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Chlorin e6 and its derivatives are the basis of a number of drugs used in medicine in the treatment of various diseases, including cancer,
by photodynamic therapy. Nonpolar derivatives of Chlorin e6—dimethyl ether of Chlorin e6 (DMECe6) and trimethyl ether of Chlorin
e6 (TMECe6)—are actively studied for application during photodynamic therapy. In this work, based on the electron optical absorption
spectra, the interaction of photosensitizer molecules with branched star-like copolymer dextran-graft-polyacrylamide in anionic form
was investigated and the possibility of using the latter as a carrier for drug delivery to tumor cells was suggested.

1. Introduction

Photodynamic therapy (PDT) is an advanced method of
treating cancer and various benign diseases, including infec-
tions [1]. The main components for photochemical reactions
are light-activable molecule-photosensitizer (PS), light, and
oxygen [2]. The principle of the method of PDT is that PS
under irradiation with light of a specific wavelength is able
to initiate the generation of singlet oxygen and other reactive
oxygen species that either kill tumor cells directly or damage
tumor vasculature [3, 4]. PDT has a number of advantages
over conventional methods of cancer treatment. Among the
PSs of natural or synthetic origin, the most promising is
Chlorin e6 (Ce6), boasting high efficacy and very low toxicity
[5, 6]. There are a number of drugs based on Ce6 or its deriv-
atives that have been already created and applied in the clinic,
such as Photolon, Radachlorin, Photoditazin, Talaporfin, and
Pirlitin. To date, several modified derivatives of this com-
pound have been developed that would increase the effective-
ness of PDT. The low solubility of Chlorin e6 and its
derivatives in water forces them to look for special carriers
for their address delivery. A modern trend in PDT is the
use of multifunctional polymer nanocarriers which can
enhance target-oriented PDT. The polymer nanocarriers

can be of few types: linear and branched polymers, dendri-
mers, micelles, and nanogels [7]. Our previous study has
shown that branched star-like copolymer dextran-graft-
polyacrylamide in anionic form could be efficient nanocar-
riers for drug delivery to tumor cells [7]) and can be efficient
matrices for in situ synthesis of gold nanoparticles [8]. The
theoretical [9–11] and experimental [12, 13] studies of star-
like polymers proved that branched macromolecules have a
higher local concentration of functional groups capable of
binding drugs or other substances causing its incorporation
into polymer nanocarriers.

The characteristics of the nanocomposite depend on the
properties of PS and polymer matrices. The aim of this work
was the comparative investigation of the absorption and fluo-
rescence spectra of Chlorin e6, dimethyl ether of Chlorin e6,
and trimethyl ether of Chlorin e6 (Ce6, DME Ce6, and TME
Ce6, respectively) both in aqueous solutions and in water
solution of branched polymer dextran-graft-polyacrylamide.

2. Materials and Methods

In this work, Chlorin e6 (Frontier Scientific, USA) was used.
The Chlorin e6 (Ce6) derivatives dimethyl ester (DME Ce6)
and trimethyl ester (TME Ce6) of Chlorin e6 were obtained
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from the Laboratory of Biophysics and Biotechnology (Bela-
rusian State University, Belarus). The structural formulas of
the studied PSs are presented in Figure 1. As can be seen,
the DME Ce6 and TME Ce6 molecules differ from the Ce6
molecule by the presence of two or three ether groups instead
of carboxyl ones, which leads to their greater hydrophobicity
and, consequently, the probability of aggregation of these
molecules in aqueous solutions increases

Stock (concentrated) solutions of the Chlorin-type pho-
tosensitizers were prepared by dissolving the PS powder in
ethanol. The weight was determined using analytical balance
Vibra (Japan); the weighing accuracy is 0.05mg. The solu-
tions were prepared as follows: first, a stock solution in etha-
nol (2 × 10−3M) was prepared; then, it was diluted in water to
a concentration of 10-5M.

As a nanocarrier, a branched copolymer obtained by
grafting polyacrylamide (PAA) chains onto dextran
(Mw = 7 × 104 g/mol−1) backbone was used. The details of
the synthesis, identification, and analysis of the internal poly-
mer structure were described in [14, 15]. The theoretical
number of grafted polyacrylamide chains to the polysaccha-
ride backbone for the sample we used as a polymer nanocar-
rier in the present work was equal to 5, and the related
dextran-graft-polyacrylamide copolymer was referred to as
D70-g-PAA. Molecular parameters of the polymer sample
are Mw = 2:15 × 10−6 g/mol, Rg = 85nm, and Mw/Mn = 1:72.
The choice of this copolymer among the series of the branched
samples synthesized was based on our previous research.

The D70-g-PAA copolymer was saponified by alkaline
hydrolysis, by using NaOH to obtain branched polyelectrolyte
dextran-graft-(polyacrylamide-co-polyacrylic acid) referred to
as D70-g-PAA (PE) throughout [16]. The degree of saponifi-
cation of carbamide groups to carboxylate ones in PAA-
grafted chains determined by the potentiometric titration
was equal to 43% [16].

The absorption spectra were registered with a spectropho-
tometer Cary 60 (Agilent) in the range of 200–800nm. The
spectral resolution was 1nm. Fluorescence spectra were regis-
tered with a Cary Eclipse (Varian, Australia) fluorescent spec-
trophotometer in the range of 200–800nm. The spectral width
of slits for fluorescence measurements was of 5nm. The

recording of all the spectra were carried out in standard quartz
cuvettes 1 × 1 × 4 cm (transmission range 170–1000nm).

3. Results and Discussion

3.1. TheManifestation of Chemical Structure of Photosensitizers
(Ce6, DME Ce6, and TME Ce6) in Absorption Spectra. Due to
the highly coupled pi-electron system, porphyrins have a very
characteristic absorption spectrum: one, the so-called Soret
band, a very intense band in the region of 380–420nm, and
several less intense bands in the region of 500–750nm
(Q-band). Figure 2 shows absorption spectra of aqueous solu-
tions of Ce6, DME Ce6, and TME Ce6.

In the absorption spectrum of the molecules under study
in the UV and visible spectral regions, the distribution and
intensity of absorption maxima characteristic of Сhlorins
are observed. The most intense bands appear at the boundary
of the visible and UV regions of the spectrum at 399nm (the
Soret band) and at the boundary of the visible and IR regions
of the spectrum at 662nm. The optical density of Soret bands
is approximately the same for all three compounds. The broad-
ening of the bands and their redshift indicate an increase in
aggregation processes with increasing hydrophobicity of the
system. At the same time, the intensity of bands in the vicinity
of Q-band at ~670nm increases in the row: Ce6⟶DMECe
6⟶ TMECe6, i.e., demonstration increasing of ratio D670/
D405 and enhancement of PDT activity of molecules. These
results are in good agreement with published data [17, 18].

3.2. The Influence of Polymer Matrix on Absorption Spectra of
Chlorin-Based Photosensitizer. The absorption spectra of Сe6
solutions in water and in anionic polymer D70-g-PAA (PE)
are shown in Figure 3. The most intense Soret band (maxi-
mum absorption 405 nm) is located in the close UV range,
while the Q-band (504 and 648nm) is in the red part of the
spectrum. The general appearance of the experimentally
recorded spectrum coincides with the literature data [17,
18]. The following spectra show that the shape of the band
in the absorption spectrum in the visible range of the photo-
sensitizer Ce6 dissolved in water and in the presence of poly-
mer D70-g-PAA (PE) practically does not change the optical
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Figure 1: The structural formulas of the studied PSs: Ce6 (a), DME Ce6 (b), and TME Ce6 (c).
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density, but the ratio changes of Soret and Q-band intensities
are clearly visible. It has also been found that, depending on
the polymer, the spectral position and optical absorption
density of the Soret band and the Q-band with a maximum
of 504 nm remain unchanged, while for the Q-band located
around 650nm, there is a slight redshift for the ionic polymer
648⟶ 654nm. Additionally, it can be seen that the bands
become slightly narrower, which indicates that the presence
of the polymer interferes with the aggregation processes
inherent in the aqueous solutions of Ce6.

Figure 4 displays the more detailed absorption spectra of
Ce6, DME Се6, and TME Се6 solutions in water and in

anionic polymer matrix D70-g-PAA (PE) in the vicinity of
the Soret band. If we compare the shape of the Soret band
lines for Ce6 and its modified forms, we will see the following
features: for Ce6, it becomes narrower and symmetrical; the
barely noticeable redshift of the shoulder, indicating the pres-
ence of aggregation in aqueous solution, disappears; for TME
Се6, there is a small low-frequency shift; for DME Се6, a
doublet structure is clearly observed. Such changes indicate
that all three photosensitizers are embedded in the polymer
matrix, but differently. This is especially true of Ce6 dimethyl
ether, the absorption spectrum of which (the doublet nature
of the Soret band) can demonstrate the aggregation of photo-
sensitizer molecules that may not integrate into the polymer
structure.

Regarding Q-bands in the spectral region at 450–620nm
(Figures 3 and 5), one can see that Ce6 shows the greater sen-
sitivity to the polymer matrix, while for DME Се6 and TME
Се6, they remain virtually unchanged.

Of particular interest is the band Q4, because greater is
the PDT effect achieved for more intensity of this band.
Figure 5 shows that in the presence of polymer, the shape
of this band becomes more symmetrical and sharp, and its
intensity increases in the row: Ce6→DMECe6→ TMECe
6. Such changes in the spectrum once again confirm the fact
of preventing the aggregation of photosensitizer molecules by
the polymer matrix. Note that there is a redshift of the bands,
which is an important factor for the effectiveness of PDT.

A generalized analysis of the spectral position of the
bands is given in Table 1.

3.3. TheManifestation of Chemical Structure of Photosensitizers
(Ce6, DME Ce6, and TME Ce6) in Absorption Spectra. The
interaction of the studied photosensitizers with the polymer
matrix was also confirmed by the fluorescence spectra, which
are presented in Figure 6.

Ce6 in the presence of a polymer gives the PL spectrum
already described in the literature [17, 18]. The PL excitation
spectrum coincides with the absorption spectrum, which
indicates that the same centers are involved in the absorption
and emission processes.

The fluorescence spectrum of Ce6 in the polymer when
excited by radiation with λ = 405nm (Figure 6(a), red line)
shows an intense band with a maximum of 661nm and a
low-intensity broad shoulder of ~715nm. In the same figure,
the black line shows the absorption spectrum, which
completely coincides with the excitation spectrum (dashed
red line) of fluorescence, which indicates participation in
the radiation process of the same centers.

For DME C6 (Figure 6(b)), the fluorescent band is red-
shifted by 2nm. The shape of this line remains unchanged.
But a comparison of the fluorescence excitation spectrum
with the absorption spectrum indicates that the Soret band
is a doublet, but intensities are “pumped,” and the main
contribution to the emission is made by the transition rep-
resented by the 399nm band, which is less intense in the
absorption spectrum, and the more intense absorption
band (380 nm) in the PL excitation spectrum is presented
only in the form of a low-intensity short-wavelength
“shoulder.”
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The TME Ce6 spectrum (Figure 6(c)) differs signifi-
cantly from the two previous ones: first, an unexpected
high-intensity band ~420nm appeared, and second, in the
region of the Q4 band, we see two bands with maxima of
678 and 752nm. The spectral positions of these bands cor-
respond to the Q4 band in the previous spectra (an intense
band at 661 and 663 cm-1 in Ce6 and DME Ce6, respec-
tively, and a broad low-intensity band at about 750nm) at
678 and 752nm. However, in this case, a redistribution of

intensities occurred, and the second band (represented in
the spectra of Ce6 and DME Ce6 by a wide low-intensity
band) is narrow and clearly pronounced, and its intensity
exceeds the intensity of the main Q4 band. That is, we
see a significant increase in the probability of transition.
The PL excitation spectrum indicates that the emission cen-
ter is the same as for Ce6 and DME C6. For correct inter-
pretation, it is necessary to carry out quantum mechanical
calculations.
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Figure 4: Absorption spectra of aqueous (a) and polymer (b) solutions of photosensitizers Ce6 (black line), DME Ce6 (red line), and TME
Ce6 (blue line) in the region of Soret band.
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Table 1: The position of the bands in the absorption spectra of Ce6, DME Ce6, and TMECe6 and composites D-g-PAA/Ce6, D-g-PAA/DME
Ce6, and D-g-PAA/TME Ce6.

PS/solution
Spectral position of absorption bands (nm), FWHM (nm), and optical density

Soret Q4
λ FWHM D λ FWHM D

Ce6 405 34 0.91 648 33 0.1

Ce6/D70-g-PAA (PE) 402 28 0.72 654 22 0.15

DME Ce6 389 82 0.76 671 37 0.3

DME Ce6/D70-g-PAA (PE)
380
399

62
0.72
0.65

667 29 0.25

TME Ce6 410 65 1.02 670 26 0.44

TME Ce6/D70-g-PAA (PE) 412 54 0.83 671 24 0.35
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Figure 6: Fluorescence (red line) and fluorescence excitation (dotted red line) spectra of PS/D70-g-PAA (PE) systems, where PS =Ce6 (a),
DME Ce6 (b), and TME Ce6 (c). The absorption spectra for comparison are given by a blue line.
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4. Conclusions

The spectral characteristics of nanosystem polymer/photo-
sensitizers of the Chlorin series have been studied. Compar-
ison of the absorption and fluorescence spectra of solutions
of Ce6 in water and in the presence of polymers dextran-
polyacrylamide in anionic form showed a visible effect of
the anionic matrix on the photophysical properties of studied
photosensitizers. It was shown that in the absorption spectra
of aqueous Ce6 and its modified forms—dimethyl (DME)
and trimethyl (TME) esters—in the UV range and the visible
range of the spectrum, there is a characteristic position of
absorption maxima: Soret band 389-410 nm and Q-band
506, 536, and 590-616nm; however, upon transition from
Ce6 to DME and TME, changes in the intensities and band
shapes of these spectra are observed. The broadening of the
bands and their redshift indicate an increase in aggregation
processes in aqueous solutions of threes PSs with increasing
hydrophobicity of the system. It was shown that the polymer
matrix effectively prevents the aggregation processes of pho-
tosensitizers. A comparison of the absorption spectra of
PS/D70-g-PAA (PE) systems with the corresponding aque-
ous solutions showed that in the presence of a polymer, the
FWHM of the characteristic bands decrease, which indicates
an increase in the PS monomer content in the solutions. The
shifts of the maxima of the position of the Soret band (blue
for DME and red for TME) and Q4 band indicate the incor-
poration of PS into the polymer matrix, i.e., complex forma-
tion. This is also confirmed by fluorescence spectra. In
addition, the redshift of the Q4 band in the row Ce6-DME
Ce6-TME Ce6 and appearance of the band at 752 nm (for
TME Ce6) when these PSs are introduced into the polymer
matrix makes them somewhat more promising for PDT in
comparison with aqueous solutions. In addition, the redshift
of the Q4 band in the Ce6-DME-TME series and the appear-
ance of a band at 752nm (for TME), when these PSs are
introduced into the polymer matrix, make them more prom-
ising for PDT compared to aqueous solutions.
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Recently, plenty of interesting studies on improvement of bioavailability for poorly soluble drugs were implemented with different
approaches such as using of combined biopolymers as a delivery system that allowed to enhancing drug solubility and
bioavailability. In this work, alginate and chitosan were blended together in the form of polymeric particles, loaded with both
lovastatin and ginsenoside Rb1 to producing the four-component nanoparticles by ionic gelation method. CaCl2 and sodium
tripolyphosphate were used as gelation agent and cross-linking agent, respectively. The characteristics of obtained nanoparticles
were studied by means of infrared spectra (IR), scanning electron microscopy (SEM), differential scanning calorimetry (DSC),
and dynamic light scattering (DLS). In combination, ginsenoside Rb1 and lovastatin both interacted with each other to improve
the drug release ability of the polymer particles. The change of initial content of drugs in the nanoparticles has a negligible effect
on the functional groups in the structure of the nanoparticles but has a significant impact on drug release process of both
lovastatin and ginsenoside Rb1 from the nanoparticles in selective simulated body fluids. In addition, the synergistic interaction
of lovastatin and ginsenoside Rb1 could be also observed through the modification of relative crystal degree and drug release
efficiency.

1. Introduction

Alginate (AG) and chitosan (CS) are two common natural
polymers with very diverse applications in different fields
such as medical, pharmaceutical, food, beverage, and arts.
AG is found in 265 generals of brown algae’s [1] as an organic

acid with molecular weight of 32,000-200000 which was
discovered by Stanford in the late 19th century [1, 2]. AG
dissolves into water and forms a highly viscosity aqueous
solution that is helpful for food preservation to enlarge the
storage time while keeping the quality [3–8]. Moreover, AG
has also been used in paper industry [9], biomedical
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applications [3, 10, 11], wound management [12–14], and
fiber industry [15] for its convenient-to-use, nontoxic
characteristic.

Chitosan (CS), scientific name poly(1,4)-2-amino-2-
deoxy-β-D-glucose or poly(1,4)-2-amino-2-deoxy-β-D-glu-
copyranose, is a deacetylate derivative of chitin—the
second abundant polysaccharide in nature (after cellulose).
It is also the second most popular biopolymer in the world
[16] with large application in food industry [17, 18], agri-
culture [19–21], cosmetic [18], water treatment technology
[17, 18, 22], and biomedical materials and pharmaceuticals
[23–25]. Especially, CS is also a pivotal material in
preparation glucosamine [26, 27].

The combination of these two abovementioned materials
gives remarkable enhancement in antibacterial properties
both for AG bandages as well as AG fibers while coming with
CS [15]. Thus, the studies on fabricating and applying AG/CS
polymer blend as material for loading drugs are now an
attractive research direction.

Lovastatin (Lov) is a naturally occurring fermentation
compound that was discovered in 1970. It was found in red
yeast rice [28] and oyster mushrooms [29]. Lov inhibits cho-
lesterol biosynthesis, reduces cholesterol in liver cells, and
stimulates synthesis of LDL (low-density lipoprotein) recep-
tors, thereby increasing LDL transport from blood to reduce
plasma cholesterol levels. Thus, the prevention of cardiovascu-
lar diseases and treatment of dyslipidemia are main
applications of Lov [30]. However, Lov has an average decom-
position half-time approximately 3-4 hours, so patients have
to take it several times a day to maintain the minimum drug
level. To overcome this limitation, Lov is loaded into polymers
that have the ability to control drug release through physical
interactions between polymers and drug, decreasing number
of drug using times. In the work on potential nanochitosan
materials carrying Lov at different concentrations of CS,
Shinde has figured out that Lov is absorbed by CS and the
ability of drug loading decreases while increasing CS concen-
tration. CS materials loading with Lov had shown its effective-
ness in maintaining drug release for a long time [31]. Other
studies on different drug-carrier polymer systems have also
shown the same advantage in controlling drug release of these
polymers [32–37]. Our previous studies have been done by
preparing and releasing Lov from AG/CS polymers in both
film materials [38] and nanoparticles [39], in which, the size
of AG/CS/Lov nanoparticles was 50-100nm. The efficacy of
Lov release control was evident in the later stages, and the
Lov release process from AG/CS/Lov nanoparticles had the
most suitable Korsmeyer-Peppas kinetic model with complex
mechanism [39].

Panax notoginseng is a well-known folk medicinal herbal
using for the treatment of hemostatic, hemoptysis, and
hematoma for centuries in China, Vietnam, and other Asian
countries [40–44]. Over 200 chemical compounds have been
isolated from the plant, but the main constituents are Panax
notoginseng saponins (PNS) [39, 45]. Two major saponins as
ginsenoside Rb1 and ginsenoside Rg1 have been identified
from the PNS harvested in Vietnamese (Vietnamese Panax
pseudoginseng). While ginsenoside Rg1 has stimulating effect
on nerves system, antifatigue, improves brain work, ginseno-

side Rb1 has the effect of inhibiting nerves center for sedation
and deep sleep. In our previous study, a composite film com-
bining AG/CS material and ginsenoside Rb1 had been made
by solution method, and results that AG, CS, and ginsenoside
Rb1 had strongly interacted to each other and created a
polyelectrolyte complex [46].

