for 2 days. 100
μL of glycerol was added to the resulting gel as a plasticizer. Besides, 5
μL of glutaraldehyde was added as a cross-linker to obtain a
homogeneous film and mixed with the homogenizer until it became
homogeneous. Then, the film-forming solution was poured into a
Petri dish (60 × 15 mm) and dried for 3 days at room temperature at
25 ± 1 °C. The thickness of the produced films was measured using a
Coolant Proof Micrometer-293 Mitutoyo (USA). The raw pupa
shells, isolated chitin, and obtained chitosan are shown in Figure S5.
The isolated natural and synthetic films were characterized
physicochemically using various analytical tools such as FT-IR, X-
ray diffraction (XRD), TGA, contact angle, and elemental analysis
with the degree of deacetylation (DD). The dissolution of the NCF in
1% acetic acid is shown in Figure S6. Furthermore, soil and water
degradation assays were conducted to investigate the degradation of
isolates. A detailed methodology has been provided in the Supporting
Information.

Bacterial Attachment Study. Twelve clinical Escherichia coli
isolates presenting multidrug resistance and producing biofilm were
chosen for the study. To prepare inoculum for each E. coli sample,
strains were first incubated at 37 °C for 24 h on LB agar (Merck,
Germany) plates. Morphologically similar colonies were collected
from Petri dishes and transferred into sterile saline solution (0.85%
NaCl). The turbidity of bacterial suspensions was adjusted against the
0.5 McFarland standard.

Glucose concentration is known to affect biofilm formation
significantly. To determine the optimum glucose concentration and
E. coli strain to be used in the study, the biofilm production capacities
of each strain were tested in a Tryptic soy broth (TSB) containing
glucose ranging between 0.00 and 1.25%.23 All E. coli strains were
incubated at 37 °C for 24 and 48 h with five replicates, and a well-
containing TSB medium was used as a negative control using 96-well
plates. After the incubation period, the plates were washed by sterile
distilled water (sdH2O) twice and air-dried at room temperature (25
± 1 °C). At the end of the drying process, a 1% crystal violet solution
was transferred into the wells to stain the biofilm layer formed and the
plates were incubated for 30 min at room temperature.24 The plates
were again washed by sdH2O twice and air-dried. An ethanol−
acetone (70:30) solution was transferred into each well and incubated
at room temperature for 30 min to dissolve crystal violet that stained
the biofilm layer. The content of each well was transferred into a new
plate, the absorptions of each well were recorded at 595 nm by a plate
reader (BioTek), and the results were used to determine the optimum
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glucose concentration, incubation time, and E. coli strain to be used in
the second part of the study.25

For testing biofilm forming E. coli, strains on sterilized synthetic
and NCFs were placed into wells of 24-well plates, which contained
TSB with optimum glucose concentration (0.5%) and E. coli
inoculum, and incubated at 37 °C for 48 h. The films were examined
by SEM according to the procedure stated by Asahi et al.26

Deposition of Ag Nanofilms and Characterization of SERS
Activity. Thermal evaporation (NanoVak) was used to deposit Ag on
top of the NCFs and SCFs that were fixed on glass substrates. The
deposition was performed via a 10 rpm rotation at a rate of 0.4 Å/s
with a total thickness of ∼50 nm. The system was evacuated to a
pressure of 2 × 10−8 Torr following loading of the chitosan films to
the chamber. An Ag pellet with a purity of 99.99% was used for the
deposition.
The SERS activity of the NCFs and SCFs with Ag nanofilms was

studied with a confocal Raman microscope (alpha M+, WITec,
Germany) equipped with a 532 nm laser. 1 μL of an 1 mM aqueous
solution of methylene blue (MB) was drop-casted on the natural and
synthetic chitosans with the film of Ag. Raman measurements were
then performed after the complete evaporation of water. The Raman
spectra were measured using a 50× objective with a numerical
aperture value of 0.85. The integration time was set as 0.05 s, and the
power of the laser was 0.1 mW. The SERS activity of the surfaces was
mapped at a spatial resolution of 0.5 μm in an area of 80 × 80 μm2