In the recent work, the drug delivery polymer system of
AG/CS polymer blend with 5wt.% ginsenoside Rb1 and dif-
ferent Lov contents in film form was produced and studied.
The results showed that Lov and ginsenoside Rb1 had a syn-
ergistic effect which affect on the morphology, properties,
and drug release ability of these polymer films [45]. In prep-
aration of AG/CS nanocomposites loading with Lov and gin-
senoside Rb1 by ionic gelation method, the impact of both
calcium chloride as a gel forming substance and sodium tri-
polyphosphate (STPP) as a cross-linking agent to the proper-
ties of blend polymer was also reported [47]; from those, the
most suitable concentration of calcium chloride and STPP
was found.

Unlike the 3-components of AG/CS nanocomposites
loading only with either Lov or ginsenoside Rb1, the syner-
gism between Lov and ginsenoside Rb1 and AG/CS clearly
appeared in the 4-component composite while in film form.
This synergistic effect improved both of the drug loading
ability and the releasing efficiency, overcoming the disadvan-
tages of the 3-component nanocomposite such as limitation
of drug release only reach 80-85% [39]. That caused the large
amount of used drugs to be wasted.

Combining between the excellent features of each com-
ponent as well as the results of previous studies, the simulta-
neous load of ginsenoside Rb1 and Lov into the drug delivery
polymer system of AG/CS has proved to give a better result to
the drug release process from AG/CS/Lov/ginsenoside Rb1
composite in film form [45, 46].

In order to inherit and promote the before-mentioned
advantages and aiming to enhance practical application, a
4-component composite system with small size has been
fabricated to facilitating surface interaction between the
components, leading improvement of drug loading capacity
and drug release efficiency.

In this paper, novel nanoparticle biomaterial of AG/CS
loading simultaneously Lov and ginsenoside Rb1 (NPB) is
produced by ionic gelation method in favorable condition.
The physical characteristics, morphology, drug loading
efficiency, and drug release process of obtained NPB have
been studied and discussed.

2. Experimental

2.1. Materials. Chitosan (CS) powder with deacetylation
degree of 75%, sodium alginate powder (AG) with viscosity
300-500mPa.s, lovastatin powder (Lov) with purity of
98.0%, and sodium tripolyphosphate (STPP) were commer-
cial chemicals from Sigma-Aldrich. Ginsenoside Rb1 in
white powder with the purity of 98% was extracted from
Panax pseudoginseng and provided by National Institute of
Medicinal Materials, Vietnam. Other analytical grade chemi-
cals and solvents are ethanol, acetic acid 1%, and calcium
chloride (CaCl2).
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2.2. Preparation of AG/CS/LOV/Ginsenoside Rb1 Nanoparticle
Biomaterials (NPB) by Ionic Gelation Method. An ionic gela-
tion method with CaCl2 gelation agent and STPP cross-
linking agent has been used for the procedure of nanoscale
to microscale polymer granulars. This technique is favorable
because of simple preparation in aqueous solution. The gela-
tion process was conducted basing on the polymer character-
istic to establishing cross-linking bonds in the presence of
ions, resulting in the formation of nanoparticles. In this
method, CS has been dissolved in acetic acid solution to obtain
CS cation. Afterward, the cation solution has been added
slowly under continuous stirring into an AG solution contain-
ing STPP. Due to the interaction between the opposite
charges, AG/CS undergoes cross-linking and gel-ionization,
then precipitates to forming spherical particles. This NPB
was remarkably effective to enhance health and immunity
and may reduce blood cholesterol concentration and treat
cardiovascular disease in patients.

2.3. Preparation of NPB with Varied Lov and Ginsenoside Rb1
Content. The preparation process is similar to the production
of 4-component AG/CS/Lov/ginsenoside Rb1 with a selected
concentration of CaCl2 of 0.002M. The Lov content ranges
from 0wt.%, 10wt.%, 15wt.%, to 20wt.% (in comparison to
the total mass of AG and CS); AG/CS/ginsenoside Rb1 ratio
is 1 : 1 : 5wt.%, ginsenoside Rb1 content ranging from 0 to
5wt.%. Table 1 presents the composition and label of the
different NPB samples.

The calculated CS, AG, Lov, and ginsenoside Rb1 were
dissolved in acetic acid 1% solution, distilled water, and
ethanol 99%, respectively. An STPP solution of 0.83 g/L and
CaCl2 aqueous 0.002M solution were also prepared.

After obtaining the above solution, mixing the STTP and
CaCl2 solutions and stirring in high speed ultrasonic
equipment at 20,000 rpm to increase the dispersion of the
substances.

Gradually pour Lov solution to ginsenoside Rb1 and stir
with high speed ultrasonic until reaching homogeneous
mixture. Next, slowly drop the obtained STTP and CaCl2
solutions into the Lov and ginsenoside Rb1 mixture and keep
stirring to produce the mixture of drug.

The loading process of drug into the AG/CS mixture was
performed by slowly add the mixture of drug to the mixture
of AG and CS solutions, with dripping rate at 3mL/min and
keep stirring on high speed ultrasonic stirrer for 30min.

The final product was then collected after going through
the two stages of solvent removal, centrifugation, and freeze-
dry. The FreeZone 2.5 (Labconco, USA) was used as a freeze-
dried equipment to evaporate completely the remaining
solvent out of the materials. It was then minced into fine
powder and stored in a cool, dry place before use.

2.4. Standard Curve of Lov and Ginsenoside Rb1 in Different
pH Solutions and in Ethanol

2.4.1. Standard Curve of Lovastatin and Ginsenoside Rb1 in
Buffer and in Ethanol. The standard curve and regression
coefficients of Lov and ginsenoside Rb1 in different pH solu-
tions (pH2 and pH7.4) and in ethanol are established based

on the data from the UV-Vis spectra. The Lov or ginsenoside
Rb1 was dissolved in buffer or ethanol solution and stirred
and measured the UV spectra data of each solution with
different concentrations. The standard curve equations and
linear regression coefficients (R2) were then calculated, in
which x and y according to the optical absorbance (A) and
concentration (C) of Lov and ginsenoside Rb1 (Table 2).

The regression coefficients of the standard curve equa-
tions presented in Table 2 are about ~1, which should be used
to determine the efficiency of the Lov and ginsenoside
carrying as well as their content released from the NPB.

2.4.2. Determination of Lov and Ginsenoside Loading
Efficiency. As opposed to the Lov and ginsenoside loading
process, their release process has been carried out by putting
a certain amount of Lov or ginsenoside Rb1 loaded nanopar-
ticle into ethanol solution and stirring well for 24 hours. An
exact volume of the solution was filtered and used to deter-
mining the optical density of Lov and ginsenoside Rb1. This
data was used to comparing and calculating based on the
standard curves of Lov and ginsenoside Rb1 in ethanol to
obtain the loading efficiency of Lov and ginsenoside Rb1 in
NPB samples.

2.4.3. Evaluation of Lov and Ginsenoside Rb1 Release Process
from NPB. The experiments of Lov and ginsenoside Rb1
release from NPB were conducted in the buffer solution at
pH2 and pH7.4. A certain amount of the drug loading nano-
particle was taken into buffer at 37°C while continuously stir-
red at 20,000 rpm. After every hour, a certain volume of the
solution was taken to filter and recorded UV data of Lov
and ginsenoside Rb1 concentration. An equivalent amount
of fresh buffer solution had been added to maintain the initial
volume. Similar procedure was then repeated until finishing
32 testing hours.

The amount of Lov and ginsenoside Rb1 released from
NPB was calculated in corresponding to the standard curve
equation of Lov and ginsenoside Rb1 in buffer solution at
pH2 and pH7.4. With each of Lov and ginsenoside Rb1,
the percentage of them released at a time (t) is calculated
by the following formula:

Percentage of released Lov or ginsenoside Rb1 %ð Þ = C tð Þ
C 0ð Þ

 !
∗ 100,

ð1Þ

where C(0) is the initial amount of loaded Lov or ginseno-
side Rb1 and C(t) is the amount of Lov or ginsenoside Rb1
released at a time (t).

2.5. Morphology and Characteristics of NPB

2.5.1. FTIR Spectra. Fourier Transform Infrared (FTIR) spec-
tra of AG, CS, Lov, ginsenoside Rb1, and drug-loading nano-
particles were recorded on a Nicolet iS10 spectrometer
(Thermo Scientific, USA) at room temperature by 32 scans
with 8 cm-1 resolution and wavenumber ranging from 400
to 4000 cm-1.
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2.5.2. Scanning Electron Nanoscopy (SEM). SEM images of
the NPB were taken on a FESEM S4800 device (Hitachi,
Japan) with magnification from 1000 times to 200000 times.
The samples were coated with Pt to improve the conductivity
of materials.

2.6. Differential Scanning Calorimetry (DSC). Schematic DSC
curves of the NPB were measured on DSC-60 (Shimadzu,
Japan) with heating condition from room temperature to
400°C, heat rate at 10°C/min in gaseous nitrogen.

2.6.1. Dynamic Light Scattering (DLS). The Zetasizer SZ-100
equipment was used to determine particle size of NPB at
25°C, with measuring range from 0.1 to 10000nm. The
NPB was dispersed in distilled water before recording the size
distribution diagram.

2.6.2. Ultraviolet–Visible Spectroscopy (UV-VIS). The UV-Vis
spectrometer (Cintra 40, GBC, USA) was used to determine
the loading efficiency and concentration of Lov, ginsenoside
Rb1 released from the NPB in different pH solutions and in
ethanol.

3. Results and Discussion

3.1. FTIR Spectra of NPB. The FTIR spectra of AG, CS, Lov,
and ginsenoside Rb1 are presented in Figure 1. Characterized
bands of functional groups in AG are listed as follows:
stretching C-H bonding at 2923.65 cm-1; C=O group at
1626.64 cm-1; C-O-C bending vibration at 1096.95 cm-1 and
1032.1 cm-1; and the saccharide ring vibrations at
947.86 cm-1, 891.80 cm-1, and 824.34 cm-1. A broad band at
3448.16 cm-1 represents the stretching vibrations of -OH
group in AG macromolecule.

In the FTIR spectrum of CS, the characteristic peaks of –
CH and C-O groups are at 2883.51 cm-1 and 1082.75 cm-1; a
broad peak at 3447.62 cm-1 attributed to -OH and -NH2
groups and amide group at 1598.29 cm-1 which is assigned
for –NH2 group; other peaks also appear at 895.17 cm-1 for
saccharide ring vibration in CS and at 1651.26 cm-1 for C=
O stretching.

In the FTIR spectrum of ginsenoside Rb1, the broad band
at 3423.35 cm-1 represents for –OH stretching vibration and
2937.96 cm-1 and 2941.92 cm-1 band for CH2 and CH
stretching. The stretching vibration of C=C bonding
appeared in 1640.73 cm-1 band. The absorption band at
1077.79 cm-1 is for C-O-C stretching and the –OH bending
vibration at 1364.06 cm-1 band.

The IR spectrum of pure Lov has characterized groups
such as –OH stretching vibration at 3640.99 cm-1; the
stretching vibration of C-H bonding in -CH3, -CH2-, and
-CH- appeared in three bands at 2966 cm-1, 2929 cm-1, and
2867 cm-1; and –C=O stretching vibration of saturated lac-
tones at 1728.02 cm-1. The absorption band at 1696 cm-1

characterized for the stretching vibration of C=C bonding
of Lov, and the 1701.11 cm-1 band is due to C=O group in
the Lov structure. The C-O-C stretching is at 1074.50 cm-1.

The similarity has been found in the FTIR spectrum of
other NPB-RxLy in comparison with the R5L10 sample
(Figures 2 and 3). Thus, only the above characterized peaks
of functional groups in the samples have been listed in
Table 3.

The results of FTIR analysis of NPB-RxLy show that the
peak position of the characterized groups in AG, CS, Lov,
and ginsenoside Rb1 has shifted slightly due to the mutual

Table 1: Composition and label of NPB samples.

Samples label—RxLy (ratio of initial content of
ginsenoside Rb1 and Lov in NPB)

Lov initial content (wt.%)
0 5 10 15 20

Ginsenoside Rb1 initial content (wt.%)

0% R0L10

1% R1L10

3% R3L10

5% R5L0 R5L5 R5L10 R5L15 R5L20

Table 2: LOV and ginsenoside Rb1 standard curve equations in
different pH solutions and in ethanol.

Drugs Medium

Parameters of standard curve equation
of drugs

Standard curve
equation

R2
λmax
(nm)

Lov

pH2 y = 6187x + 0:011 0.996 229.97

pH 7.4 y = 3197:2x + 0:019 0.996 239.15

Ethanol y = 31269x + 0:3012 0.993 245.55

Ginsenoside
Rb1

pH2 y = 5400x + 0:0196 0.996 219.52

pH 7.4 y = 2077x + 0:014 0.996 219.00

Ethanol y = 4513:8x + 0:002 0.991 213.55
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Figure 1: FTIR spectra of AG, CS, Lov, and ginsenoside Rb1.
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interaction between the characteristic groups in AG, CS, Lov,
and ginsenoside Rb1 (polymer-polymer, polymer-drug, and
drug-drug interactions). Following the FTIR spectra, the
position of functional groups of 4 components in the NPB
was a negligible change as adding or raising Lov’s content
while the intensity of these bands had varied. Thus, when
using STPP as cross-linking agent, the band of the character-
ized groups in the NPB is significantly shifted; it might due to
the better interaction and mixing of the components in NPB.

3.2. Morphology of NPB. FESEM images of Lov and ginseno-
side Rb1 are displayed in Figure 4. Lov structure has a rod-
shaped, irregular size about 20μm–30μm, and ginsenoside
Rb1 has granular type with irregular size about 10μm-15μm.

In Figure 5(f), in the NPB-R0L10 sample (without Rb1),
the size of the collected particles is relatively large; phase sep-
aration appeared; the Lov rod dispersed unevenly with
1.5μm size and agglomerated into cluster, while the initial
size of Lov rod is about 20-30μm. Thus, just only loading
in AG/CS, combined with a fabrication method with STPP
as a cross-linking agent and high-speed ultrasonic stirring,
the Lov rod sizes have been reshaped into much smaller.

With 5% ginsenoside Rb1 (R5Ly), the rod/particle size of
Lov in 4-component NPBs has been significantly reduced
but still not evenly dispersed into the AG/CS polymer blend,
resulting in the size of about 200 nm-1μm observed. From
Figures 5(b)–5(e), as the Lov content increases, it seems that
the impact of drug-drug interaction exceeds the polymer-
drug interaction, and the drug tends to agglomerate to form
larger size rods/particles.

Figures 6(a) and 6(b) show the SEM image of R0L10 sur-
face at magnifications of 10,000 times and 30,000 times. The
polymer particles appeared with relatively large size and
heavy rough surface; the Lov rod was 1.5μm size and
agglomerated together, much smaller in comparison with
the size of pure Lov rod (Figure 4) ranging from 20μm to
30μm.

Figures 6(c) and 6(d) present SEM image of NPB with
1wt.% ginsenoside Rb1 (R1L10 sample). The sizes of dis-
persed Lov rods are from 0.5 to 1μm, and the particles are
observed to be detached with each other. With the presence
of ginsenoside Rb1, the Lov tends to have better dispersion
in AG/CS polymer particles.

In Figures 6(e) and 6(f), the SEM image of R3L10 using
3wt.% ginsenoside Rb1, the Lov rods have been covered with
a polymer layer (brighter part surrounds the particles). Lov is
better dispersed into AG/CS polymer blend in the size of 100-
300 nm.With 5wt.% Rb1 content (Figures 6(g) and 6(h)), the
Lov rods tend to agglomerate together and form larger
particles, about 200nm-1μm.

It is very likely that the increase in ginsenoside Rb1 con-
tent also increases the internal molecular linkage between
ginsenoside Rb1 molecules, thus, leading to the aggregation
of ginsenoside Rb1 particles, reducing their size stability of
ginsenoside Rb1, and generating uneven structure in the
NPB. Therefore, in addition to its biological activities, ginse-
noside Rb1 might act as size stabilizer in NPBs through
dipole-dipole interactions and hydrogen bonding [45, 46].

3.3. Thermal Characteristics of AG, CS, Lov, Ginsenoside Rb1,
and NPB. DSC diagrams of NPB with 10% Lov (R0L10) and
5% ginsenoside Rb1 (R5L0) are presented in Figure 7.
Figure 8(a) presents DSC diagrams of R5Ly group with a
fixed content of 5wt.% ginsenoside Rb1. And Figure 8(b)
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Figure 2: FTIR spectra of NPB-RxL10.
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Figure 3: FTIR spectrum of NPB-R5Ly.

Table 3: IR band for characterized groups of AG, CS, Lov,
ginsenoside Rb1, and NPB with different Lov content.

Sample
Wavenumber (cm-1)

νNH2:OH νCH νC=O δNH2 νC−O−C
Alginat (AG) 3448.16 2923.65 1626.64 _ 1096.95

Chitosan (CS) 3447.62 2883.51 _ 1598.29 1081

Lovastatin (Lov) 3640.99 2966.06 1728.11 _ 1077.79

Ginsenoside Rb1 3423.35 2941.92 1077.79 1451.91 1070

R5L0 3451.51 2928.31 1627.43 1414.17 1089.41

R0L10 3443.16 2928.37 1621.10 1416.30 1090.57

R3L10 3440.53 2931.39 1619.98 1415.55 1033.70

R5L10 3426.96 2931.39 1616.12 1415.55 1091.56

R5L20 3441.66 2968.62 1628.84 1535.36 1075.37
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presents DSC diagrams of RxL10 NPB group with 10% Lov.
The endothermic peak temperatures and exothermic peak
temperatures of AG, CS, Lov, ginsenoside Rb1, and NPBs
are listed in Table 4.

In Figure 7, the R5L0 sample has its two endothermic
peaks at 89.51°C and 214.63°C corresponding to the dehydra-
tion and melting of AG and CS in NPB. For the R0L10 sam-
ple, two endothermic peaks located at 73.24°C and 221.74°C
were also attributed to the dehydration and melting temper-
ature of AG and CS. Moreover, one exothermic peak at 172°C
can be assigned to the decomposition of STPP in the sample.
Due to the forming a eutectic system between ginsenoside
Rb1 or Lov, CS, and AG, the melting temperature of the
NPB was decreased significantly as compared to the single
component.

In the DSC diagrams of the R5Ly group (Figures 8(a) and
8(b)), the two endothermic peaks appeared because of the
dehydration process at the temperature under 100°C and
melting process of components in the samples at the temper-
ature around 210°C. Other two exothermic peaks are
assigned for the decomposition of STPP cross-linking agent
at the temperature about 174°C and the decomposition of
AG, Lov, and ginsenoside Rb1 at the temperature above
300°C. For the R5L5 sample, the positions of two endother-

mic peaks at 101.14°C and 218.65°C and one exothermic peak
at 174.81°C are slightly shifted in comparison with provided
DSC peaks of AG, CS, Lov, and the 3-components R5L0 and
R0L10 (Table 4). This result showed that the changes of ini-
tial Lov content or ginsenoside Rb1 content have a significant
effect on phase transition of the NPB samples. In this case,
due to synergistic effect, all the recorded DSC peaks of 4-
component NPBs are broader and more flattened
(Figures 8(a) and 8(b)).

3.4. Particle Size, Zeta Potential, and Polydispersity Index of
NPBs. Dynamic light scattering (DLS) method has been used
to measure particle size of materials with dispersed medium
of distilled water. The particle size distribution diagram of
NPB-R5Ly samples is shown in Figure 9, and the average
particle size of the NPB is displayed in Table 5. Most of the
NPB samples have more than 2 particle size ranges; the
average particle size of those samples are taken to the peak
with highest intensity value.

From the collected results, the R5L5 has a smaller and
more uniform particle size than others; from 190.1 to
396.1 nm with the average particle size is 270:5 ± 18:735 nm
with an intensity of 100.0%. This result can be explained by
the significant role of ginsenoside Rb1 which acts as a particle

Lov

(a)

Rb1

(b)

Figure 4: FESEM image of Lov (a) and ginsenoside Rb1 (b).

R5L0

(a)

R5L5

(b)

R5L10

(c)

R5L15

(d)

R5L20

(e)

R0L10

(f)

Figure 5: FESEM image of NPB with ginsenoside Rb1 5wt.% and (a–e) Lov 0, 5, 10, 15, and 20wt.% and (f) Lov 10wt.%.
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size stabilizer in the NPB group. With the appropriate Lov
content and the presence of Rb1, based on the interaction
between ginsenoside Rb1 with AG, CS, and Lov, the Lov rods
disperse more evenly into the AG/CS polymer blend.

Figure 10 and Table 5 show the result of particle size dis-
tribution diagram of the NPB group with fixed Lov content
and altered ginsenoside Rb1 content. The average particle
size of samples is reduced from 586:8 ± 61:85 nm of R0L10,
369:1 ± 38:46 nm of R1L10, 328:5 ± 68:45 nm of R3L10, and
333:5 ± 79:25 nm of R5L10. So, while increasing ginsenoside
Rb1 content, the average particle size of NPB reduces.

In terms of NPB’s particle size, in comparison between
FESEM and DLS methods, these values differ between the
two methods because in DLS, the particles are dispersed in
distilled water; thus, obtained results are much smaller than
the FESEM method.

The polydispersity index (PI) which indicates the unifor-
mity of nanoparticles is used to evaluate the heterogeneity of
a sample based on size. In accordance with ISO standards
(ISO 22,412 : 2017), PI values < 0:5 are more common to
monodisperse samples, while values > 0:7 are common to a
broad size (e.g., polydisperse) distribution of particles [48].
With the low PDI value mainly ranges from 0.276 to 0.470,
most of the NPBs were found to be stable and monodisperse
in nature. The greater PDI values of 0.530-0.595 found in
some NPB samples which have broader particle size.

In nano-drug delivery systems, zeta potential/surface
charge (ZP) of polymeric particles is an important parameter;
it causes major impacts on the various properties of drug
delivery polymer particles, for both the stability of the nano-
particles and the rate of drug release. The high absolute value
of ZP implies larger repulsive forces between particles, caus-
ing difficulty in agglomeration and thus facilitates redisper-
sion of the particles [49]. The ZP values of R0L10, R5L0,
R5L10, and R5L20 are -51.3, -23.9, -26.4, and 9.41mV,
respectively. It could be seen that the ZP value of R5L20 is
lowest at 9.41mV. The low ZP value indicates the low resul-
tant repulsion to each other and fast aggregation that consists
with the highest particle size of R5L20 sample. In case of the
more agglomeration, the higher molecular weight, which

R0L10

(a)

R0L10

(b)

R1L10

(c)

R1L10

(d)

R3L10

(e)

R3L10

(f)

R5L10

(g)

R5L10

(h)

Figure 6: SEM image of AG/CS/Lov particles (without ginsenoside Rb1)—R0L10 sample and NPBs using 1%, 3%, and 5wt.% ginsenoside
Rb1—R1L10, R3L10, and R5L10 with magnification: ×10,000 (left) and ×30,000 (right).
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Figure 7: DSC diagrams of NPB of R5L0 and R0L10 samples.
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steric stabilisation will prevail, a reduction of the measured
zeta potential appeared. Hence, despite the low ZP value,
the stability of R5L20 is sufficient.

While absolute ZP values above 30mV provide good
stability and above 60mV excellent stability for nanoparti-
cles, the stability of R0L10 is excellent, and of R5L0 and
R5L10 are considered as good. This might be the result of
the firm rod-shape structure of Lov while appearing on
the surface of the NPB, leading to the bigger size but stable
of the nanoparticle; the higher Lov content, the higher the
particle size.

With the presence of Rb1 in NPBs, the particle size is
reduced due to the involvement of amorphous structure of
Rb1 together with Lov, which could be seen while taking into
account the R0L10 and R5L10 samples. ZP values of the two
samples indicate the R0L10 is the most stable nanoparticle
system.

3.5. Loading Efficiency of Lov and Ginsenoside Rb1 by AG/CS
Polymer Blend. The loading efficiency of Lov and ginsenoside
Rb1 by AG/CS polymer blend with different initial content of
Lov and ginsenoside Rb1 is shown in Table 6. It could be seen
that the Lov loading efficiency of the R5Ly group is a bit
lower than in the RxL10 group. The highest Lov loading effi-
ciency appeared in the R5L20 sample (78.59%). For ginseno-
side Rb1 loading efficiency, the RxL10 group has a higher
result of 71.22%, 76.8%, and 73.31%, respectively. From both
results, the initial content of ginsenoside Rb1 in NPB has a
major impact on Lov and ginsenoside Rb1 loading efficiency.

3.6. Release of Lov and Ginsenoside Rb1 from NPB Samples in
Different pH Solutions

3.6.1. Influence of pH of Solution on Lov and Ginsenoside Rb1
Released Content from R5L10 Samples. Based on the calcu-
lated results of drug release percentage, Lov release process
from the R5L10 in both pH2 and pH7.4 aqueous solutions

Table 4: Endothermic peak and exothermic peak temperatures of
AG, CS, Lov, ginsenoside Rb1, and NPB using different content of
Lov and ginsenoside Rb1.

Samples
1st endothermic
peak temperature

(°C)

1st exothermic
peak

temperature (°C)

2nd endothermic
peak temperature

(°C)

AG 119.70 238.90 —

CS 106.80 — —

Lov 174.60 264.70 —

Rb1 98.90 230.40 —

R5L0 89.51 — 214.63

R5L5 101.14 174.81 218.65

R5L10 77.35 173.47 219.31

R5L15 91.38 172.54 219.31

R5L20 93.04 173.89 217.58

R0L10 73.24 172.14 221.74

R1L10 82.11 171.72 219.75

R3L10 76.51 172.05 219.67
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Figure 9: Particle size distribution diagram of NPB using 5wt.%
ginsenoside Rb1 and different Lov content.

0 50 100 150 200 250 300 350 400

0

5

10

15 DSC diagram of NPB - R5Ly

Furnace temperature (°C)

Exo

H
ea

t fl
ow

 (m
W

)

R5L5
R5L10

R5L15
R5L20

(a)

0 50 100 150 200 250 300 350 400
–5

0

5

10

15

20 DSC diagram of NPB - RxL10

H
ea

t fl
ow

 (m
W

)

Furnace temperature (°C)

R0L10
R1L10

R3L10
R5L10

Exo

(b)
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over experiment time has taken place in 2 stages; the release
of Lov content has increased significantly during the first 10
hours (about 80wt.%) and reached a stable value in later
stage. It is reasonable because at the first stage, at the surface
of NPB or closely to the surface, Lov is loaded or attached at
high content; thus, it is allowed to quickly be released and
strongly dispersed into testing medium. In the next stage,

Lov rods/particles are trapped deep inside the structure of
the NPB and would be harder to access and diffuse outside
in different pH solutions. Moreover, the external solutions
are also facing more difficulty to penetrate the grain structure
of the NPB due to the swelling, hydrolysis of AG and CS. The
pH of the testing medium influences significantly on the Lov
content released from the R5L10 sample (Figure 11). In more
detail, after 32 hours, the Lov content released from the NPB
in pH2 solution is 96.99%, while in pH7.4 solution, it
reaches 99.15%. The released Lov content from NPB in

Table 5: Particle size of NPB using different Lov and ginsenoside Rb1 content.

Sample Particle size range (nm)
Major particle

size Peak width (r) (nm) Polydispersity index (PDI) Average particle size (nm) D = d ± r/2
Nm (d) %

R5L0
43.82-825 285 95.1 138.2 0.470 285 ± 69:1
4145-6400 5272 4.9 426.7 5272 ± 213:35

R5L5 190.1-396.1 270.5 100.0 37.47 0.460 270:5 ± 18:735

R5L10

60–90.1 58.43 1.5 10.36 0.346 58:4 ± 5:18
95–1050 333.5 93.6 159.5 332:5 ± 79:25
3850-5560 5118.0 4.9 537 5118:0 ± 268:50

R5L15

43.82-190.1 76.86 7.2 14.52 0.595 76:86 ± 7:26
190.1-1718 405.0 90.5 238.5 405 ± 119:25
4801-6439 5560.0 2.3 0.00006 5560 ± 0:00003

R5L20
122.4-396.1 204.5 28.0 52.36 0.554 204:5 ± 26:18
458.7-3580 1405.0 72.0 559.2 1405 ± 279:6

R0L10 480-1053 586.8 100 123.7 0.483 586:8 ± 61:85

R1L10
76-150 78.2 5.7 9.783 0.530 78:2 ± 4:89
250-800 369.1 94.3 76.92 369:1 ± 38:46

R3L10
95-950 328.5 97.5 136.9 0.276 328:5 ± 68:45

4000-6500 5274 2.5 424.6 5274 ± 212:3

R5L10

55-90 58.4 1.5 10.36 0.346 58:4 ± 5:18
90-1050 333.5 93.6 158.5 333:5 ± 79:25
4500-8500 5118 4.9 537 5118:0 ± 268:50
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Figure 10: Particle size distribution diagram of NPB using 10wt.%
Lov and different ginsenoside Rb1 content.

Table 6: Loading efficiency of Lov and ginsenoside Rb1 by AG/CS
polymer blend with different initial content of Lov and
ginsenoside Rb1.

Sample
Drug loading efficiency (%)

LOV Ginsenoside Rb1

R5L0 — 65.47

R5L5 39.25 64.21

R5L10 70.64 73.31

R5L15 57.63 61.35

R5L20 78.59 61.87

R0L10 62.81

R1L10 61.38 71.22

R3L10 77.69 76.8
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pH2 solution is lower than in pH7.4 solution because a por-
tion of hydroxyl group in the released Lov reacts with H+ ions
in the acid, thus, reducing solubility of Lov in the acid solu-
tion. This is consistent with the previous findings in biomed-
ical that Lov is poorly absorbed in the stomach, where the pH
is low. Besides that, the H+ ions also react with the amino
groups of CS on the surface of the NPB, preventing Lov to
diffuse into the solution [33, 34]. These results demonstrate
that the drug-loading polymer particles are more suitable
for the neutral environment of the large intestine and rectum
mucosa than in acidic environment.

The similar tendency is observed in Figure 11 for the gin-
senoside Rb1 released content from NPB. In pH2 solution,
the released content of Rb1 increases and reaches 93.60%
for the first 10 hours and remains stable up to 95.36% after
32 hours. In pH7.4 solution, this value more quickly reaches
96.30% within 8 hours and 99.19% after 32 hours, respec-

tively. In neutral environment, the released rate of Rb1 is
higher and more stable than in acid environment because
the H+ ions react with the amino group of CS on the surface,
reducing diffusion ability of ginsenoside Rb1 into the acid.
Thus, it is possible to conclude that the pH of the environ-
ment significantly affects the released rate of Rb1.

3.6.2. Influence of Initial Lov Content on Lov Content
Released from NPB Samples. Figure 12 presents the percent-
age of Lov released from the NPB–R5Ly samples over time
in pH2 and pH7.4 solutions. Better Lov content released
results received with lower initial Lov content among the
R5Ly group for the whole experiments in pH2 with the high-
est Lov released rate appeared in R5L5 and R5L10
(Figure 12). Might the small particle size help to increase
the contact of NPB particles with the solution; therefore,
the drug is more easily to dissolve into solutions. Moreover,
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Figure 11: Percentage of Lov and ginsenoside Rb1 released from NPB-R5L10 sample in pH 2 and pH 7.4 solutions.
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Figure 12: Percentage of Lov released from NPB-R5Ly samples in pH 2 and pH7.4 solutions.
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at appropriate initial content, the strong interaction between
Rb1 and Lov also causes a synergistic impact in drug release
rate.

In pH7.4 solution, the released rate of Lov content is
quite similar in the R5Ly group. The difference appeared
mainly from 7 to 12 hours, of which, the R5L10 and R5L20
have a bit higher rate than R5L5 and R5L15. This result
may be explained by burst release of drugs located on the
surface and near the surface of particles at the high content
of the drug in neutral environment.

3.6.3. Influence of Initial Lov Content on Ginsenoside Rb1
Content Released from NPB Samples. The dependence of ini-
tial Lov content on the percentage of ginsenoside Rb1
released from the R5Ly group over time in pH2 and pH7.4
solutions is shown in Figure 13.

At both pH solutions, contrary to the trend of Lov release
rate, the ginsenoside Rb1 released rate is quite similar at pH2
and much different at pH7.4 in all of the R5Ly group. At
pH2, the R5L10 sample has the highest release rate for the
first 10 testing hours compared with others; for the rest tim-
ing, it has kept a slight change from 1 to 2%, also similar to
others. Thus, the ginsenoside Rb1 content released from the
NPB in pH2 solution is not significantly affected by initial
Lov content. In pH7.4 solution, the ginsenoside Rb1 released
rate takes longer time to reach its maximum value (12 hours
of experiment) in most of the R5Ly samples; thus, it was still
highly impacted by the initial Lov content. The highest result
is obtained in the R5L10 sample. This can be explained by the
strong interaction of ginsenoside Rb1 and Lov with polymers
which can impact the dispersed phase in polymer matrix and
particle size of obtained NPB samples.

This result again reaffirms that ginsenoside Rb1 plays the
role as a structural stabilizer, enhancing dispersion and
mixing between AG, CS, Lov, and ginsenoside Rb1 as well
as itself release ability from the NPB in pH7.4 solution.

3.6.4. Influence of Initial Ginsenoside Rb1 Content on Lov
Content Released from NPB Samples. Figure 14 describes

the Lov content released rate from the RxL10 group over
time in pH2 and pH7.4 solutions. In both cases, during
the 8 first hours, Lov content released from the NPB–
RxL10 samples is increased sharply (over 90%), then
remains in both of the above solutions. According to the
shape of the curves and the values of Lov content released
rate, similarity has been found for both of pH. In both of
pH, the variation of Lov content released from the NPB is
quite the same over time. Hence, the change of initial ginse-
noside Rb1 content has a small impact on the Lov released
rate in the RxL10 group.

3.6.5. Statistical Evaluation within NPB Groups. Statistical
calculation result with Student’s t-test for data on Figure 12
shows that in the early stage of drug released process, within
first 3 hours, the difference of released Lov content between
R5Ly samples in pH2 is highly significant different with
those in pH7.4 in comparing with the chosen level of signif-
icance p = 0:05, with p value ranges from 0.001 to 0.006,
reaching different level at 99-99.8%. In the second stage of
Lov released process, from 4 to 8 hours, the different level
is decreased with higher p value ranges from 0.054 to 0.168,
with the confidence level of 70-90%. For the rest period, with
p = 0:24‐0:49, Lov release percentage is quite similar within
the R5Ly samples.

For the released Rb1 content (Figure 13), the R5Ly group
has shown its very highly significant different level in t-stu-
dent comparison from the period of 6-11hours of experi-
ments. During that period, the calculated p value reached
0.004–0.025, with the reliability of evaluation being in the
range of 99.8-99.9%. From the first 1-5 hours, the calculated
p value is in the range of 0.111–0.293, with the confidence
level of 90–98%; the different level is highly significant. The
rest timing of experiments is from 12 to 32 hours with p =
0:075‐0:324, with lower but still being considered as good
enough to support a conclusion of Rb1 released content
between the two pHs is at significantly different levels,
reaching 90-95%.
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Figure 13: Percentage of ginsenoside Rb1 released from NPB-R5Ly samples in pH 2 and pH7.4 solutions.
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Hence, Lov released content and Rb1 released content of
the R5Ly groups are not similar over the same period of
experiment timing in each pH of experiments.

In overall, for every NPB sample, when adding an
amount of ginsenoside Rb1 to the AG/CS/Lov particles, the
Lov content released from the NPB sample is increased in
both pH2 and pH7.4 solutions. In acidic environment, the
released Lov content is lower than in neutral environment.
Following the results, it could be suggested that 4-
component NPB is suitable for use in the environment of
intestinal and gastric fluid in human.

4. Conclusions

The novel nanoparticle biomaterials (NPB) of alginate/chito-
san (AG/CS) polymer blend loading simultaneously lova-
statin (Lov) and ginsenoside Rb1 were successfully
fabricated by ionic gelation method using CaCl2 and sodium
tripolyphosphate as gelation agent and cross-linking agent,
respectively. The results of FTIR analysis of NPB samples
using different Lov and ginsenoside Rb1 content show that
the peak position of the characterized groups in AG, CS,
Lov, and ginsenoside Rb1 has shifted slightly due to the
mutual interaction such as dipole-dipole interactions and
hydrogen bonding between the characteristic groups in AG,
CS, Lov, and ginsenoside Rb1. As a particle size stabilizer
for AG/CS/Lov particles, ginsenoside Rb1 contributes to dis-
persing Lov rods more regularly into the AG/CS polymer
blend. Among the investigated NPB samples, the NPB with
AG/CS ratio of 1/1 (wt./wt.), 5wt.% Lov and 5wt.% ginseno-
side Rb1 (R5L5) sample has a particle size in the range from
190.1 to 396.1 nm; the average particle size is 270:5 ±
18:735 nm with an intensity of 100.0%. Zeta potential values
indicate the excellent stability of R0L10 and good stability of
R5L0 and R5L10 which means the 4-components with 5wt.%
Rb1 and 10wt.% Lov content is the decent stable nanoparti-
cle system. The Lov release process from the NPB samples in

both pH2 and pH7.4 solutions according to testing time
includes 2 stages, quick release for the first testing 10 hours,
then slow release to stable value. Similarly, the ginsenoside
Rb1 release process from the NPB samples in both pH2
and pH7.4 solutions also includes 2 stages, quick release for
the first testing 7 hours, then slow down to a stable value.
The release of Lov and ginsenoside Rb1 content from the
NPB samples in pH2 solution is lower than in pH7.4
solution with the same components of NPB samples and
testing time.
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The nanotechnology is considered as a tool to overcome antibiotic-resistant infections. The aim of this study was to investigate the
antibacterial properties of quantum dots (QDs) of Au, Ag, and Cu supported in chitosan against Escherichia coli (ATCC 25922),
Staphylococcus aureus (ATCC 29213), and Salmonella Typhi (ATCC 9993) strains. The QDs were synthesized by the method
(Chemical Liquid Deposition, CLD) using 2-ethoxyethanol as solvent (1 × 10−3 M approximate dispersion concentration). Then,
NPs supported in chitosan were synthesized by solvated metal atom dispersion (SMAD) in two concentrations, labelled [A] and
[B] (0.05 and 0.1 g/L) for each metal with chitosan resulting in an average size of Au 10 ± 2:0, Ag 6 ± 1:3, and Cu 10 ± 2:4 nm,
respectively. Several other techniques were performed such as TEM, SEM/EDX, TGA, DSC, and FT-IR for characterizing QDs.
The antibacterial assay was performed with 8 agents on cultures of E. coli, S. aureus, and S. Typhi by disk diffusion, broth
macrodilution, and determining death curve to the most sensitive pathogen. The antibacterial effect of the nanoparticles was
compared using the diameter of growth inhibition zone by agar disk diffusion and through the minimal inhibitory
concentration (MIC) and minimal bactericide concentration (MBC) obtained by macrodilution in batch culture with an initial
inoculum of 5 × 105 CFU/mL. The highest bactericidal effect was obtained with nanoparticles of Au, Ag, and Cu (0.1 g/L) with
MIC and MBC of 200 and 400mg/mL, respectively. The greatest bactericidal effect considering the three pathogens turned out
to be Ag QDs (0.05 and 0.1 g/L). A bactericidal effect of metal nanoparticles is affected mainly by the electronegativity, the
concentration of nanoparticles, and the bacterial age culture.