using the characteristic peak of MB located at a Raman shift of 1625
cm−1. To determine the limit of detection of the NCFs with an Ag
nanofilm, the concentration of MB varied between 100 nM and 1 pM.
In the limit of the detection study, the SERS spectra were collected
from at least 10 different spots with an integration time of 0.5 s.
Molecular Modeling Studies. In the present study, three

computational methods were used to determine the stability of
chitosan in different conditions. The molecular long chain of chitosan
is the repetition of CD. To reduce the computational cost, the CD
was chosen as a model and the following steps were performed to
determine the stability of the macromolecule: (i) to determine the
optimum configurations of CD which corresponds to the NCF and

CDA, ACD, and PACD which correspond to semisynthetic films,
conformational analysis was carried out through a molecular
mechanics MMFF model using Spartan’18 Software; (ii) to
investigate the molecular interactions of CD and acetic acid, the
lowest energy conformers of CD with CDA were chosen and
reoptimized using Hartree−Fock 6-31G*; (iii) to determine the
stability of the ACD in acetic acid solvent, the polarizable continuum
solvation model was performed using Hartree−Fock 6-31G* for the
lowest energy conformer of ACD; and (iv) to compare the stability of
PACD dissolved in acetic acid solution with CD, CDA, and ACD, the
experimental conditions were simulated and the polarizable
continuum solvation model was performed to PACD at the
Hartree−Fock 6-31G* level. In this context, many questions arising
from the conformational analysis and polarizable continuum solvation
models of CD, ACD, CDA, and PACD have been addressed to
compare their stabilities and to provide better insights into the
interaction mechanism of chitosan and acetic acid. More detailed
information about molecular modeling is presented in the Supporting
Information.

■ RESULTS AND DISCUSSION

Characterization of Natural and Semisynthetic
Chitosan Films. The molecular structures of the natural
and semisynthetic films using simulation techniques are
provided in Figure 1A. FT-IR results of natural and
semisynthetic films are given in Figure 1B. It is visible that
two characteristic peaks for chitosan (amide I: 1652 cm−1 and
amide II: 1590 cm−1) indicated the deacetylation of the chitin
by successfully keeping the original 3D film shape. After
dissolving this chitosan film in acetic acid, the semisynthetic
film was produced by adding glycerol as a plasticizer and
glutaraldehyde for cross-linking. It was observed that the FT-
IR spectrum changed almost completely as a result of the
conversion of NCFs to semisynthetic films. The 3300 cm−1

band observed in the natural film was recorded as a violent and

Figure 1. Characterization of NCFS and SCFs. The blue color represents the natural film, while the red color is the synthetic one. (A) Molecular
structure of the natural and semisynthetic film, (B) FT-IR spectra, (C) XRD pattern, and (D) TG and derivative thermogravimetry (DTG) curves.
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wideband at 3292 cm−1 in the synthetic film due to the
presence of glycerol and water by increasing the O−H
concentration in the synthetic film. The N−H bending peak
at 1590 cm−1 is a well-known characteristic peak for chitosan
which is extensively reported in the literature.27 Here, in this
study for natural film, this characteristic peak was recorded as
1590 cm−1; however, in the case of semisynthetic film, this
peak demonstrated a huge shift from 1590 to 1550 cm−1 with
an increased intensity due to the formation of hydrogen bonds
between N−H groups and glycerol, glutaraldehyde, or water. A
detailed comparison between the spectra of natural and
semisynthetic films, including the related literature results,
has been provided in Table S2. The C−N stretching vibration
observed at 1374 cm−1 in the natural film shifted to the lower
wavenumber (1335 cm−1) due to the effect of the molecular
interactions between compounds in the semisynthetic films.
The FT-IR data clearly explained the changes that occurred in
the polymeric structure of chitosan followed by its dissolution
in acetic acid.
XRD results of natural and semisynthetic films are given in