1. Introduction

The biocide properties of metal nanoparticles (MNPs) have
generated great interest for their application as new antimi-
crobial agents [1, 2]. This is due to their higher surface area
which would generate more contact with the cell surface of
pathogens. This feature generates a tendency to form
agglomerates mainly due to Van der Waals and electrostatic
forces. The importance of stabilizing the high surface energy
to avoid such agglomeration with the use of an agent capable
of associating with the surface of the particles is finally in
their suspended stabilization and subsequent improvement
of antimicrobial activity [3]. One of the protective agents
used to reduce the energy on the surface of the NPs is

chitosan. This is a natural polymer of high availability,
biodegradability, nontoxicity, biocompatibility, and with a
polycationic structure that allows to form chelates with anti-
microbial activity [4]. These characteristics make chitosan,
and other natural polymers, an ideal material to be used as
a support for metallic nanoparticles, with antibacterial
properties, for its potential use in replacement of some
conventional treatments with antibiotics [5, 6]. The rise of
bacterial strains with acquired antibiotics resistance in recent
years had been associated with the overuse of such drugs [7],
increasing the morbidity and mortality that can require a
greater cost of longer treatments including hospitalization
[8, 9]. Furthermore, it is unlikely that bacteria could develop
resistance to the NPs compared to antibiotics, since metals
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affect multiple targets in microbial cells including the cell
membrane, DNA, and enzyme activity [10, 11, 12].

The aim of this study was to develop an antimicrobial
agent with bactericide properties using a not conventional
formulation in which the quantum dots of gold, silver, and
copper supported in chitosan were used and their antibacte-
rial activity was proved against three pathogens (Escherichia
coli, Staphylococcus aureus, and Salmonella Typhi).

2. Experimental

2.1. Synthesis of Metal QDs (Au, Ag, and Cu) in Colloidal
Suspension. The solvent 2-ethoxyethanol (Merck p.a.), nitro-
gen and nitrogen gas (Linde), and ultrapure metals analytical
grade (Aldrich) were used. The colloids of Au, Ag, and Cu
were prepared by a method called Chemical Liquid Deposi-
tion (CLD). The method involved codeposition with physi-
cal metal vapor and organic vapor under high vacuum
pressure of 10-5 bar and temperature of 77K in a metal atom
reactor [13]. The metal quantum dots of Au, Ag, and Cu in
2-ethoxyethanol were synthesized at a concentration of
1:0 × 10−3 M (19.69mg Au, 10.77mg Ag, and 6.35mg Cu
in 100mL solvent). Then, those were characterized in order
to determine if this concentration will produce stable col-
loids. Finally, after the characterization, supported metal
QDs in chitosan were synthesized by the method of solvated
metal atom dispersion (SMAD). This method allows to pre-
pare very small particles due to the solvation of a polar
organic solvent and allows to incorporate them in polymer
either in a solid or liquid phase.

2.2. Characterization of Metal Colloids. Metal colloids were
characterized by Ultraviolet and Visible Spectroscopy
(UV-VIS) and transmission electron microscopy (TEM)
with X-ray diffraction (XRD). The absorption spectra of
UV-Visible NPs of colloidal solutions were measured by
the selection of wavelengths from 200 to 500nm at 25 ± 2°C
using a Shimadzu UV-spectrometer Corp, Kyoto Japan.
The colloidal dispersions were diluted about 0.1mL disper-
sion in 3mL of 2-ethoxyethanol solvent, prior to analysis to
avoid excessive concentration of colloidal particles and
higher absorption. For transmission electron microscopy, a
drop of colloidal dispersions was placed with their respective
solvent and dried on a copper grid of 150 mesh carbon-
coated. The transmission micrographs were obtained using
a JEM JEOL1200 EX microscope operated with an accelerat-
ing voltage of 120 keV; this equipment reaches a resolution of
4Å. Then, the equipment operates in X-ray diffraction
(XRD) to determine the chemical species of nanoparticles.
To obtain the size of the quantum dots, these will be deter-
mined by optical measurements (digital measurements in
pixels), where specific particle diameters were measured at
random by the Mac Biophotonics software Image J. Finally,
the data obtained are plotted in the form of a frequency
histogram with Gaussian distribution.

2.3. Synthesis of Metal Nanoparticles Supported in Chitosan.
Chitosan (Qs) with 95% deacetylation degree and molecular
weight 350.000Da provided by Quitoquímica Co. (Coronel,

Bío-Bío Region, Chile), 2-ethoxyethanol (Merck p.a.), liquid
nitrogen, ultrapure nitrogen gas (Aga), and metals of analyt-
ical grade (Sigma-Aldrich). The QDs (Au, Ag, and Cu) sup-
ported on chitosan were synthesized by the method of
solvated metal atom dispersion (SMAD). In the synthesis,
the solvent is responsible to open the polymer chains of
chitosan and allowed the inclusion of quantum dots [14].

The SMAD method involves the physical codeposition
vapor of metal-organic vapors (2-ethoxyethanol) in the same
physical conditions of the CLD method, but with the intro-
duction of chitosan in the reactor [15]. Also, ethanol was
used, basically both for their higher dielectric constant to
help colloidal stabilization. The solvent is recovered after
each reaction.

Two different concentrations of metal quantum dots
(MQDs) were synthesized labeled as [A], which has a concen-
tration of 5mg in 100mL of solvent and 2g of chitosan
(0.05g/L 2gQs), and [B] 10mg in 100mL of solvent and 2g of
chitosan (0.10g/L 2g Qs). In terms of molarity, labeling [A]
for QDs is as follows: Au 2:53 × 10−4 M, Ag 4:64 × 10−4 M,
and Cu 7:87 × 10−4 M supported in 2g of chitosan. The con-
centration [B] for QDs is as follows: Au 8:5 × 10−4 M, Ag
9:27 × 10−4 M, and Cu 15:7 × 10−4 M equally supported.

Since the concentrations in terms of molarity are differ-
ent, we carried out a synthesis of Ag QDs of7:87 × 10−4 M
in order to obtain a molar equivalence with Cu QDs, Cu
[A]-Qs and analyzed the influence on bacterial susceptibility
test. Doped chitosan with QDs and chitosan alone were sus-
pended at 1% (w/v) in 1% acetic acid and stored in the freezer
at 4°C in amber vials for the subsequent susceptibility test.
The MW of chitosan remains the same after the reaction.
There are other methods recently published to obtain nano-
particles [16, 17].

2.4. Characterization of Metal Nanoparticles Supported in
Chitosan. The NPs supported on chitosan were characterized
by measuring using the scanning electron microscopy (SEM)
with X-ray spectroscopy (EDX), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), and Fourier
transform infrared spectroscopy (FTIR). Transmission elec-
tron micrographs were obtained, placing a drop of colloidal
dispersion on a grid, let it dry, and then coated with gold
atoms for 3min with a thickness of 150Å. Then, the sample
is dried to finally be observed under the microscope JSM
6380LV-JEOL Scanning Electron Microscope with 20 kV
acceleration voltage. The TGA analysis for NPs supported
was performed taking place in a thermogravimetric analyzer
Q-1000 Thermo. The mass of the sample is generally in the
range of 7:0 ± 2mg. Samples were taken to a balance system
equipped, and the temperature was increased from 25°C to
550°C at a heating rate of 10°C/min under a nitrogen gas
atmosphere. To obtain the thermograms, the mass of the
sample is continuously recorded as a function of tempera-
ture. The DSC analysis for QDs supported took place in a
METTLER TOLEDO DSC analyzer, equipped with the
STAR MODEL 822 software system. The mass of the sam-
ple was in a range of 7:0 ± 2mg and a heating rate of
10°C/min under a nitrogen gas flow. The Fourier trans-
form infrared (FTIR) spectra were performed on a Nicolet
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Magna 5PC spectrophotometer, and KBr pellets 2% con-
centration were prepared using the Omnic 5.2a program
at room temperature.

2.5. Ultraviolet and Visible Spectroscopy. UV-VIS absorption
spectra of the colloidal quantum dots in solutions were mea-
sured by wavelength selection, from 200 to 500nm at 25°C,
using a UV–Shimadzu Corp spectrometer, Kyoto, Japan.
The baseline with the same solvent for the reaction was used,
and each QDs (gold, silver, and copper) was examined at
different times, to perform the study of the effect of sedimen-
tation or flocculation and how the size of the colloids influ-
ences it. Colloidal solutions were diluted at approximately
0.1mL of dispersion in 3mL of pure solvent prior to analysis
to avoid excessive agglomeration of colloidal particles and
their high absorption.

2.6. Thermogravimetric Analysis. TGA analyses for sup-
ported NPs are performed on a Thermo Q-1000 thermogravi-
metric analyzer. The mass of the NPs is 7:0 ± 2mg where
they are carried to a balance system equipped with a heating
temperature system that increases from 25 to 550°C with a
heating rate of 10°C/min in gas nitrogen flow. To obtain
the thermograms, the mass of the sample is continuously
recorded according to the temperature.

2.7. Antimicrobial Activity Analysis. Escherichia coli (ATCC
25922), Staphylococcus aureus (ATCC 29213), and Salmo-
nella Typhi (ATCC 9993) strain were used, and a stock of
them was maintained at -20°C in San Sebastian University
laboratory. All assay was performed in Mueller-Hinton
(Merck) broth or agar and was prepared according to the
manufacturer’s instructions and stored at 4°C.

Three different assays were performed to determine the
antimicrobial properties of chitosan-supported NPs.

2.7.1. Disk Diffusion Test. The disc diffusion test was per-
formed to determine the sensitivity of bacterial strains to
chitosan alone and gold, silver, and copper NPs supported
in chitosan (Au-Qs, Ag-Qs, and Cu-Qs). The assay was
performed according to (CLSI) [18] guidelines using disk
(6.3mm diameter) impregnated with 20μL of each solution
to be tested.

2.7.2. Serial Macrodilution Method. One of the methods used
to determine the minimal inhibitory concentration (MIC) is
the broth dilution method [18]. This is based on the decreas-

ing concentrations of an agent with antibacterial properties,
acting on a standard inoculum of the microorganism. To
achieve the macrodilution test in broth, an inoculum is ini-
tially prepared approximately at 106CFU/mL. Then, a series
of tubes were set up with a solution of each agent to study from
0.010% to 0.16% w/v (100 to 1600ppm) suspended in 1%
acetic acid plus 2mL of inoculum previously prepared around
1:0 × 106CFU/mL to finally produce an inoculum of 5 × 105
CFU/mL and allowed to incubate at 37 ± 2°C for 18-24 hours.
The equivalence to QDs is shown in Table 1. The tube with a
higher concentration that did not show growth, indicates the
MIC. From each tube with no growth, a sample of 0.1mL
was obtained and streak onto a Mueller-Hinton agar plate
and incubated 18-24 hours at 37 ± 2°C. The higher dilution
that did not shown growth of colonies in the plates was
considered the MBC (minimal bactericidal concentration).

2.8. Death Curve Determination for E. coli by Direct Plate
Counting Method. For death curve assessment, 10mL of
inoculum adjusted to 0.5 McFarland was added to 90mL of
fresh Mueller-Hinton medium to generate a final inoculum
of 1 × 107CFU/mL. A final concentration of 400mg/mL of
chitosan doped with gold (B = 8:5 × 10−4 M) and copper
(B = 15:7 × 10−4 M) was used (Au [B]-Qs and Cu [B]-Qs); a
positive control was prepared in the same way that of the sam-
ples but without chitosan/quantum-dots. All tests were done in
duplicate. The flasks were incubated at 37°C and 150 rpm.
Every two hours, the samples were taken to perform the count
of viable cells. For that, 1ml of each flask was added to 9ml of
sterile distilled water andmade serial dilutions 4 times to obtain
106, 105, 104, and 103CFU/mL of the original inoculum. From
each dilution, 0.1ml was spread onto a Mueller-Hinton agar
plate and incubated overnight at 37°C. Colony counts were
done using a Suntex 570 colony counter. The viable bacterial
counts were plotted against the exposure time of E. coli to anti-
bacterial agents and compared with positive control.

3. Results

3.1. Characterization of Metal Quantum Dots of Au, Ag, and
Cu in Colloidal Suspensions. The results determine that by
the CLD method using 2-ethoxyethanol, it is possible to
obtain Au, Ag, and Cu QDs with 10 ± 2:0 nm, 6 ± 1:3 nm,
and 10 ± 2:4 nm, respectively; to simplify, we round the
values obtained from the micrographs (Au 9:64 ± 2:00, Ag
5:50 ± 1:30, and Cu 10:0 ± 2:39 nm). Also, the prevalence of

Table 1: Equivalence of mix Qs-QDs tested with NPs (mg) present in each tube.

Concentration QDs 1600 ppm 800 ppm 400 ppm 200 ppm 100 ppm

A Au 40 20 10 5 2.5

A Ag 40 20 10 5 2.5

A Cu 40 20 10 5 2.5

B Au 80 40 20 10 5

B Ag 80 40 20 10 5

B Cu 80 40 20 10 5

[A] =5mg/100ml solvent (2 g chitosan); [B] =10mg/100ml (2 g chitosan).
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spheroidal shape QDs of the three metals was observed. This
can be correlated with the results of UV-VIS spectroscopy,
summarized in Table 2. The spectra obtained for each run
showed a single symmetrical band of surface plasmon
resonance, reaching for Au QDs in a wavelength range of
235-505, then 383 for Ag and 210-305 nm for Cu,
respectively.

Figure 1 shows the TEM images, with their respective
histogram for a total of 100 QDs. For Au, Ag and Cu QDs
solvated in 2-ethoxyethanol, Figure 2 shows the diffraction
pattern.

Using the ED pattern (Figure 2), it was possible to con-
firm the crystalline nature through Miller’s indices and the
presence of the Au, Ag, and Cu quantum dots at the nano-
metric level. Interplanar distances are from diffraction rings
and can be indexed according to the cubic structure centered
on the faces (fcc) of the metals. The Au’s QDs represent a
mixture of cubooctahedral and icosahedral systems; Ag’s
QDs a mixture of tetragonal, hexagonal, cubic, and trigonal;
and Cu’s QDs a cubic and trigonal system.

3.2. Characterization of Metal Nanoparticles of Au, Ag, and
Cu Supported in Chitosan. Through scanning electron
microscopy (SEM), differences were observed in the
morphology of the different composites obtained from the
synthesized colloids, being the chitosan-Ag the smoother
surface. Furthermore, EDX confirms the presence of the
metal on the surface.

The elemental analysis of each composite through disper-
sive X-ray spectroscopy (SEM/EDX) provides the Au quan-
tum dots [B] are those with the lowest atomic percentage
(0.06%) in the polymer surface compared to Ag and CuNPs.
This explains that the AuQDs are mostly absorbed by the
polymer, CuQDs [B], that have the highest metal percentage
(1.59%) which leads to greater instability and tendency to
agglomeration and oxidation. The results can be comple-
mented with those obtained by X-ray diffraction (XRD) of
the CuQDs. Obtaining absolute certainty of the composition
of metals in the polymer requires elemental analysis by
atomic absorption.

Figure 3 shows the SEMmicrograph and EDX analysis of
quantum dots supported on chitosan concentration [B].
TGA tests were performed for all blends metal polymer and
the polymer itself.

Table 3 summarizes the results of the percentage of
mass and atomic percentage of the QDs of Au, Ag, and
Cu in concentration [B], read in the graphs obtained in
Figure 3.

3.3. UV-Vis. The optical absorption spectra of metallic QDs
are referred to by surface plate resonances [20]. These reso-
nances are located at larger wavelengths as the particle size
increases. Figure 4 shows the result of the UV-VIS analysis
NPs after their synthesis (30min) and 3 months later. Only
a slight difference in the spectrum between the two is
observed, indicating the high stability of the QDs over time.

3.4. Thermogravimetric and Scanning Calorimetry Analysis.
Thermogravimetry analyses were performed for all polymer-

metal mixtures and for the polymer itself. Figure 5 shows the
TGA of chitosan, showing the respective temperature of the
maximum rate of decomposition and the behavior of the poly-
mer when it is heated above 100°C. There is a slight weight loss
around 100°C, which is attributed to the evaporation of water,
whose content is about 3 to 5%. The bottom line shows a sharp
decrease around 200°C, which ends up with the loss of almost
the entire sample.

The results of the thermogravimetric method show that
the thermal degradation of the MQDs supported on chitosan
has a decomposition temperature (DT) lower than the pure
polymer. This is because the metal QDs act as an impurity
lowering the temperature of decomposition of the latter,
which increases the entropy to be a composite. But in the
metals with higher oxidation potentials such as Ag and Cu,
the Td decreases with the amount of metal QDs. See
Figures 6, 7, and 8.

However, this difference between the pure chitosan and
chitosan doped with NPs is low and is within the range of
3°C, so the NPs did disrupt the inherent physical properties
of chitosan itself.

With respect to the DSC results, Table 4 summarizes all
the kinetic parameters for the thermal degradation of chito-
san and chitosan doped with MQDs. The DSC either exo or
endo shows values lower than pure chitosan; those results
confirm the influence as impurities of the nanoparticles.

3.5. Fourier Transformed Infrared Spectroscopy. FT-IR analy-
ses for solvent, chitosan, and metal NPs supported in Qs are
shown in Figure 9. Absorption spectra are analyzed in the
midrange and far range through the peaks obtained.

Table 5 presents the allocations of the peaks of the
solvent, chitosan, and NPs Au, Ag, and Cu in their two
concentrations ([A] and [B]).

The FT-IR analysis for the solvent, chitosan, and MQDs
supported was carried out in the middle and far range spec-
tra. The analysis can clarify that for midrange spectra, only
show typical absorptions of chitosan does not appear any
new absorption band of the polymer with the QDs. The anal-
ysis can clarify that for midrange spectra, only typical absorp-
tions of chitosan are shown and any new absorption band of
the polymer with the QDs does not appear. Evidence shows
the interaction between the amino groups of the Qs and the
atoms of the surface of MQDs. Also seen in this spectrum
are the new bands near 150 cm-1 which can be assigned to
metal-metal interaction (MM) of the quantum dots.

3.6. Antimicrobial Activity Analyses

3.6.1. Agar Diffusion Method. As expected, the best activity
was seen in all assay with a higher concentration of QDs

Table 2: UV-Vis spectrum of the Au, Ag, and Cu solvated in
2-ethoxyethanol.

Metal Experimental band (nm) Theoretic band (nm) [19]

Au 235-505 250-510

Ag 383 392

Cu 210-305 205-310
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Figure 1: TEMmicrograph and histogram of the size of NPs of (a) gold, (b) silver, and (c) of copper in 2-ethoxyethanol. The histograms show
the distribution of the diameter measurement of solvated metal NPs in 2-ethoxyethanol. The quantum dot size is as follows: Au 10 ± 2:00 nm,
Ag 6 ± 1:3 nm, and Cu 10 ± 2:39 nm.
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Figure 2: Diffraction pattern of solvated metal quantum dots in 2-ethoxyethanol: (a) gold, (b) silver, and (c) copper.

5International Journal of Polymer Science



([B]). As shown in Figure 10, a trend of increased susceptibil-
ity was found to E. coli especially to Au QDs.

However, for S. aureus, a best or similar activity was
shown using the lowest concentration [A] with all QDs. Anti-
bacterial activity was seen too in not doped chitosan against
the three tested bacterial strains.

3.6.2. Serial Macrodilution. Table 6 presents the results of
MIC andMBC obtained in each composite studied. As shown,
no correlation between QD concentration and CMI-CBMwas
observed in all cases. For example, E. coli present the same
MIC to AgQDs although [A] concentration is half of [B]
concentration. The same occurs with other microorganisms

and metal suggesting that metal concentration is not the only
variable that influences the antibacterial activity.

3.6.3. Dead Curve of E. coli. Figure 11 describes the death
curve of E. coli in the presence of gold and copper quantum
dots at a concentration of 0.1 g/L in 2 g of chitosan (concen-
tration [B]). The results show that E. coli is more sensitive
to copper QDs, producing the best bactericidal effect after
16 h of incubation with a reduction of 5 logs (3:3 × 107 to
3:7 × 102 CFU/mL). Conversely, the gold nanoparticles have
the major antimicrobial effect after 7 hours of incubation with
a slight reduction of 1 log (3:3 × 107 to 1:52 × 106 CFU/mL).

Full scale 1748 cts cursor: 0.000 keV
0 2 4

60 𝜇m Dectron image 1
6 8 10 12 14 16 18 20

keV

(a)

Full scale 1477 cts cursor: 0.000 keV
0 2 4 6 8 10 12 14 16 18 20

keV60 𝜇m Dectron image 1

(b)

Full scale 2347 cts cursor: 5.559 keV (52 cts)
0 2 4 6 8 10 12 14 16 18 20

keV60 𝜇m Dectron image 1

(c)

Figure 3: SEM and EDX elemental analysis of gold (a) silver (b) and copper (c) nanoparticles at a concentration of 0.1 g/L supported on
chitosan.
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4. Discussion

The size of nanoparticles synthesized ranged between 5 to
10 nm, and for that, we call them quantum dots [21, 22].
According to Shah et al. [10], silver QDs exhibit the antimi-
crobial effect in very low concentration due to a large active
surface area and high surface charge density, compared to
silver metal.

With regard to the ED of Au, QDs generally represent a
cube octahedral and icosahedral structure and the NPs of
Ag and Cu, a mixture of rectangular and cubic structures.
When considering the error rate, greater certainty is found
in the crystalline nature of the Au and Ag QDs, since there
is greater sharpness in the diffraction rings (Figures 2(a)
and 2(b)) with respect to Cu’s QDs (Figure 2(c)), so Ag’s
QDs would be the ones with the highest cubic crystallinity,
followed by Cu’s, while those of Au are entirely icosahedral
which could influence the difference in bactericidal activity
of QDs against E. coli and S. aureus cultures. The Au QDs
having an icosahedral structure have a greater area of contact
with the cell wall because this structure has 20 faces com-
pared to the Ag and Cu QDs, which have cubic structure
(smaller area). This would lead Au QDs to a greater interac-
tion between the metal structure and the phosphate groups
present on the cell surface, or the DNA present in the cell,
which would generate a greater biocidal effect on these two
pathogens.

When considering the three pathogens in the variance
analysis, Ag QDs ([A] and [B]) turn out to be the most

biocidal effect on these two pathogens, so more than the crys-
talline structure of the QDs and electronegativity [23]. It
seems that the size of these is what would most influence
the biocidal activity because it was shown that Ag has a diam-
eter (6:0 ± 1:3 nm) approximately twice smaller than Au and
Cu (10:0 ± 2:0 nm and 10:0 ± 2:3 nm, respectively).

Table 3: Percentage of mass and atomic of elemental analysis by
EDX of QDs of (a) gold, (b) silver, and (c) copper in the
concentration of 0.1 g/L.

(a)

Element % weight % atomic

C 55.2 62.5

O 44.0 37.4

Au 0.83 0.006

Total 100 —

(b)

Element % weight % atomic

C 69.1 76.3

O 28.2 23.4

Ag 2.76 0.34

Total 100 —

(c)

Element % weight % atomic

C 59.89 69.7

O 32.87 28.7

Cu 7.24 1.59

Total 100 —
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Figure 4: Cu, Ag, and Au QDs UV-VIS analysis in 2-ethoxyethanol
solvent.
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The elemental analysis of each composite by means of
dispersive X-ray spectroscopy (SEM/EDX) determines that
Au QDs, both in concentration [A] and [B], are those with
the lowest atomic percentage (0% for those of [A] and
0.06% for [B]) in the surface of the polymer compared to
the Ag and CuQDs. This could suppose that Au QDs are
absorbed by the polymer and tend to be less likely to oxidize,
unlike Cu [B] QD which has the highest percentage (1.59%
for [B]) leading to an increased instability and a tendency
to agglomeration and oxidation. But to have absolute cer-
tainty of the composition of the metals in the polymer,
elemental analysis by atomic absorption is required.

As for the results obtained in thermogravimetric
methods, it is observed that the thermal degradation of metal
QDs supported in chitosan has a lower decomposition
temperature than that of pure polymer. This is because the
covered metal nanoparticles act as an impurity by lowering
the decomposition temperature of the metal, which increases
entropy as it is a composite. However, this difference between
pure chitosan and doped chitosan QDs is sparse and is within
a range of 291-296°C, so QDs do not alter the inherent phys-
ical properties of the chitosan itself. MQDs generally
decrease Td, because they are incorporated, and increase sys-
tem entropy. In addition, DSC shows that all QDs undergo
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Figure 5: TGA of chitosan shows the decomposition temperature (295.18°C) obtained at a heating rate of 10°C/min in nitrogen gas flow.
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the same transition change as chitosan when subjected to
heating of 10°C, i.e., they go through a cold crystallization
prior to the fusion process.

FT-IR analyses confirm the interaction of gold, silver, and
copper QDs due to the M-N (Metal-Amine) groups of the
chitosan. A decrease in the absorption wavelength of M-N
occurs due to the back bonding of nitrogen electrons into
the orbitals of the metal. Due to the presence of the M-M
(Metal-Metal) interaction present in the far infrared, it is
clear that there is a duality of metal particles, presenting the
two forms, oxidized and nonoxidized of metal QDs. This
may be because 2-ethoxyethanol is used as a solvent in the

stirring stage within the reactor, which can oxidize the sup-
ported colloid in the polymer matrix, even if it is dry. Accord-
ing to Mayer et al. [24], MQDs are encapsulated in a sphere
of solvation that helps stabilize QDs with subsequent inclu-
sion in the chitosan matrix at the time of synthesis. Also
checked in the FT-IR is the M-O (oxygen - OH of the
solvent) stretch that is generated in the far range, which
determines the interaction of the metal particles with the
electron pair of the 2-ethoxyethanol OH functional group,
through the M-O bond. In addition, the results show high
carbon content present in metals so that the above men-
tioned by Mayer et al. [24] is met.
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Figure 7: TGA Cu [A]-Qs QDs. The decomposition temperature of the compound (292.21°C) at a heating rate of 10°C/min in gas
nitrogen flow.
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In microbial susceptibility tests, both agar diffusion and
macro serial dilution show a tendency of a best antimicrobial
activity of QDs at concentration [B] against Gram-negative
(G(-)) bacteria (E. coli and S. Typhi) and concentration [A]
on Gram-positive (G(+)) S. aureus. This may be due to the
structure of the cell wall where the G (-) have an outer
membrane with lipopolysaccharide (LPS), which is a highly
electronegative charge. On the other hand, the teichoic acid
present on the surface of G(+) bacteria is less electronegative,
which would generate more adsorbed chitosan on Gram-
negative bacteria and therefore greater inhibitory effect, which
is why according to Chung et al. [25], increased antimicrobial
activity is obtained against E. coli culture than in S. aureus.

The lower inhibition zone shown by S. Typhi means that
this microorganism was the most resistant to the tested com-
pounds. This result is consistent with macrodilution in broth.
This may be due to the chemical composition of the LPS

layer, which is composed of sugars such as galactose, glucose,
rhamnose, and mannose that form sequences of four or five
units that are often branched. This can be an obstacle for
the binding of chitosan to fatty acids present in the LPS by
an amino ester bond [26]. Another factor that could influ-
ence the resistance of this bacteria is its ability to survive at
low pH media and the presence of many organic acids [27],
and the chitosan-QDs were solubilized in 1% acetic acid.

The low ratio MBC/MIC (1 or 2) observed means that
NPs have a predominantly bactericidal behavior [28]. The
Ag NPs showed the best antibacterial effect expressed as the
lower MIC for the bacterial strains tested. This could be
explained because Ag’s NPs are the smallest, which would
facilitate their entry into the cell and hence its attack mecha-
nism [29].

A best antibacterial effect was observed in the chitosan-
supported metal QDs, compared to nondoped chitosan at

Table 4: Summary table of kinetic parameters for thermal degradation of chitosan and chitosan doped metal nanoparticles (MQDs).

Polymer
Concentrations

Mð Þ × 10−4 DT (°C)
DSC EXO
mJ(–) (°C)

DSC ENDO
mJ(–) (°C)

Qs 1111 295.18 1838.5 (96.7) 1800.1 (308)

Au [A] 2.5 294.45 1124.7 (95.5) 901.47 (309)

Au [B] 5.1 294.84 859.63 (90.6) 833.20 (307)

Ag [A] 4.6 293.93 808.90 (99.5) 1025.3 (310)

Ag [B] 9.3 293.37 1302.2 (98.4) 1365.3 (307)

Cu [A] 7.9 292.21 1613.9 (103) 1107.4 (306)

Cu [B] 15.7 291.60 641.90 (100)
85.400 (306)
8.110 (338)
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Figure 9: Far infrared spectrum for gold quantum dots (Au [A]-Qs) supported in chitosan.
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2% (w/v) which means that the combined antibacterial effect
of chitosan and QDs had a synergistic effect.

It was also observed that Ag NPs synthesized at a concen-
tration 7.7M (molar concentration equal to Cu [A] QDs)
show statistically different results from MIC to the treat-

ments Ag [A], Ag [B], and Cu[A], so the wrapped metal
and concentration are not the only variables that influence
bacteriostatic activity.

The results of the death curve of QDs of Au [B]-Qs and
Cu [B]-Qs against E. coli show that Cu-QDs has the higher

Table 5: FT-IR spectra in mid and far range of solvent, chitosan, and Au, Ag, and Cu solids supported in chitosan.

Characteristic bands Solvent Chitosan Au [A] Au [B] Ag [A] Ag [B] Cu [A] Cu [B]

Axial stretching -OH and -NH2 3464 3375.62
3464.46
3289.85

3472.0
3290.46

3419.3 3426.71 3427.43 3425.01

Asymmetrical axial stretch -C-H2 2918.5 2930.83 - - 2920.25 2912.56 2919.76 2920.99

Symmetrical axial stretch -C-H2 2875 - 2875.84 2878.22 2873.83 2874.78 2866.47 2862.62

Stretch -C=O - 1558.61 1596.72 1596.88 1648.71 1601.51 1641.54 1721.70

Balancing -CH2 1417 1411.46 1425.75 1426.19 1425.57 1426.08 1431.76 1426.10

Coupled deformation modes of H-C-H; C-H; -C-OH
1291
1231
1170

-
1331.02
1259.37

1327.25
1255.64

1329.87
1260.72

1329.87
1256.88

1321.58
1318.34
1264.56

Stretching of C-O and C-O-C 1057 1151.50 1090.31 1087.60 1089.76 1091.70 1084.41 1087.09

Stretching ѵ (M-O) - 517.11
571.95
521.23

564.78
515.23

578.12
522.77

579.96
522.17

584.34
524.53

518.15

Stretching ѵ (M-N) - - 422.62 420.22 417.61 418.34 419.43 -

δ(CH) ρ(COO) - 356.29 355.79 354.67 354.52 355.02 355.36 354.06

N-M-N - - 265.95 264.50 267.41 265.87 - 265.59

M-M - - - - 114.97
164.93
112.39

168.16
112.55

113.61

3.5

3.0

2.5

E.coli
S.aureus

S.typhi

2.0

1.5D
H

I (
m

m
)

1.0

0.5

0.0

Agent

Q
s 1

%

Q
s 2

%

Au
 [A

]-
Q

s

Au
 [B

]-
Q

s

A
g 

[A
]-

Q
s

A
g 

[B
]-

Q
s

Cu
 [A

]-
Q

s

Cu
 [B

]-
Q

s
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bactericidal activity after 16 h incubation, but after two hours,
the effect is similar to the maximum obtained by Au QDs.
These differences could be explained by the different action
mechanisms of metals, which both interfere with the mem-
brane structure, but copper nanoparticles produce multiple
other toxic effects such as reactive oxygen species generation,
lipid peroxidation, protein oxidation, and DNA degradation
so its lethality is greater [30, 31, 32].

5. Conclusions

Through the synthesis process used in this research (CLD), it
was possible to obtain QDs of Au, Ag, and Cu of relatively
small size (6.0–10.0nm on average) and uniform distribution.

The results obtained by UV-Vis and TEM confirm the
presence of metals in colloidal suspension.

In the supported metal QDs, SEM with dispersive X-ray
spectroscopy (EDX) makes it possible to corroborate the
presence of metal clusters supported in chitosan, where the
results obtained by the FT-IR method, in the far range, dem-
onstrate that there is an interaction between the supported
QDs in chitosan with the polymer matrix.

Thermal methods verify that the nanometals incorpo-
rated in the Qs do not lose the inherent thermodynamic
properties of the polymer matrix and that these composites
are stable up to 250°C.

The QDs of Au, Ag, and Cu obtained by the CLD
method, supported in Qs by the SMAD method, and the Qs
themselves, have antimicrobial activity and are demonstrated
in diffusion assays in agar and in macrodilution in broth
against E. coli, S. aureus, and S. Typhi strains, where the con-
centration, size, and crystalline structure of QDs together
with the structure of the cell surface and the age of the culture
influence the mentioned activity.

The results show that the MIC and disk diffusion test
must be complemented with a death curve because the effect
in the time of nanoparticles is quite different although the
MIC were similar.

Data Availability

The data and additional material that support this study
can be acquired directly in communication with the corre-
sponding author.

Table 6: Comparison of the MIC and MBC of samples against E. coli, S. aureus, and S. Typhi.

Treatments
Escherichia coli Staphylococcus aureus Salmonella Typhi

MIC MBC MIC MBC MIC MBC

Au [A] 400 400 400 400 800 1600

Au [B] 200 400 400 1600 800 1600

Ag [A] 200 400 200 800 400 800

Ag [B] 200 400 400 1600 400 800

Cu [A] 400 800 200 800 400 800

Cu [B] 200 400 200 800 800 800

Qs 1% 400 400 400 400 800 1600

Qs 2% 800 800 800 800 800 1600
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Figure 11: Death curve for E. coli exposed to the agent Au [B]-Qs and Cu [B]-Qs.
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Titanium dioxide nanoparticles (TiO2-NPs) have great importance for plant nutrition and growth, at little concentrations. The
bioactive polymer chitosan and its NPs provide outstanding characteristics for capping and enhancements of nanometals. The
phytosynthesis of TiO2-NPswas promisingly achieved using an extract of pomegranate rind, whereas the fungal chitosan (FCt)
was produced from Aspergillus brasiliensis biomass and was transformed to nanoform. The phytosynthesis of TiO2-NPs
generated homogenous spherical particles with 13 to 64 nm range and 37 nm mean size. The extracted FCt had 92%
deacetylation degree and a molecular weight of 28,400Da. The infrared spectral analysis of TiO2-NPs, FCt-NPs, and their
nanocomposite indicated their functional groups and biochemical interactions. The released amounts of TiO2-NPs from their
nanocomposite with FCt–NPs were 31% and 50% after the first and third hour, respectively. The nanocomposite film had a
faster hydrodegradability rate which resulted from TiO2-NP addition. Therefore, the fabricated nanocomposite from FCt/TiO2-
NPs could have elevated potentiality for application as liquid spray for foliar feeding or as powder for soil amendment.

1. Introduction

Titanium (Ti) element has important biological consequence
for plants, being advantageous at lower concentrations and
potentially toxic at higher ones, but with miniature toxicity
toward animals or human [1]. Whereas TiO2 antimicrobial
potentiality was reported against many microorganisms
[2, 3], it has many beneficial consequences for plant physio-
logical attributes, especially at little dosages (the Ti contents
in plant dry weight ranged from 1 to 1000mg/kg with profit-
able application range of up to 100mg/L), including their
elemental contents, biomass yield, chlorophyll contents,
and foliar growth [4–6].

Nanofertilizers emerged as promising candidates for
enhancing micronutrients’ uptake efficiency; their successful
practical applications promoted the search for more systems
to improve their delivery, e.g., nanocarriers and nanocom-

posites [7, 8]. Formulated nanofertilizers could have slower
release of nutrients, which improves their usage, solubility,
bioavailability, and dispersion [7]. Compared to traditional
fertilizers, nanofertilizers could be absorbed by crops easily,
with sustained nutrient delivery into soil/plant [8].

While numerous metals/metal oxide NPs were effectu-
ally applied in plant-related sciences (including TiO2, ZnO,
AgNO3, Fe3O4, and CeO2), TiO2-NPs represented the
most frequently applied nanometals in agricultural investi-
gations [5, 9].

The practical exogenous applications of TiO2-NPs in
crop propagation indicated their efficacy for enhancing plant
performance, biomass production, photo-reduction activi-
ties, and nitrogen assimilation [10, 11]. Moreover, these
micronutrient NPs could protect chloroplast membranes
from rеactivе oxygеn spеcies (ROS) attacking and destruc-
tion [4]. TiO2-NPs can also improve other native nutrient
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utilization via support of beneficial microbial activities [12].
The TiO2-NPs were effectually phytosynthesized (synthesis
enforced by plant derivatives) using extract of various parts
of plants [13–15], which was advised for increasing the
process safety, feasibility, and efficiency.

The biosynthesis (green synthesis) of nanomaterials has
recently become a key method for preparation of many bio-
active NPs with augmented activity and reduced toxicity
during their preparation and applications; the synthesis
could be enforced by NPs incorporation with numerous
types of biopolymers [16–18].

Biosynthesized nanometals and nanocompounds were
validated as effectual and powerful antimicrobial agents in
biomedical fields and their successful applications were
proved [19–21].

The extract of pomegranate rinds (PRE), as a byproduct
with plenty of valuable phytochemicals and biological activi-
ties, was employed for the green phytosynthesis of many
metal NPs including silver, iron, and zinc [22–24], as the
PRE exhibited strong reducing capability for these metals.

Chitosan (Cts), the astonishing derived amino poly-
saccharide from chitin deacetylation, possesses plentiful
advantageous attributes (e.g., its biosafety, biodegradability,
biocompatibility, nontoxicity, and efficacious bioactivities)
[25]. The extraction of Cts from different fungal biomasses
was promisingly achieved [26, 27]; this fungal chitosan
(FCt) had comparable or superior bioactivities than commer-
cial Cts from crustacean shells.

The polymer NPs, particularly from Cts and FCt, are well
proved for their surplus functionalities and bioactivities as
nanocarriers, biochelators, antimicrobial, biosorbent, and
plant protectant agents, in individual or composited forms
with other bioactive compounds and nanomaterials [28–30].

The application of Cts and FCt-NPs was advised for soil
and water remediation from heavy metals due to their capa-
bilities for heavy metal chelation/adsorption [28, 29].

The incorporation of TiO2 with Cts was reported to
improve the composite structural, mechanical, optical, textural,
vapor barring, and thermal properties and its biodegradability
[31]. These composites had also augmented antimicrobial,
viscoelastic, and biocompatibility attributes [3, 32, 33].

Accordingly, the intentions from this investigation were
to phytosynthesize TiO2-NPs using PRE, extract FCt from
grown mycelia of Aspergillus brasiliensis and transform it to
NP form, then to conjugate both NPs for augmenting their
release pattern and hydrodegradability.

2. Materials and Method

2.1. Pomegranate Rinds’ Extract (PRE) Preparation. Organic
pomegranate fruits (Punica granatum L.), obtained from
international markets in KSA, Jeddah, were used in study.
Fruits were disinfected (using 5% sodium hypochlorite
solution) and peeled and their rinds were dried (for 50 h
at 48 ± 2°C) and ground to 60-mesh powder size. The PRE
was prepared through powder immersion for 36 h in ethanol
(70%) with agitation then filtration to have the extract, which
was vacuum dried at 42°C and resuspended in deionized
water (DIW) to have 10%(w/v) concentration [34].

2.2. Phytosynthesis of TiO2 Nanoparticles. Titanium (IV)
chloride (TiCl4, Sigma-Aldrich, Saint Louis, MO; purity ≥
99:9%) was the precursor for TiO2-NP phytosynthesis.

For TiO2-NP phytosynthesis, 50mL of TiCl4 solution in
DIW (95mg/mL) was mixed with equal volume of PRE
with strong stirring for 60min at 25 ± 1°C. The changing
solution color to whitish-brown indicated TiO2-NP syn-
thesis. Ammonium hydroxide solution (0.2M) was slowly
added to NP solution under stirring at 25 ± 1°C, until
reaching alkaline pH of 8.0 and precipitate formation. The
precipitated TiO2-NPs were collected via centrifugation (at
8600°g), washed with ethanol (95%), recentrifuged, and
calcined at 470 ± 5°C for 200min, then powdered finely.