Figure 1C. In the XRD analysis of NCFs, two sharp peaks were
observed at 10.3 and 20°, which are characteristic for
chitosan.28 In the semisynthetic film, these peaks are shifted
to 14.3 and 17.2°. This result showed that the crystalline
structure of the NCF was changed after making it a
semisynthetic film. The alternation in the crystalline structure
in semisynthetic films can be attributed to the incorporation of
a plasticizer. According to Bourtoom,29 the incorporation of a

plasticizer into the chitosan film may cause the ordering of
polymeric chains as per their degree of polymerization,
enhancing the chain interaction which leads to an increase in
the crystalline structure. As is known that during XRD analysis,
every phase results in a different diffraction pattern. Each phase
is specific to the chemistry and atomic arrangement of
chemically identical materials. In the current study, the same
situation is valid for NCFs and semiSCFs. As it is also evident
from the molecular modeling of both the films, chitosan
undergoes a series of chemical rearrangements after dissolution
in acetic acid. Besides, the incorporation of the plasticizer
contributes to the chemical rearrangement during the process.
As a result, this chemical rearrangement reflected in the shift of
XRD patterns, that is, peak at 11 shifted to 14 and peak at 20
shifted to 17.5. Considering the related literature reports, the
shift in the first peak 11 from 14 can be ascribed to the
hydration of chitosan molecules.30 This hydration has occurred
during the dissolution of chitosan in 1% acetic acid solution
(99% water).31 The shift in the second peak is due to the
change in the amorphous condition of chitosan due to the
addition of acetic acid and glycerol.
Thermal properties of natural and semisynthetic films are

given in Figure 1D. In NCFs, the mass losses occurred in two
steps, while in semisynthetic films, it occurred in three steps. In
both films, the first mass loss results from the evaporation of
water in the structure. The initial mass loss was recorded as
2.81% for natural film and 6.85% for the semisynthetic film.
The secondary mass loss was observed as 61.98% for the

Figure 2. SEM images: (A) inner surface of the NCF, (B) outer surface of the NCF, (C) surface of the SCF, and (D) water contact angle
measurements.
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natural film. This loss corresponds to the deterioration of
saccharide structures, and the maximum deterioration was
measured at 295.9 °C. The second mass loss of the
semisynthetic film is due to the deterioration of glycerol, and
maximum deterioration (29.52%) was measured at 188.8 °C.
These results were also in line with the previous findings by
different literature reports.32,33 The third mass loss of the
semisynthetic film was 40.0%. This mass loss can be attributed
to the breakdown of the polymeric structure, and the
maximum degradation was measured at 253.5 °C. Considering
the thermal analysis results, the thermal stability of the NCF
was observed to be higher than the semisynthetic film. The
alleviated thermal stability of the semisynthetic film can be
attributed to the rearrangement of polymeric chains during
acid hydrolysis and the possible protonation of amino groups
of chitosan molecules. The protonation of chitosan amino
groups in the film state enhances the affinity of the chitosan
molecule for water. This increased water affinity results in the
formation of interactions between water molecules, decreasing
the overall stability of the structure and enhancing the chain
mobility of chitosan films.34

According to the elemental analysis results, % N, C, and H
values of the NCF were recorded as 7.3, 42.8, and 6.8%,
respectively. Theoretically, the nitrogen value of chitin is
known as 6.89%.35 Here, in this study, a % N value which is
higher than 6.89 indicates that the chitin was successfully
converted to chitosan. Furthermore, the DD value of the NCF
was calculated as 58%. This value indicates that there are still
N-acetyl groups in the structure of chitosan. Although different
conditions were tried before, results revealed that the N-acetyl
groups could not be completely removed from the structure.36