2.3. Preparation of Fungal Chitosan/TiO2-NP Composite.
Grown mycelia of Aspergillus brasiliensis (ATCC-16404),
after aerobic propagation in broth media of potato dextrose
(containing infusion of 200 g potato+20 g dextrose/L), were
used as chitosan source by extraction according to Tayel
et al. [26]. Briefly, inoculated fungal conidial suspension
(106 spores/mL), in 500mL of broth medium, were incu-
bated aerobically under stirring (120 g) for 6 days at
28°C.The FCt extraction involved fungal biomass harvesting
and washing with DIW, treatment with 20 folds (v/w) from
1M of NaOH then HCl and finally deacetylation by treat-
ment with 20 folds from 60% (w/v) NaOH solution for
60min at 110°C.

Thе molеcular wеight of FCt was dеtermined by gеl
pеrmeation chromatography (GPC) with thе following
spеcifications: GPC (PN-3000), together with a refractive
index detector (PN-1000) from Post-nova analytics, Eresing,
Germany, was operated at15°C and 90°C. Thе usеd columns
for dеtection werе Nuclеogel GFC 1000-8 (Machеrey-Nagеl
GmbH & Co. KG, Dürеn, Gеrmany) and Gral300 by (Poly-
mеr Standards Sеrvicе GmbH, Mainz, Gеrmany). Standard
pullulans (with molеcular wеight of 11,800, 47,300, 112,000,
and 780,000) wеrе usеd for calibration.

The calculation of FCt deacetylation degree (DD) was
based on its infrared spectral analysis using FTIR (Fou-
rier-transform infrared spectroscopic -FTS 45, Bio-Rad,
Germany), using the absorbance ratios at A1655/A3450.2.4.

The FCt-NP synthesis employed ionotropic gelation
method (based on the electrostatical interaction of positively
charged FCt molecules with the negatively charged pentaso-
dium tripolyphosphate “Na-TPP”, Sigma-Aldrich, St. Louis,
Mo.); FCt solution (0.5% w/v) in 1.5% acidic solution
(CH₃COOH, Sigma-Aldrich) was prepared and sonicated at
50W for 20min (Braun-Labsonic, Germany). Equal volume
from Na-TPP solution (of 0.5% w/v in DIW) was slowly
dropped into stirred FCt solution, then resonicated and
centrifuged (at 8400 × g for 25min). The obtained FCt-NP
pellet was sonicated after suspension in DIW and recentri-
fuged [29].

Later, 500mg of FCt-NPs (dissolved in 50mL of 1.5%
acetic acid solution) and 50mg from TiO2-NPs (dispersed
in 5mL of DIW) were combined and then sonicated for
30min. The uniform composite emulsion was further
magnetically stirred for 250min to enforce NP crosslink-
age [3].
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2.4. Characterization of Synthesized Nanoparticles. The FTIR
spectroscopy was employed for analyzing the functional
groups of NPs and nanocomposite (TiO2-NPs, FCt-NPs,
and FCt/TiO2-NPs) at a wavenumber range of 550-
4000 cm-1, after integration of NPs with 1% KBr. The
TiO2-NP size distribution and charges were estimated via
PCS (photon correlation spectroscopy, Malvern™ Zetasizer,
Malvern, UK), and their structure was further confirmed
via TEM (transmission electron microscopy; Leica™
Leo0430, Cambridge Ltd., UK). The surface morphology
and appearance of the nanocomposite were screened using
SEM imaging (scanning electron microscopy, JEOL JSM-
IT100, Tokyo, Japan).

2.5. TiO2-NP Release from FCt Nanoconjugates. The dis-
persed TiO2-NPs in FCt solution was ultrasonicated for
120min and dispensed onto Petri plates; then, their solvent
(acidified DIW, pH5.2) was vacuum evaporated for 16h.
The dried formed films were peeled and immersed in 50 folds
(w/v) from neutral DIW, which were agitated at 320 × g, and
10mL from the supernatants was gathered for 180min, with
30min intervals. Samples were analyzed for Ti content
according to Korn et al. [35], involving treatment with 40
folds (v/w) from concentrated hydrofluoric (50%) and
sulfuric (98%) acids then dilution with 3% HNO3 and ion
determination using ICP (inductively coupled plasma optical
emission spectrometer, OES-5110, Agilent Inc. Santa Clara,
CA).Thе еxpеrimеnts wеrе pеrformеd in triplicatе and thеir
mеan valuеs wеrе calculatеd.

2.6. Hydrolytic Degradation of NPs-Based Films. The hydro-
lytic degradation percentage of NPs-based films (FCt-NP
and FCt/TiO2-NP composites) was pеrformеd in triplicatе
at 25 ± 2°Cfor 10 h, with 60min intervals, using 10 × 10mm
film squares. The NP films were immersed in neutral DIW,
with slow stirring, for each interval time; then, they were
attained via filtration to disregard DIW and dissolved mate-
rials. The residual films were vacuum dried and weighed to
assess their mass loss [36].

3. Results and Discussion

3.1. TiO2-NP Phytosynthesis Using PRE. The TiO2-NPs could
be successfully synthesized using PRE, as evidenced from
their characterization (Figure 1). The phytosynthesized
TiO2-NPs appeared with spherical and matched shapes with
slight NP agglomerations (Figure 1(a)). The TiO2-NP size
distribution ranged from 13.42 to 63.84 nm, with 34.21 nm
median size and 36.71 nm mean size (Figure 1(b)). The
recorded Zeta potential average for these phytosynthesized
TiO2-NPs was –24.8mV.

Numerous bioactive compounds are contained in PRE,
including polyphenols, vitamins, flavonoids, esters, and pro-
tein. The polyphenols, vitamin C, and many other phytocon-
stituents contain extensive hydroxyl groups with strong
reducing capability [22]. PRE was acknowledged to contain
extraordinarily elevated phenolic compounds as natural
antioxidants sources [37]. Thus, these biactive phytoconsti-
tuents are assumingly the one responsible for reducing
TiO2 to their NP form.

The PPE was effectively employed for the phytosynthesis
of many metal nanoparticles, e.g., silver, gold, and zinc
[22, 23, 38]; this is matching with its capability forTiO2-
NP synthesis in current study.

3.2. Fungal Chitosan Extraction. The chitosan was effectually
extracted from A. brasiliensis mycelia; the extracted FCt had
a molecular weight of 28,400Da with 92.1% deacetylation
degree.

The successfulness of FCt extraction from A. brasiliensis
confirmed foregoing investigations that reported the fungi
potentialities as sustainable alternative sources for Cts pro-
duction [26, 28, 29, 39]; these reports applied the extracted
FCt, from varied fungal genera, in the environmental and
biomedical fields.

3.3. Nanoparticle Characterization. The FTIR spеctral еvalu-
ation was conducted for FCt-NPs, TiO2-NPs, and their nano-
composite (FCt/TiO2-NPs) to appraise their biochemical
bonds and the potential interaction/crosslinkage between
the synthesized NPs. For TiO2-NP spectra (Figure 2, TiO2-
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Figure 1: Phytosynthesized TiO2 nanoparticles, indicating their morphological features using TEM (a) and particle size distribution (b).
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NPs), the representative broad peak of Ti–O–Ti stretching
was detected around 612 cm-1 wavenumber. The appeared
vibrated bands at 1107 and 1120 cm-1 are specified the
stretching/bending modes of CH3 and Ti–OH, respectively,
of the NPs surface groups [40].

The sharp peak (at 1638 cm-1) and the broad peak (at
3405 cm-1) are mainly attributed to the NP adsorbed water
and occurrence of hydroxyl groups, respectively [14]. The
hydroxyl groups’ presence is commonly involving the photo-
catalytic activity augmentations; with the increased amount
of OH− on TiO2-NP surface, their higher electron trans-
portability and enhanced photocatalytic activity could be
assumed [41].

The appeared peak at 651 cm−1 in TiO2-NP spectrum
conceivably indicated the involvement of Ti anatase phase
in phytosynthesized NPs; this phase could be further con-
firmed via X-ray diffraction (XRD) analyses. Conversely,
the disappearance of any peaks around 2900 cm−1, which
indicates C−H stretching, validated that subtraction of the
entire PRE organic components from the TiO2-NP sample
during their calcination [14].

For FCt-NP spectrum (Figure 2, Cts-NPs), the strong
wide peak around 3453 cm-1 could correspond to combined
O–H stretching and hydrogen bonding; the peak wideness
with increased intensity could indicate hydrogen bonding
enhancement after NP synthesis [30]. The FCt-NP spectrum
displayed also (at 1171 cm–1) a sharp indicating peak for
P=O, due to crosslinkage of FCt with TPP. The main charac-
teristic absorption peaks of FCt were detected at 1714 cm-1

(C=O carbonyl stretching within the secondary amide I
band), at 1541 and 1322 cm−1 (the bending vibration of

N–H in amide II and the amide III absorption, respec-
tively), and at 1083 cm-1 (due to C–O–C stretching).

For FCt/TiO2-NPs, the appeared peak at 1391 cm-1 indi-
cates the CH3 band stretching vibrations in the nanocompos-
ite [32, 33], and the TiO2-NP incorporation had obvious
impact on the intensities of characteristic peaks (Figure 2,
Cts/TiO2-NPs).

The nanocomposite spectrum displayed many character-
istic bands and peaks from both FCt-NPs and TiO2-NPs
(designated by the vertical lines on the figure). The Ti–O
band within 550–700 cm-1 range designated TiO2 immobili-
zation onto FCt matrix [42]. Compared with pure FCt-NP
spectrum, many corresponding bands to amino, hydroxyl,
and amide groups were shifted in FCt/TiO2-NP composite
spectrum; these IR shifts confirmed the interaction between
both the conjugated NPs.

The composited FCt/TiO2-NP microstructure and
morphology were elucidated using SEM imaging (Figure 3);
they appeared with homogenized spherical shapes with some
aggregation due to polymer collapse. The TiO2-NPs were
mostly capped with FCt-NPs and composed uniform mix-
tures, as was formerly reported [33, 42]. The low aggregate
size in the nanocomposites is assumingly attributive to the
organic nature of FCt that could hinder the aggregation of
TiO2-NPs [43].

3.4. Release Pattern of TiO2-NPs from FCt–NPNanocomposite.
The release pattern of TiO2-NPs from their nanocomposite
with FCt–NPs is performed throughout 180min releasing
time (Figure 4); the released TiO2 amounts from the nano-
composite were 31.2% after the first hour and reached 50.2%
at the experiment end. The release pattern TiO2-NPs and its
influence with stirring time was indicated from other colloids,
cream, and sunscreen [44, 45]; the TiO2 release percentages in
these studies were higher than the obtained values in a current
study, which indicate the high capability of FCt-NPs for
entrapping and capping the TiO2-NPs and preventing them
from disintegration. The main suggested factor for TiO2-NP

4000 3500 3000 2500
Wavenumber (cm-1)

Cts-NPs

TiO2-NPs

Cts/TiO2-NPs

2000 1500 1000 550

Figure 2: Infrared spectral analysis (FTIR) of chitosan
nanoparticles (Cts-NPs), titanium dioxide nanoparticles (TiO2-
NPs), and their composite (Cts/TiO2-NPs).

Figure 3: Scanning electron micrograph of nanoparticles
composited from nanochitosan and nano-TiO2.
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releasing could be the degradation of FCt-based film that
assists the liberation of capped metal NPs.

The controlled release of TiO2-NPs, via their conjugation
with FCt-NPs, is highly important for sustained fortification
of plants with Ti ions for longer times and required concen-
trations [12, 46].

Many patents and inventions advocated TiO2-NP appli-
cations in plant fertilization purposes, either as liquid or
colloidal compositions, which could promote foliar and root
growth [6, 12]; this supports the potential application of
current fabricated FCt/TiO2-NP composites as sustained
and controlled source of Ti ions for plant fertilization. In
addition, the controlled release of Ti, via incorporation in
FCt/TiO2-NP composites, could be highly beneficial for
providing the plant with this essential element without its
potential toxicity at higher doses [6]. The sustained release
of TiO2-NPs could, additionally, provide advantageous
long-lasting antimicrobial potentiality against the pathogenic
microbial communities in treated soils [2, 3], whereas the
application of TiO2-NP fertilizers was statеd to havе no еffеct
on thе community structurе of еithеr rhizobia or arbuscular
mycorrhizal fungi that colonized plant roots, at any concеn-
tration [47]. This expected antimicrobial power from FCt/
TiO2-NPs could have influential consequences to protect
soils and plants from pathogenic microbes.

3.5. Hydrolytic Degradation Patterns of Nanocomposed Films.
The hydrolytic degradation patterns of composed films from
FCt–NPs and FCt/TiO2-NPs are illustrated in Figure 5. Both
NPs-based films were gradually degraded and lost their
weights with prolongation of experiments; the FCt/TiO2-
NPs-based film showed faster degradation than FCt–NPs-
based film. The FCt/TiO2-NP film completely degraded after
7 h of treatment, whereas the FCt–NPs film lost 67.4% of its
weight at this time and its degradation percentage was
93.2% after 10 h of treatment (Figure 5).

The degradation rate of FCt/TiO2-NPs-based film could
be correlated with TiO2-NP release from this nanocomposite,
as the degradation rate was 42.8% after 3 h and the liberated
TiO2-NPs was slightly higher than this percentage, at the
same time. The excess liberated amounts from the nanopoly-
mer composite are assumingly due to decreased electrostatic

bonds between them and electron exchanges within the
nanocomposite after its hydrolytic destabilization [36, 48].

Theoretically, TiO2-containing films are assumed to have
a slower rate of degradation because of the antimicrobial
action of TiO2-NPs that can retard microbial degradation
of composited films [48], but the composed films from the
PLA/TiO2 composite exhibited greatly higher hydrolytic deg-
radation rate than films from PLA resin [36]; this increased
degradability of TiO2-incorporated films was attributed to
the photodegradation properties of TiO2-NPs, which is
activated by NP exposure to UV and visible lights and lead
to faster degradation of their composited films [36, 49]. These
harmonized results with ours could advocate the incorpora-
tion of TiO2-NPs into nanocomposites to control their
hydrodegradability [42]. Additionally, the improvement in
the biodegradability of chitosan/TiO2 hybrid composite was
reported as a TiO2 dose dependent [31, 48], which advocates
further experiments to specify the exact optimum TiO2-NPs
for controlling films’ degradability.

However, the fabricated nanocomposite here from FCt/
TiO2-NPs could have elevated potentiality for application
as liquid spray for foliar feeding or as powder for soil amend-
ment [50].

4. Conclusion

The phytosynthesis of TiO2-NPs was innovatively achieved
using PRE and their nanocomposites with FCt-NPs had
homogenous organization and miniature sizes. The nano-
composite had a faster hydrodegradability which resulted
from TiO2-NP addition, which advocates its application as
liquid spray for foliar feeding or as powder for soil amend-
ment. These formulated nanocomposites could be possible
candidates for application as nanofertilizers to deliver TiO2-
NPs into plants in a controlled manner. However, more
investigations are required to judge the practical application
of FCt/TiO2-NP nanocomposite as a fertilizer.
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Thermal characterization of some multifunctional environmentally friendly materials based on plasticized poly (lactic acid)
(PLA)/chitosan (CS) and rosemary extract (R) previously obtained is presented. Differential scanning calorimetry (DSC)
associated with other complex investigations such as chemiluminescence and coupled thermogravimetry (TG)/Fourier-
transform infrared spectroscopy (FT-IR)/mass spectroscopy (MS) was performed in order to test both the thermal behavior and
the biocomposition–property relationship. It was established that the rosemary ethanolic extract offers an efficient protection
against thermoxidative degradation to the new developed plasticized PLA-based biocomposites which show good thermal
properties, being suitable for both medical and food packaging applications.

1. Introduction

The green and biodegradable composites are interesting
materials for environmental-friendly food packaging and
biomedical fields.

However, biodegradable polymers cannot be widely used
because of their high prices, low thermostability, andmechan-
ical properties [1]. Among the biodegradable polymers, poly
(lactic acid) (PLA) is a reliable alternative, being a biobased
material with good clarity, high strength, and moderate
barrier properties. PLA has biodegradability and annually
renewable availability and can be processed by standard melt
processes such as injection moulding, film blowing, or melt
spinning [1]. Industrial implementation of PLA-based mate-
rials is impeded due to its low thermal stability, sensitivity to
hydrolysis, low crystallization rate, and high brittleness. PLA
is degraded during thermal processing or under hydrolytic
conditions, resulting in rapid reduction of molecular weight
that affects the final properties of the materials [2, 3]. Most

reported data indicates that its thermal degradation occurs
either by a random main-chain scission reaction [4], as well
as by depolymerization, oxidative degradation, and transes-
terification reactions [5, 6] The reaction was found under
these experimental conditions to be of first order with an acti-
vation energy of 94.0 and 105.3 kJ/mole and preexponential
factor 6:43 × 105 and 1:91 × 106 s-1, respectively [7]. More-
over, reactive end groups, residual catalyst, unreacted starting
monomer, and other impurities may influence the PLA
thermal degradation [5] Many efforts were made to suppress
polymer degradation in the melt [8] or to accelerate degrada-
tion of worn-out PLA-based products/waste. Its serious draw-
backs consist of low deformation at break but with high
modulus and low heat resistance. PLA has very low crystallin-
ity, leading to inferior thermostability problems during its
long service life [9–12]. Therefore, some properties required
to be improved. Different solutions have been tested to over-
come them making PLA suitable for competing against oil
derivative polymers. PLA needs to be modified to improve
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its processing or material properties. Several heat resistance
modification methods have been applied, such as nucleating
agent addition, fiber reinforcement, compounding, blending,
stereoisomer complexation, copolymerization, chemical
modification, and additive incorporation [13, 14].

The additives (nucleating agents, natural additives, stabi-
lizers, etc.) when used in a concentration range between 1
and 5wt% have no effects on film transparency. At loadings
between 20 and 30wt%, the filler acts as a nucleating agent
promoting the development of crystallinity.

The most practical method to obtain soft, flexible, and
ductile characteristics and inherent thermal stability of PLA
is its blending with various plasticizers (e.g., esters, tributyl
ortho-acetyl citrate, tributyl citrate, triacetin (triglyceride
1,2,3-triacetoxypropane), polyethylene glycol (PEG), di
(ethyl-hexyl phthalate, tricresyl phosphate or triisooctyl tri-
mellitate, and butyl benzoate) [15–17]. It was found that
the plasticized PLA with tributyl o-acetyl citrate (ATBC)
reduced brittlenes of PLA; the sheets and films obtained from
plasticized PLA/CS biocomposites have satisfactory trans-
parence and mechanical and improved thermal properties
[18–20]. Good results were also obtained when plastifying
PLA by using PLA oligomer, l-lactide, poly (ethylene glycol),
and epoxidized soybean oil. Epoxidized soybean oil signifi-
cantly increased the elongation at break and reduced the glass
transition temperature because of the changes in chain
mobility [21]. Some blends (PLA/ATBC, PLA/polyester
bioplasticizer as LAPOL108, and PLA/tributyl citrate plasti-
cizer TBC) present an increase in crystallinity degree value.
The same changes are found for the PLA/PEG blend in
accordance with the results given in literature [22].

The PLA formulations offering satisfactory properties of
materials can be accomplished by the addition of various
additives able to improve the features of basic polymer.

Chitosan (CS) biopolymer exhibits outstanding proper-
ties as biocompatibility and biodegradability being a relevant
candidate in the field of biomaterials [23] It was approved by
the Food and Drug Administration (FDA) for use in wound
dressings [24] and food packaging. The development of new
biodegradable packaging materials, such as PLA/CS films,
could be an interesting alternative to change PLA properties.

Some naturally occurring compounds can delay oxidative
deterioration of contacting food products, maintaining their
nutritional quality and also improving oxidative stability of
other types of materials. As an example, the natural antioxi-
dants from a certain extract from herbs and spices such as
rosmarinic acid from rosemary, thymol from oregano,
eugenol from clove, and curcumin from turmeric are rich
in polyphenolic compounds that provide long-term oxidative
stability as well as offer additional health benefits [19, 25].
High antioxidative capacity and phenolics of herbs and spices
could potentially substitute synthetic antioxidants such as
butylated hydroxytoluene (BHT), butylated hydroxyanisole
(BHA), propyl gallate (PG), octyl gallate, and tert-butylated
hydroquinone (TBHQ) in the food system. Moreover, the
synthetic antioxidants are thermally unstable and decompose
at higher temperatures. In the food industry, widely apply
cooking methods such as baking, frying, boiling, and roasting
use high temperature that may also degrade herbs and spices

and diminish their antioxidative capacity. However, these
kinds of natural additives have been scarcely studied [26].
The impact of temperature on total antioxidant capacity of
various herbs and spices such as cinnamon, clove, nutmeg,
mace, oregano, rosemary, sage, and turmeric was followed.
Tomaino and others [27] and Khatun and others [28] evalu-
ated the antioxidant activity of spices of ethanol extract of
cloves, cinnamon, nutmeg, mace, and turmeric, and they
found that the thermal treatments may increase the antioxi-
dant activity by releasing bound antioxidants or by the forma-
tion of new compounds with antioxidant properties. It was
found that the ethanol extracts of cloves, cinnamon, nutmeg,
mace, and turmeric showed to have antioxidative potential
such as DPPH radical-scavenging and peroxy radical-
scavenging activities. This was also proved by other authors
by heating several essential oils (clove, cinnamon, nutmeg,
oregano, mace, tumeric, etc.) [26].

The degradation rates can be controlled by blending PLA
with additives, inorganic fillers, and nanoparticles, although
other factors determine degradation of PLA-based materials
such as manufacture procedures, outer service, and environ-
mental conditions. The control of the PLA degradation is
mandatory for both medical applications and for the plastic
industry. The mechanism as well as the rate of degradation
reaction for PLA-based materials seems to be affected by a
wide variety of compositional and property variables. There-
fore, the assessment of the thermal behavior of all kinds of
new materials with application in medical and food industry
field is an important requirement. To obtain PLA-based
materials with special properties such as antioxidant and
antimicrobial activities and biocompatibility, with wide
applications both in medical field and food preservation,
much complex formulations should be used. Incorporation
of CS and rosemary extract into plasticized PLA led to mate-
rials possessing such multifunctional properties [29].

The thermal behavior of some biocomposites based on
plasticized PLA containing CS and rosemary ethanolic
extract is presented in this study by applying differential
scanning calorimetry (DSC), chemiluminescence method
(CL), and coupled thermogravimetry (TG)/Fourier-trans-
form infrared spectroscopy (FT-IR)/mass spectroscopy
(MS). By applying these coupled methods of investigation,
the composition–property relationship for the developed
biocomposites was establish. It has been found that the addi-
tion of CS shifted the glass transition temperature (Tg) to
slightly higher values while the cold crystallization tempera-
ture (Tcc) of PLA-based biocomposites to lower values. It
was explained by the effect of CS which is able to promote
the crystallization of PLA, leading to an increased crystalli-
zation degree of the biocomposites in respect with that of
plasticized PLA, because the melting heat takes higher values
for biocomposites with increased CS content. The results of
the chemiluminescence study proved that the rosemary
ethanolic extract is a good stabilizer for thermoxidative deg-
radation of PLA. The PLA/PEG/6CS and PLA/PEG/CS/R
biocomposites show the highest characteristic temperature
values and apparent activation energy of decomposition. It
was concluded that the plasticized PLA/CS/R materials show
good thermal properties and most of thermal degradation
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products are nontoxic being recommended for both medical
and food packaging applications.

2. Experimental

2.1. Materials. Poly (lactic acid) (PLA) (trade name: PLA
2002D) from NatureWorks LLC, UK, with a melt flow index
of 5-7 g/10min (conditions, 210°C/2.16 kg) and a content of
96% L-lactide and isomer D 4%, was used. Average molecular
weight determined by GPC was 4475 kDa. According to the
literature data, it has a density of 1.25 g/cm3, melting point
of 152°C, and glass transition temperature of 58°C; the crys-
tallinity depends on isomer content and thermal history;
water permeability at 25°C is 172 g/m2 per day; and percent-
age of biodegradation/mineralization is 100%.

Chitosan (CS) with 200-800 cP viscosity in 1% acetic acid,
75-85% deacetylation degree, and MW= 190 − 300 kDa was
provided and used as received from Sigma-Aldrich.

Rosemary extract (R) in powder form was obtained
following a previously reported procedure by the solvent
extraction method in a Soxhlet unit [30]. Rosemary leaves
were collected from local farms, dried at ambient temperature,
and subsequently milled (Laboratory of Radiation Chemistry,
INCDIE-ICPECA, Bucharest, Romania). Ethanol was used as
an extraction solvent. After collection of the rosemary extract
in an ethanol solution, the powder was separated by precipita-
tion induced by the addition of water. The insoluble material
was filtered and washed with acetone until it was dried. The
extract was further dried under vacuum at ambient tempera-
ture. A greenish-yellow fine powder was obtained and stored
in desiccators to avoid the absorption of moisture. Its main
components are carnosol and carnosic acid which show in
the UV spectra a λmax around 283 and 246nm, while for
rosmarinic acid, absorbances at 230, 270, 280, and 330 nm
were obtained [31]. Its amount of total phenols was of
112.5mg GAE (gallic acid equivalent)/g dw (dry weight),
while the total flavonoid content was of 261.5 (mg QE (quer-
cetin equivalents)/g dw) [25]. The present study intended to
evidence its effect on plasticized PLA together with chitosan
on the thermal behavior of some biocomposites.

Poly (ethylene glycol) (PEG) BioUltra 4.000 (Sigma-
Aldrich) was used as plasticizer.

PLA-based biocomposites were prepared using different
amounts of chitosan or/and rosemary extract by incorporating
them into PLA matrix in a melt state using a fully automated
laboratory Brabender station (Brabender® Plasti-Corder®
Lab-Station EC, Brabender GmbH & Co. KG, Duisburg,
Germany). The processing temperature was 165°C for 10min,
at a rotor speed of 60 rpm. The PLA/PEG/rosemary/chitosan
biocomposite systems prepared contained 20wt% PEG, 3 and
6wt% CS, and 0.5wt% rosemary ethanolic extract (R). More
details on characteristics/properties of the biocomposites stud-
ied and their preparation are found in a previous paper [29].

2.2. Investigation Methods

2.2.1. Differential Scanning Calorimetry (DSC). A TA Instru-
ment Q20 Differential Scanning Calorimeter (New Castle,
DE, USA) was employed for the thermal characterization,

sample amount being of ~10mg. All of the samples were
cooled down to 0°C and heated up to 250°C, so below and
above materials expected glass transition and melting tem-
perature. After first heating run, all samples were kept for
2min at 250°C and then cooled down to 0°C with a cooling
rate of 5°C/min and heated again for a second run up to
250°C with a heating rate of 10°C/min. An empty crucible
was used as reference. All measurements were performed
under nitrogen atmosphere. The degree of crystallinity (Xc)
of the PLA and its composites was calculated by dividing
the melting enthalpy of the sample by ΔHo

m = 93:7 J/g [32,
33], which is equilibrium enthalpy of a PLA sample with
100% crystallinity. An overall accuracy of ±0.5°C in temper-
ature and ±1% in enthalpy was estimated. The final results
are the average of three recordings.

2.2.2. Chemiluminescence (CL). The LUMIPOL 3 unit (SAS,
Bratislava, Slovakia) chemiluminescence spectrometer was
used in the recording of nonisothermal emission intensity
dependencies on temperature on film samples with small
weights not exceeding 5mg. The selected temperature range
starts from room temperature being ended at 250°C. The
measured temperatures had a low error (±0.5°C). Heating
rates were 2, 3.7, 5, and 10°Cmin-1. CL determinations were
carried out in air under static conditions. The CL intensity
values are normalized to sample mass for their reliable com-
parison. The activation energy of the oxidation process was
determined by the Kissinger method [34–37].

2.2.3. Coupled Thermogravimetry/Fourier-Transform Infrared
Spectroscopy/Mass Spectroscopy (TG/FTIR/MS). Thermal deg-
radation was followed by simultaneous TG/FTIR/MS thermal
analyses. The thermal study was performed on a STA 449 F1
Jupiter apparatus (Netzsch STA 44F1, Germany). The heating
program started from 30°C up to 600°C at a 10°Cmin-1 heat-
ing rate, under nitrogen as a purge and protective gas for a
flow rate of 40ml/min. The temperature reproducibility of
TG was ±2°C, and the nonvolatile fraction was ±3%. The
thermobalance was coupled with a Vertex 70 IR spectropho-
tometer and an Aeolos QMS 403C mass spectrometer
(Netzsch, Germany) for in situ recording of the spectral char-
acteristics of the degradation gaseous products. For each
recording, 12-15mg of sample was placed in Al2O3 crucible.
Temperature calibration was done with standard indium,
zinc, tin, bismuth, and aluminum of 99.99% purity. Volatile
degradation products in a temperature-controlled environ-
ment were directly transferred both to an electron impact
ion source of a mass spectrometer QMS 403C Aeolos
(Netzsch, Germany) type and to an infrared (FTIR) spec-
trometer (Bruker, Germany), via a heated capillary tube,
and analyzed by in situ vapor phase FTIR. Transfer of the
degradation gaseous products was realized through two
isothermal lines.

3. Results and Discussion

3.1. DSC Results. DSC measurements on plasticized PLA-
based biocomposites were carried out both by heating and
cooling. The thermal properties of these materials, such as
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glass transition temperature (Tg), crystallization temperature
(Tc), cold crystallization temperature (Tcc), melting temper-
ature (Tm), crystallization enthalpy (ΔHc), melting enthalpy
(ΔHm), and crystallinity degree (Xc), were evaluated. The
DSC curves of the studied biocomposites containing CS
and 0.5% R comparatively with those of PEG-plasticized
PLA are presented in Figure 1, and the results are summa-
rized in Table 1.

In the DSC curves, glass transition and melting processes
were clearly evidenced. In the 45-65°C range, both glass tran-
sition of PLA and melting of PEG 4000 [38] can occur, the
DSC curves showing two processes with the second one at
about 60°C for most biocomposites with the exception of
PLA/PEG/6CS/0.5R which show only one temperature indi-
cating a good dispersion of components in a PLA-based
matrix. The first peak is placed at lower temperature around
50°C and could be assigned to PEG melting taking into con-
sideration literature data. The intense crystallization peaks
have been found for PEG of 4000 and 20,000 g/mol located
on 38 and 44°C, [39], respectively, while in the DSC curve
of the PLA/PEG sample, the crystallization peak is not obvi-
ous in the temperature range, but a Tg transition can be
noticed. The behavior proved that the PEG is a typical crys-
talline polymer and the PLA is a semicrystalline polymer
with slow rate of crystallization.

Melting process occurs in 153-157°C and also shows a
small premelting peak at 145°C. The cold crystallization
process can be easily observed only for PLA/PEG/0.5R and
PLA/PEG/3CS/0.5R biocomposites in the first heating run
between 90 and 92°C (Figure 1(a)), while in the second run,
this process is present for almost all samples, excepting those
with high CS content (Figure 1(b)). Incorporation of a bioac-
tive plasticizer such as PEG led to a decrease of glass transition
temperature (from Tg = 66°C for PLA to 50-60°C for plasti-
cized systems) because of the increase of PLA chain mobility.
Other thermal characteristics remain unchanged. All values
are similar with those reported in literature [40–42] and in
our previous paper for PLA plasticized with ATBC [20].

Some authors found differences in thermal behavior in
respect with PLA containing essential oils (EOs). It was
found that both PEG and EOs led to the formation of flexible
PLA/PEG/EO films with significant drop in the glass transi-
tion temperature (Tg) and mechanical property [43]. The
lower enthalpy values for the melt crystallization could be
affected by evaporation or degradation of essential oils. A
change in thermal properties of PLA indicates the extent of
the plasticizing effect provided by EOs, and those decreases
could be ascribed to the increase in the chain mobility of
polymer matrix. A similar drop in thermal properties has
been reported for thymol and cinnamaldehyde-enriched
PLA films [44, 45]. Kamthai and Magaraphan studied the
PLA/bagasse carboxymethyl cellulose composites and found
that the increment of isosorbide diester plasticizer concentra-
tion decreased glass transition, melting, and decomposition
temperatures, as well as the reduction of storage modulus,
while their elongation was significantly improved with
increasing plasticizer content. The results were explained by
the synergistic effect of the isosorbide diesters which caused
a lowering Tg (acting as a lubricant) and an increase of the

chain mobility at low temperature, but they also induced a
cold crystallization acting as nucleating agents. The melting
temperature Tm was reduced. The composite with 15wt%
isosorbide diesters showed higher Tm, so at this concentra-
tion, the system showed a better thermal stability than the
others [41, 42].

The addition of chitosan into plasticized PLA increased
the Xc up to ~26-29% especially at low CS amount
(~3wt%) when compared with the samples without CS and
with PEG-plasticized PLA (Xc of 25%) (see Table 1 and ref.
29). The increase in the crystallinity degree has a decrease
effect of impact strength [16, 18].

In the present study, the addition of CS to PLA-based sys-
tems shifted the Tg to slightly higher values while the cold
crystallization to lower temperatures showing that the CS
can promote the crystallization of PLA. This is in accordance
with results of other authors who also found that chitosan
acts as a nucleating agent, promoting a faster crystallization
of PLA. A significant improvement in tensile, flexural, and
impact strength of the hybrid composites was observed as
the weight percentage of Basalt Fiber (BF) and CS increases.
Glass transition temperature (Tg) and percentage of crystal-
linity (Xc) increase, as weight percentage of BF (25%) and
CS (10%) increases as showed by DSC measurements [46].
When recording the DSC curves by cooling (not shown), a
crystallization temperature was found occurring between 70
and 80°C, whose values increased with increasing CS content
of the biocomposites. This could be due to the restriction in
chain reorganization in CS presence, probably because of
phase separation. PEG is a typical low molecule polymeric
plasticizer. It is recognized as the most studied promoter
for PLA, manifesting the desirable compatibility with PLA
even at the loading up to 30wt%. The enhancement of the
growth rate of PLA spherulites by the presence of PEG is well
documented [47]. Lai et al. [48] found that its action as nucle-
ation agent and promoter may dramatically improve the
crystallization kinetics of the polymer matrix.

3.2. Chemiluminescence. The properties of polymer blends/-
biocomposites reflect usually the contribution of compo-
nents. When oxidation is the discussed process, the results
depend of the mechanistic features of interphase interactions.
The thermal stability of PEG-plasticized PLA-based systems
is characterized by analogous aspects which gather the pres-
ent nonisothermal chemiluminescence spectra in two groups
(Figure 2). The presence of shoulders was observed at two
different temperatures: 150°C for the samples containing CS
and control (PLA/PEG) and 175°C for the samples, where
rosemary acts as a stabilizer agent. This shift could have
occurred due to the protection activity of active components
of natural extract on the decomposition of hydroperoxides.

The progress of degradation is much clear at a moderate
heating rate of 5°C/min. The unrestricted propagation of oxi-
dation is observed at 225°C with a maximum CL emission.
The TCLmax is modified for samples containing rosemary
extract because it delayed the oxidation process. This is also
proved by a slight increase in the activation energy values
of R-containing samples (Table 2) because it stimulates the
blocking action of the peroxyl radical oxidation. This delay
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is explained by the scavenging activity of the phenolic com-
ponents of R on the free radicals sprung by fragmentation
of polymer backbones. While PLA generates radicals by the
cleavage of ester units [49], PEG is scissored on the ethylene
oxide sites [50]. The contributions of the two components are
difficult to be individually evaluated because the oxidation
occurs randomly even though rosemary protector is active.
However, a prominent CL peak is present in the PLA/PEG
blend, which allows supposing that R has a concealing action
on the main biocomposite component.

If the thermal behaviors based on activation energy of the
PLA/PEG/CS and PLA/PEG compositions are compared, the
improvement in the thermal stability of the former blend can
be noticed. The temperature shift toward greater values when
chitosan and rosemary are present is a confirmation of their
collaboration in the propagation steps of oxidation.

The values of onset oxidation temperature follow some
certain tendencies (Table 2 and Figure 3). The CS at low
concentration decreases the OOT values especially at small
heating rates but a tendency to increase it was found at higher
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Figure 1: DSC curves of plasticized PLA, PLA/PEG/R, and PLA/PEG/CS/R biocomposites, recorded in the first heating run (a) and the
second heating run (b).
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heating rates. The presence of rosemary has an unexpected
decreasing effect. This apparent behavior is conducted by
the degradation of PLA, which takes place in two stages: a
decomposition process and an oxidation in the bulk. As it is
shown in Figure 2, the generation of hydroperoxides is noti-
fied by an oxidation peak. Furthermore, the increase in the
concentration of CS leads to a disappearance of this CL emis-
sion shoulder followed by a significant increase of OOT
(Figure 3). The highest OOT values are found for PLA/-
PEG/6CS and PLA/PEG/6CS/R biocomposites (Figure 3(b)).
For each sample, OOT increases with increasing heating rate
that may be the consequence of the increase of thermal move-
ment of structural entities, especially small scission moieties.

Two mechanistic details can be analyzed: the small frag-
ments from PLA consume a part of rosemary and the protec-
tor role of the last involved in the oxidation inhibition of
primary large radicals. The increase of temperature does
not make a difference between the various coexisting inter-
mediates. The competition for rosemary in the blocking
radicals generated by blending components determines
higher values of activation energies. This feature is realisti-
cally based on the easier access of small fragments for the
stabilization action instead of the inactivation of former
radicals with larger chain configuration.

The thermal degradation of biocomposite components,
PLA and PEG, occurs by macromolecule decomposition.
The fragmentation of PLA and PEG chains is the main pro-
cess through which these polymers are degraded. The forma-
tion of formic esters from PEG [50] and lactides from PLA
[49] describes the sharp decrease in their molecular weights.
According with previous results on the activation energy
values required for the thermal degradation of PLA [51],
the present data (Table 2) are placed on the lower limit.
Other estimations reported various values that depend on
the chosen method [52, 53]. Indeed, the sample composition
plays a key role in the energetic characterization of degrada-
tion process.

On the beginning of oxidation, first 10 minutes, occur-
ring in PLA/PEG blends, the evolution of degradation takes
at different places if rosemary is present or not (Figure 4).

The dropping of the CL intensities in the samples free of
rosemary alcoholic extract explains the lack of any oxidation
prevention. The free radicals that appeared during sample
preparation are immediately oxidized, and their decay is
reflected in the variation of emission intensities. By contrast,
the rosemary extract blocks the oxidation of neighboring
radicals for a short time on the first minutes. For the two
pairs of compositions, the isothermal CL curves drawn in
the presence of R are placed under the similar curves
recorded on free rosemary samples. It reveals the involve-
ment of natural phenolic antioxidants in the diminution of
oxidative ageing of PLA. The further reactions with oxygen
will involve the spread of radicals that are formed during
thermal testing at 170°C. The amplitudes of increasing CL
intensities are higher in respect with the intensities recorded
at 10 minutes of heating, in the samples without R. The
PLA/PEG sample shows the well-defined maximum emis-
sion values after 10 minutes. The next parts of CL spectra
start suddenly in the stabilized composition. In the formula-
tion free of R, radicals are available for oxidation describing a
pseudoplateau followed by a smooth increase. The pairs con-
sisting of specimens, PLA/PEG/3CS and PLA/PEG/3CS/R,
exhibit intensity peaks at 40 and 50 minutes, respectively.
The curve slope for rosemary-containing sample decreases
more gradually than the curve drawn for unprotected blend.
For other pairs, PLA/PEG/6CS and PLA/PEG/6CS/R where
the higher content of CS is present, the evolution of CL inten-
sities is slower where R natural protection acts efficiently.
These CL results confirm the benefic contribution of R and
the degrading trend induced by CS. The biocomposites with
PLA as a main phase (matrix) demonstrate that the progress
of oxidative degradation requires activation energies not
more than 55 kJmol-1. Because the blends stabilized with R
exhibit slightly higher values of apparent activation energy

Table 1: Thermal characteristics of the plasticized PLA/PEG/CS/R systems determined by the DSC method.