In the same regard, here in the current study, we predict that
the complete removal of these groups from NCFs is nearly
impossible. For chitosan, the degree of acetylation (the ratio of
N-acetyl-D-glucosamine units to the total number of units) is
considered to be less than 50%.37 In the present study, the
acetylation degree of the naturally obtained chitosan film was
calculated as 42%. On the other hand, % N, C, H, and O values
of the semisynthetic film were recorded as 4.4, 39.6, 6.7, and
49.3, respectively. Elemental analysis results showed that N
and C values changed with the conversion of natural chitosan
to the semisynthetic film. When compared with the oxygen
values of natural and semisynthetic films, the O value of the
synthetic film was recorded to be higher than the natural film.
For the preparation of the semisynthetic film, glycerol, acetic
acid (1% v/v) solution, and glutaraldehyde were blended with

chitosan and some changes were observed in the molecular
structure due to the molecular interactions. These molecular
interactions can be observed from the O−H band widening at
the FT-IR spectra in Figure 1B. The widening of the O−H
band at the IR spectrum usually occurs in the presence of
water and the formation of H bonds. The present water in the
acetic acid solution has interacted with the polymer chains of
the chitosan. Thus, the water bonded to OH and NH2 groups
of polymer chains of chitosan with hydrogen bonds during gel
formation. While the semisynthetic film is being prepared,
bonded water did not leave the gel matrix and the percentage
of oxygen increased. An increase in the oxygen percentage
decreased the C and N percentage of the semisynthetic film.
Surface morphologies of natural and semisynthetic films

were unveiled with SEM (Figure 2A−C). It was observed that
the inner surface of the NCF consists of nanofibers and the
presence of pores in some parts (Figure 2A). The unique
hexagonal structures on the outer surface of the natural chitin
film (Figure S4) manifested itself in the natural chitosan form
with slight deformation (Figure 2B). Some previous studies
reported that the surface morphology of powder chitosan
(without dissolving in acetic acid) obtained from silkworm
chrysalides, shrimp, and crab shells presented similar structural
morphologies with fibrils and pores.38−40 However, in the
present study, no fibers, pores, or any specific structure were
observed on both sides of the SCF (Figure 2C). These results
were also supported by some previous literature reports where
semisynthetic chitosan-based films demonstrated fibreless,
smooth, and compact surface morphologies.41−44 Contact
angle measurements (Figure 2D) demonstrated that the inner
surface of the film has a hydrophilic character with a water
contact angle of 64.9°, but the outer surface is hydrophobic
with an angle of 112.4°. The surface of the synthetic film was
found to be hydrophilic with an angle of 46.6° (Figure 2D). As
shown from the results, the NCF has two different sides, inner
and outer, and their morphologies differ from each other.
These differences in the surface morphology and contact angle
may be an important feature for the future technological
applications of the films.

Degradability in Water and Soil. The solubility of NCFs
and SCFs was investigated in water after 48 h, and no weight
loss was recorded for the natural film; however, 34% of mass
loss was observed for the semisynthetic film (Figure S7). The
NCF retained its original shape after keeping it in the soil for
60 days without any mass loss. On the other hand, 86.8% of
the semisynthetic film is degraded in the soil in 60 days (Figure

Figure 3. SEM images of (A) surface of NCFs in the culture medium, (B) surface of NCFs in culture medium + E. coli, (C) surface of SCF in the
culture medium, and (D) surface of SCF in culture medium + E. coli.
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S8). The degradability properties of the SCF were observed to
be increased, as compared to the NCF. This can be ascribed to
two main factors, acid hydrolysis of semisynthetic film and
incorporation of a hygroscopic plasticizing agent (glycerol).
The SCF becomes more soluble because, after dissolution in
acetic acids, the salts of the acid remain inside the D-
glucosamine units. The presence of acid salts provides more
binding sites for water molecules, and as a result, enhancing
the overall solubility of SCFs.45 The increase in soil
degradability can be attributed to the incorporation of glycerol
as a plasticizing agent. It is known that glycerol is a strong
swelling reagent, swelling the SCF in soil conditions. This
swelling of the semisynthetic film results in a loose polymeric
chain network, making it easy for enzymes (present under soil
conditions) to invade into the film structure.46 The water and
soil degradability results of the current study were recorded, in
line with previous literature reports.47,48

Bacterial Attachment on the Surface of the Films. It is
a well-known issue that biofilms have great importance in the
surface attachment of bacteria. Bacterial cells, which will
transform from a free-swimming mode of growth to growth by
attaching to a surface, form a monolayer on a surface and then
start to form an extracellular matrix, to which they attach
themselves irreversibly.49 Thus, in the first part of the bacterial
attachment test, an E. coli strain having the capability of
producing biofilms was chosen. 48 h of incubation time was
previously proposed by several studies to be a good time point
to observe bacteria attached to any surface with sufficient
quantities but without forming a significant biofilm which may
affect the results.50 The SEM photographs given in Figure 3
show whether E. coli can successfully attach to the surface of
natural and semisynthetic films.
Figure 3A presents the surface of the NCF after incubating

in a glucose-containing culture medium, where 3B presents the

surface of the same film after incubating glucose-containing
culture medium with E. coli strain. The results clearly show that
E. coli did not attach to the surface of the NCF. Figure 3C
shows the surface of SCF incubated in only a culture medium,
and Figure 3D shows the surface of the same film incubated in
the medium containing E. coli strain. As a result, it can be
proposed that the biofilm-producing E. coli strain did not
attach to the NCF surface but did so to the SCF.

Surface-Enhanced Raman Scattering Activity. The
striking contrast in the structure of the NCFs and SCFs can
lead to a significant difference in their properties. One
particular area of interest is SERS, which is a label-free
spectroscopic technique with demonstrated utility in sensing
drug molecules, biomarkers, pollutants, and so forth.51 The
most exploited mechanism of SERS involves the electro-
magnetic enhancement of the weak Raman scattering signals.
Rough metal nanostructures have received enormous interest
as SERS substrates, with their ability to contain plasmonic hot-
spots, where electromagnetic fields are concentrated.52 There-
fore, we hypothesized that the deposition of a metallic film on
top of the NCFs and SCFs should lead to a significant
difference in their SERS activity. For this purpose, physical
vapor deposition was used to deposit a nanoscopic film of Ag
NCFs and SCFs (Figure 4A). The SERS activity was then
investigated using a commonly used probe molecule, MB.
Figure 4B presents the average SERS spectra of MB on the

backside of the synthetic and inner side of the NCFs. The
intensity of Raman scattering signals of MB was significantly
higher for the NCFs in comparison to synthetic ones. The
intensity at a position of 1625 cm−1, which is related to the
carbon−carbon ring stretching, was 12-fold higher on the Ag
deposited natural film. This result suggests that the deposition
of a metallic film on the natural structure of chitosan film
favors the formation of plasmonic hot-spots. Figure 4C clearly

Figure 4. SERS activity of NCFs and SCFs. (A) Schematic description of the physical vapor deposition of Ag films on NCFs and SCFs. (B) Raman
spectra of MB deposited from 1 mM aqueous solution on the Ag-deposited NCFs and SCFs. (C) Raman mapping and SEM images of the Ag
deposited SCFs and NCFs, respectively. The insets present optical microscopy images of the samples. (D) Concentration study. SERS spectra of
MB for concentrations that range from 100 nM to 10 pM.
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shows the strong contrast in the morphology of the natural and
synthetic films following the deposition of a layer of Ag. The
natural film exhibited a texture with distinct nanostructures.
The loss of this unique structure in the SCFs manifests itself as
reduced SERS activity. Raman mapping images together with
SEM images present the correlation between surface
morphology and plasmonic properties. In the case of SCFs,
the surface acts like a planar substrate with low SERS activity.53

It is known from previous studies that sharp edges, as well as
close placement of metallic structures, result in improved SERS
activity.54,55

Two figures of merit are commonly used to evaluate the
SERS performance of platforms. One is the limit of detection,
which shows the lowest concentration that can be detected in
the Raman spectroscopy over the substrate of interest. To find
the limit of detection, we deposited different concentrations of
MB. Figure 4C shows that the MB at concentrations as low as
10 pM can be detected on the NCFs with a nanoscopic Ag
film. The analytical enhancement factor (AEF) for the probe
molecule of MB was calculated by the following equation

I
I

C
C

AEF SERS

RM

RM

SERS
= ×

(1)

The reporter molecule with a volume of 2 μL and a
concentration of 1 mM (CRM) dropped cast on a glass slide,
which served as the reference substrate. The Raman intensity
of the reporter molecule was measured on the Ag deposited
natural chitosan (ISERS) and bare glass substrate (IRM). The
AEF was calculated as 8.14 × 106 with ISERS (25 counts), IRM
(307 counts), CSERS (10 pM), and CRM (1 mM). This result is
quite reasonable considering previous studies. This AEF is
slightly higher than those obtained on a natural dragonfly wing
with a layer of sputter-coated Ag film.56 The AEF value is also
comparable with substrates obtained with wet-chemical
methods.57,58

In the present study, conformational analysis using the
molecular mechanics MMFF model was carried out for the
determination of the conformational behavior of chitosan and
stereoelectronic effects on the stability of chitosan. The heavily
populated conformers of CD, CDA, ACD, and PACD were
determined as 5, 13, 17, and 11, respectively. The lowest

Figure 5. Molecular orbital surfaces for the HOMO and LUMO of (A) CD, (B) CDA, (C) ACD, and (D) PACD computed at the Hartree−Fock
6-31G* level. Energy levels of HOMO and LUMO are given in parentheses.
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energy conformers given in Figure S9 of the called structures
were reoptimized using a Hartree−Fock 6-31G*. The
electrostatic and topological properties of the lowest energy
conformers of CD, CDA, ACD, and PACD were computed
and given in the Supporting Information. Besides, inter- and
intramolecular H bonds were investigated for all structures.
In this section, the stability of CD, CDA, ACD, and PACD

was investigated by different parameters including Mulliken
charges, bond lengths, bond angles, highest occupied
molecular orbital (HOMO), lowest unoccupied molecular
orbital (LUMO), Gibbs energy (G°), enthalpy (H°), entropy
(S°), and molecular electrostatic potential (MEP). HOMO,
LUMO, G°, H°, S°, and MEP were calculated and are given in
Table S3. According to Table S3, the lowest and the highest G°
values were determined for CD and PACD, respectively. Since
the lower G° value implies the more stable state for chemical
molecules, the CD is the most stable structure among all
investigated structures.
It was determined that two intermolecular H bonds were

formed between CD in the gas phase, whereas only one
intermolecular H bond was found in the CDA. The acetic acid
molecule caused the breakage of the intermolecular H bonds
between CD. The stability of the CD was decreased by the
bonding of the acetic acid to chitosan via a new H bond. In the
solvent phase, two water molecules were used to simulate the
experimental conditions. In this regard, the water molecules
were bonded to CD with four and three H bonds in ACD and
PACD, respectively. Besides, intermolecular H bonds were
determined between the O−H and N−H atoms in CDs of
ACD and PACD. Additionally, the intramolecular H bonds
were observed in all of the optimized structures.
When comparing the bond lengths (Table S4) of hydrogen

bond acceptor (HBA) and hydrogen bond donor (HBD)
atoms in all of the structures, it was determined that the
formation of the H bonds caused bond lengths to change. In
particular, the bond lengths between O−H atoms in the PACD
are longer than the O−H atoms in the other structures. The
bond angles and dihedral angles are given in Table S5 and

varied according to the different structures. Dihedral angles of
glycosidic linkages are one of the most important parameters
to determine the conformational dynamics of chitosan. In the
literature, it has been found that the torsional angles of chitin
and chitosan are influenced by the ionic strength of the solvent.
The dihedral angles of glycosidic linkages were of very different
CDs in both gas and solvent phases. The differences between
the torsion angles can be explained by high conformational
exchange and flexibility.
The Mulliken charges and bond orders of HBA and HBD

atoms computed for CD, CDA, ACD, and PACD are given in
Tables S6. The atom labels of CD, CDA, ACD, and PACD are
given in Figure S9. It was seen that the Mulliken charges and
bond order values were different for each of the structures. The
formation of the hydrogen bonds and acetic acid−CD
interaction was also evidenced by the bond order values of
HBA and HBD atoms with a blue color in the given Table S6.
Frontier molecular orbitals referred to as the HOMO as an

electron donor and the LUMO as an electron acceptor are
responsible for the chemical reactions and electric and optical
properties of molecules. The energy gap between HOMO and
LUMO has been used for the determination of chemical
stability, bioactivity, and chemical reactions.59,60 In the present
study, the frontier molecular orbitals of CD, CDA, ACD, and
PACD and their energy values are given in Figure 5. The
energy gap between the HOMO and LUMO for CD, CDA,
ACD, and PACD was calculated as −15.05, −14.26, −14.43,
and −6.77, respectively. The high difference between HOMO
and LUMO expresses high chemical stability; the CD has the
highest chemical stability and PACD has the lowest.
The MEP, which is generated from the electrons and nuclei

of the molecules, is a very important parameter in under-
standing the hydrogen bonding interactions. In the present
study, the MEPs of CD, CDA, ACD, and PACD are given in
Figure 6. As seen in Figure 6, the MEPs of the CD, CDA, and
ACD showed that negative regions existed at the oxygen
atoms, and the positive regions existed at the nitrogen atoms,
while the positive regions of PACD were completely dispersed

Figure 6.MEP map of (A) CD, (B) CDA, (C) ACD, and (D) PACD computed at the Hartree−Fock 6-31G* level. In the MEPs of the CD, CDA,
and ACD, the negative regions (red) existed at oxygen atoms and the positive regions (blue) existed at nitrogen atoms.
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on the molecule. As the positive and negative regions in any
molecule demonstrate the reactive sites of nucleophilic and
electrophilic attacks for molecules, it can be remarked that the
PACD was the most active among the chitosan structures. In
other words, the reactivity of the PACD structure can be
commented upon as having the lowest stability when
comparing to CD, CDA, and ACD structures.

■ CONCLUSIONS
This study has demonstrated that favorable characteristics of
the NCF are lost during dissolution in acetic acid including (i)
a lack of the unique fibrous structure, (ii) decrease in the
thermal stability, (iii) shift from hydrophobicity toward
hydrophilicity, (iv) alteration in the crystal structure, (v)
quick soil degradation, (vi) loss of antimicrobial surface
features, and most importantly, (vii) the transformation of its
polymeric structure into a different material. The molecular
modeling studies demonstrated that the semisynthetic film was
observed to be more reactive than the NCF in terms of
electrostatic and topological parameters. The molecular
modeling studies were recorded, highly in line with the other
experimental results in the literature. Moreover, the H bonds
formed between HBA and HBD atoms in the chitosan film
were observed to affect the stability of natural and semi-
synthetic films. The abovementioned features of chitosan can
be termed as determinative characteristics for the application
of chitosan films in different industries such as pharmaceutics,
cosmetics, agriculture, and biomedicine. To avoid such a major
loss in the chemical and biological properties due to
dissolution in acetic acid, and to exploit the real potential of
chitosan films in the mentioned industries, the focus needs to
be diverted toward the production of NCFs. From all these
results, it can be concluded that the dissolved chitosan in acetic
acid does not represent the properties of chitosan.
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