Sample Tg (
°C) Tcc (

°C) ΔHcc (J/g) Tm (°C) ΔHm (J/g) Tcr (
°C) Crystallinity degree X (%)

For the first heating run

PLA/PEG 49.3; 54.1 — — 157.7 23.8 70.0 25.1

PLA/PEG/3CS 49.2 — — 157.4 27.9 73.1 29.8

PLA/PEG/6CS 50.1; 60.8 — — 157.0 24.9 77.8 26.6

PLA/PEG/0.5R 53.6; 60.2 90.2 2.6 157.1 26.1 66.7 27.9

PLA/PEG/3CS/0.5R 50.5; 60.8 92.5 — 157.3 26.4 70.7 28.2

PLA/PEG/6CS/0.5R — — — 157.9 26.2 80.5 27.9

For the second heating run

PLA/PEG — 91.4 0.36 154.7 25.3 — 27.0

PLA/PEG/3CS 53.8 91.6 — 153.8 27.8 — 29.7

PLA/PEG/6CS 52.7 — — 153.3 25.4 — 27.1

PLA/PEG/0.5R — 80.9 8.00 153.7 27.3 — 29.1

PLA/PEG/3CS/0.5R 54.6 91.6 0.34 154.3 27.6 — 29.5

PLA/PEG/6CS/0.5R 52.3 — — 153.6 26.7 — 28.5

Glass transition (Tg), cold crystallization (Tcc), melting (Tm), and crystallization (Tcr) temperatures; cold crystallization (ΔHcc) and melting (ΔHm) enthalpies;
crystallinity degree (X).
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Table 2: Onset oxidation temperature (OOT) and apparent activation energy (Ea) for the oxidation of the PLA/PEG and PLA/PEG/CS/R
biocomposites determined by nonisothermal chemiluminescence method at different heating rates.

Sample Heating rate (°C min-1) OOT (°C) Equation Correlation coefficient Ea (kJmol-1)

PLA/PEG

3.7 185

Y = 2:71 – 6:29X 0.98344 52.54
5.0 201

10.0 218

15.0 231

PLA/PEG/3CS

3. 7 179

Y = 2:55 – 6:14X 0.97148 51.05
5.0 197

10.0 212

15.0 225

PLA/PEG/6CS

3. 7 192

Y = 2:71 – 6:29X 0.98344 52.30
5.0 208

10.0 220

15.0 232

PLA/PEG/R

3. 7 182

Y = 3:15 – 6:38X 0.99378 53.04
5.0 188

10.0 208

15.0 225

PLA/PEG/3CS/R

3. 7 180

Y = 2:95 – 6:33X 0.97528 52.63
5.0 196

10.0 215

15.0 223

PLA/PEG/6CS/R

3. 7 192

Y = 3:40 – 6:65X 0.89551 55.29
5.0 216

10.0 224

15.0 245
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that there were found for samples free of oxidation protector,
the presence of rosemary extract is a reliable solution for the
improvement of thermal stability of PLA. It means that only
a small part of molecules is converted into peroxyl radicals
and the most part of materials is decomposed onto low-
weight fragments.

From the data of Table 3, two main features can be envis-
aged: (1) the activation energies (Ea) required by unstabilized
samples are similar with the values found for poly (lactic acid)

[51], and (2) because the differences in the activation energies
involved in the oxidative degradation of homologous compo-
sitions are small, the presence of phenolic components from
rosemary extract hinders only the oxidation of scission
fragments, the depolymerization being unaffected. Further-
more, the lower contents of chitosan drops smoothly down
the value of activation energy due to its concerns in the prop-
agation of oxidation. The oxidative degradation of polymers
starts with the scission of weaker bonds and the formation
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of intermediates as the initiators of propagation stages [54].
The formation and the decay of peroxyl radicals are proved
by the emission peak appeared in the nonisothermal CL spec-
tra at 150°C and 175°C for the oxidative degradation of sam-
ples free of R (Figure 4) and rosemary-protected polymer
blends (Figure 4), respectively. This difference is an evident
proof of antioxidant activity of rosemary extract by the
increasing formation temperature with 25°C, a significant
value in the kinetic analysis of the stability of studied systems.

The further reactions involving free radicals (see
Scheme 1) follow various routes when the interaction
between the entities born from both polymers voids the
generation of oxidation products.

The evolution of oxidation depicted by Figure 4 is an
additional proof for the stability protection brought about
by R. The best example is the pair curves recorded for PLA/-
PEG/6CS in the presence and free of rosemary extract. The
maximum CL intensities are reached after 29 minutes, when
the sample is protected, while the unstabilized sample has the
corresponding peak after 20 minutes at the same temperature
(170°C). Analogous evidences may take into consideration
the main role of R in the delay of oxidative degradation of
studied blends. The former entities that appeared by molecu-
lar chain scissions were presented earlier [55, 56]. They
follow different paths by which they are decayed: either the
formation of peroxyl intermediates generates stable oxida-
tion products or they interact to each other coupling them
in larger structures. The present CL measurements on
PLA/PLG blends with and without rosemary suggest the
general scheme depicting the degradation of PLA/PEG
formulations. Microstructural differences were also described

by other authors studying PLA-b-PEG-b-PLA triblock
copolymer [57]. The addition of oxidation protector directs
the radicals appearing from both components toward their
interaction by intermolecular configurations [58]. The abun-
dances of oxygenated products born by various propagation
reactions, like molecular rearrangements or transesterifica-
tion, are diminished by the presence of R, which provides
increasing amounts of lactide and carbonyl derivatives. The
most important role of methyl moieties in PLA degradation
consists of the involvement of small radicals in the decay of
macroradicals [55, 59]. The ESR investigations have stated
that the tertiary methyls are easily radiolised explaining the
decrease of molecular weight of components.

3.3. TG/DTG/FTIR/MS Study. Thermal stability, including
initial decomposition temperature (Tonset), temperature of
maximum rate of degradation (Tmax), decomposition tem-
perature at 10% and 20% weight loss (T10 and T20), and,
respectively, GS temperature—the temperature at which the
maximum amount of gas was released (determined from
Gram–Schmidt curves using Proteus software) of the PEG-
plasticized PLA materials, can be determined by thermogra-
vimetry. The TG/DTG curves of the biocomposites are given
in Figures 5(a) and 5(b), while the thermogravimetric data
are summarized in Table 3. According to the previous results
[25] and literature data [60–65], thermal degradation of PLA
is a single-step process involving the nonradical decomposi-
tion, radical alkyl-oxygen homolysis, and radical acryl-
oxygen homolysis. This polymer material is the precursor to
the formation of an intramolecular transesterification, which
undergoes ester pyrolysis and unzipping depolymerization

Table 3: TG data for PEG-plasticized PLA containing chitosan and powdered rosemary ethanolic extract.

Sample Degradation step Tonset (
°C) Tmax (

°C) ΔW (%) T10 (
°C) T20 (

°C) GS (°C)

PLA/PEG

I 276.8 321.4 82.52 285.5 298 334 (337)

II 372.2 401.5 16.30
394 (400)

Residue 1.18

PLA/PEG/3CS

I 280.8 325.8 73.72 290.2 294 325 (334)

II 369.2 409.4 20.40
(407)

Residue 5.88

PLA/PEG/6CS

I 285.8 323.3 79.38 292.5 304.5 336 (332)

II 371.1 402 18.48
394 (410)

Residue 2.14

PLA/PEG/0.5R

I 284.8 336.4 83.03 294 307.5 348 (342)

II 375.3 402.8 15.04
(415)

Residue 1.93

PLA/PEG/3CS/0.5R

I 282.7 329.7 69.15 293.5 312.6 345 (343)

II 370.3 395.4 21.36
(399)

Residue 9.49

PLA/PEG/6CS/0.5R

I 294.7 332.6 79.77 303 314 341 (340)

II 377.5 406.1 17.96
406 (410)

Residue 2.27

Decomposition temperatures: Tonset: onset of decomposition; Tmax: temperature corresponding to maximum mass loss rate and corresponding to 10% (T10)
and 20% (T20) mass loss (ΔW); GS: the temperature at which the maximum amount of gas was released (determined from Gram–Schmidt curves using
Proteus software while in brackets are values evaluated from 3D spectra using OPUS programme) from each decomposition step. The accordance of both
types of GS values is evident.
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random chain scission. The PEG-plasticized PLA decom-
poses in two steps occurring between 270–375°C and 375–
430°C temperature ranges. The decomposition of all other
biocomposites is similar with that of plasticized PLA with
some particularities offered by each active component chito-
san or/and rosemary ethanolic extract. The first step which
is the main one occurs with a mass loss (ΔW) of 69-83wt%,
while the second that takes place shows a mass loss of 15-
21wt%. The residue amount is higher after decomposition
of the biocomposites containing chitosan, because of the car-
bonization process occurring in polysaccharides. It can easily
be observed from Figures 5(a) and 5(b) that by incorporating
both of the CS and rosemary extract, the curves are shifted to
higher temperatures proving that the new multicomponent
materials are more thermostable than plasticized PLA.

The highest onset (Tonset) temperature of decomposition
start, maximum (Tmax) decomposition temperature corre-
sponding to maximum rate of mass loss, GS and decomposi-
tion temperatures corresponding to 10wt% (T10) and 20wt%
(T20) mass loss, respectively, are found for the PLA/PEG/6CS
and PLA/PEG/CS/R biocomposites (Table 3). This variation

appears much clearer in Figure 6. This means that in these
biocomposites, both bioactive components act synergistically
for improving thermal stability of materials. Similar results
were found in other papers as for PLA/epoxidized vegetable
oils [66]. Other authors found that at temperatures < 250°C,
the nanocomposites exhibited good thermal stability and
could effectively block about 65% of UVB and UVC irradia-
tion [67]. For other types of materials, the thermal behavior is
different. Isosorbide diesters decreased the Tmax of plasticized
PLA/carboxymethyl cellulose (CMCB) composites with the
narrow range, i.e., by 10°C. The composite with 20wt% of
plasticizer showed a two-step decomposition; the major
decomposition of PLA/CMCB occurs in the temperature
range of 250–350°C [41]. In the PLA/5% microcrystalline
cellulose (MCC) binary composites, a shift to lower temper-
atures of about 10°C in Tmax value was observed, while a
decrease of about 25°C was detected for the PLA/5MCC/1Ag
ternary composite which indicates that combining the pres-
ence of microcrystalline cellulose and silver nanoparticles
affects the thermal degradation process. As degradation
proceeds, the effect of the hydrogen bonding interactions
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decreases, but char and gases evolved from cellulose degrada-
tion may interact with solid PLA [68].

The processing of thermogravimetric data obtained
after thermal degradation was performed using the
“Thermokinetics-3” software (Netzsch “Thermokinetics-3,”
version 2008.05). By using 18 different reaction models
included in the software, the multiple linear regression
(MLR) method allows the obtaining of the most probable
kinetic model, describing each thermal degradation step
through a comparison between recorded nonisothermal
experimental data and calculated data.

The conversion equations f ðαÞ that used one single-step
model are shown below:

Reaction order nth model, sFn:

f αð Þ = 1 − αð Þn, ð1Þ

where n is the reaction order and α is conversion degree.
nth reaction order of the autocatalytic model, CnB:

f αð Þ = 1 − αð Þn 1 + Kcat ⋅ αð Þ: ð2Þ

Kcat is the autocatalytic constant, n is the reaction order,
and α is conversion degree.

As it can be seen from the data of Table 4, the sCnB
model is characteristic for both the degradation steps of most
samples excepting the first one of PLA/PEG/0.5R and PLA/-
PEG/3CS, while the sFn model describes thermal degrada-
tion of PLA/PEG/0.5R both steps, the second step of the
PLA/PEG degradation and the first one of PLA/PEG/3CS
and PLA/PEG/3CS/0.5R samples. The nth model, sFn, is
commonly used to check the mechanism of polymer decom-
position [69]. It was demonstrated that the autocatalytic

degradation mechanism may lead to acceleration of degrada-
tion. The autocatalysis manifests in nonmonotonicity of the
conversion function, and it has a complex role in the PLGA
erosion that leads to size-dependent heterogeneities for
uniformly bulk-eroding polymer microspheres [70, 71].
However, in the present study, the autocatalytic constant
(Kcat) took small values. The variation of the apparent activa-
tion energy for both decomposition steps (and also corre-
sponding preexponential factor) of thermal degradation on
the composition of the PEG-plasticized PLA-based materials
is similar with that of characteristic temperatures (Figure 7).
The highest E values were found for PLA/PEG/6CS/0.5R bio-
composite which should be the most thermally stable one.

The values reported in literature for kinetic parameters of
decomposition of systems containing PLA differ in respect
with experimental conditions used and evaluation method
applied. Yang and Lin [7] found the decomposition reaction
of PLA to be of first order with an apparent activation energy
of 94.0 and 105.3 kJ mole-1 and pre-exponential factor 6:43
× 105 s−1 and 1:91 × 106 s−1, respectively. McNeil and Leiper
reported that the pyrolysis was a first-order reaction kinetic
equation, the apparent activation energy as 119 kJ mole-1

[71, 72]. Aoyagi et al. also reported a complex change in the
activation energy value of 80–160 kJ mole-1 [73]. Sivalingam
and Madras investigated the thermal degradation of PLA
both under conditions of dynamic and isothermal heating.
They reported that the apparent activation energies of pyrol-
ysis were 42.7 and 105.4 kJ mole-1 for the random chain scis-
sion and the specific chain scission for the dynamic heating
by using the Friedman analytical method and 92.9 kJ mole-1
for isothermal conditions of heating, respectively [74]. These
values are enough similar with ours taking into consideration
the differences between experimental conditions.
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Figure 6: The variation of the Tonset and T10 with the composition of PEG-plasticized PLA biocomposite.
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Nonisothermal degradation kinetics, proposed by Kissin-
ger, Kissinger-Akahira-Sunose, Flynn-Wall-Ozawa, and
Augis and Bennett models, are utilized to estimate the activa-
tion energies (Ea) for PLA, which were found to be 254.1,
260.2, 257.0, and 259.1 kJmol−1, respectively. The reduced
Ea values of bionanocomposite films may be elucidated by
intermolecular distance and enrichment in chain mobility.
The evolved gaseous products like hydrocarbons, carbon
dioxide, carbon monoxide, and cyclic oligomers are success-
fully identified with TG-FTIR analysis [75].

3D FTIR spectra of the decomposition products give some
information about the change in their composition after incor-
poration of CS and R. From the data presented in Figure 8, it is
evident that the FTIR spectra show difference both in the
intensity of the bands and also in the number of bands. The
spectra of the products from decomposition of the biocompo-
sites containing CS are much complex in 2000-3000 cm-1,
and the main bands appear at higher temperatures.

The 2D FTIR spectra of the degradation products of the
plasticized PLA-based biocomposites taken at both GS

Table 4: Kinetic parameters obtained by the multiple linear regression (MLR) method.

Sample Temperature range (°C) Reaction type Ea (kJmol-1) Log A (s-1) Reaction order Log Kcat Correl coeff.

PLA/PEG
250-350 sCnB 143 10.44 0.93 -0.110 0.9999

350-450 sFn 130 7.82 0.39 — 0.9977

PLA/PEG/3CS
250-340 sFn 138 11.59 2.58 — 0.9984

340-480 sCnB 134 8.43 2.30 0.176 0.9947

PLA/PEG/6CS
250-350 sCnB 143 10.29 0.93 0.284 0.9999

340-480 sCnB 138 8.49 0.80 -0.542 0.9978

PLA/PEG/0.5R
250-350 sFn 132 9.25 0.53 — 0.9999

350-450 sFn 132 7.97 0.42 — 0.9990

PLA/PEG/3CS/0.5R
220-350 sFn 145 12.04 1.28 0.9986

350-470 sCnB 152 9.29 1.90 1.147 0.9985

PLA/PEG/6CS/0.5R
250-350 sCnB 178 13.34 0.79 -0.244 0.9999

350-480 sCnB 159 9.89 0.81 0.045 0.9992

“s” indicates that the thermal degradation takes place in one step, and Fn and CnB represent the single reaction model involved in the thermal degradation
process. Ea: apparent activation energy; A: preexponential factor.
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temperatures (Figures 9(a) and 9(b) are almost similar,
probably because of the resulting many products that have
similar structures and they have overlapped bands which
make the interpretation of the spectra difficult. The differ-
ences between systems of different compositions are found
in 2100-3200 cm-1 and 1300–1700 cm-1 wavenumber regions.
At an average maximum gas evolution temperature of 330-
340°C, the following differences are observed (Figure 9(a)):
3253 cm-1 (O-H stretch, H-bonded) and 2820 cm-1 (C-H
stretch) are absent in the spectra of PLA/PEG and PLA/-
PEG/6CS/R, and the ratios of the intensity of the bands
2360, 2321, and 2362 cm-1 (C=O, C-N, and COO- stretching)
are different being clearly spited only in PLA/PEG spectrum.
1681 (carbonyl C=O stretch), 1641 (C=C stretch), 1606,
1550, and 1489 cm-1 (aromatic domain and N-H bending,
C-O stretching vibration (amide) and C-C stretching from
phenyl groups, COO- stretching, and CH2 bending) are pres-
ent only in the PLA/PEG/R spectrum [76]. These bands
probably correspond to the fragments that resulted from α-
pinene and 1,8-cineole products which may evolve from
rosemary ethanolic extract. At an average maximum GS of
400-415°C (Figure 9(b)) besides the abovementioned differ-
ences in the spectra corresponding to 330-340°C decomposi-
tion temperature, the bands in the 2990-2819 cm-1 (C-H
stretch and =C-H stretch) region are found with different
intensity ratios and differences in the 650-930 cm-1 region
(=C-H bending, aromatic sp2 C-H, and alkene sp2 C-H bend-
ing) again much evident in the PLA/PEG/R spectrum [77].
Much information about the decomposition products are
obtained from the MS spectra (Figures 10(a) and 10(b).

Comparing FTIR spectrum results with those obtained
from MS of Figure 10 indicates different products that
resulted both at the two temperatures at which they are col-
lected and also between different systems. The MS spectra
of the decomposition products collected at high temperature
show many fragments (Figure 10(b)) in comparison with
those from lower decomposition temperature (Figure 10(a))
and also fragments with higher m/z. Comparing the MS
spectra of PLA/PEG with those of PLA/PEG/6CS biocompo-
site, it is evident that the fragments with lowm/z are fewer in
the second spectra at both GS temperatures, because by PLA
and chitosan, decomposition results larger fragments. The
PLA/PEG/6CS/R biocomposite shows the much complex
MS spectra. In all spectra, decomposition products can be
identified that resulted from PLA as a large amount of cyclic
oligomers through the random degradation process, acetal-

dehyde (m/z 15, 26, and 43), 2,3-pentadione, acrylic acid,
lactide mesoform, or DL form [78, 79]. Common decompo-
sition products were also H2O, CO2, and hydrocarbons
(m/z of 18, 44, 12-17, etc., respectively) [80].

Thermal degradation of the chitosan is a complex reac-
tion involving two or even three degradation stages. Hong
et al. [81] studied the thermal degradation of chitosan in
nitrogen, and they found that it depends on heating rate;
the kinetic parameter constants of the thermal degradation
vary with the degree of decomposition and increase with
the reaction temperature. The degradation process of CS
usually begins with random splitting of β-1,4-glycosidic
bonds (depolymerization) followed by N-acetyl linkage (dea-
cetylation). Simultaneously with chitosan chain scission,
cleavage and/or destruction of its functional groups (amino,
carbonyl, amide, and hydroxyl) occur. In addition, chitosan
depolymerization may lead to formation of free radicals
which induce oxidation processes. The degradation products
identified by GC-MS and that could arise from CS were 5-
hydroxy-1,3-pentadiene, cyclohex-1-en-6-ol, 4,5-dihydroxy-
pent-1-ene, 1-ethylbenzene, 6-hydroxy-2, 4-hexadinol, and
3,5,6-trihydroxyhexanol [82–84]. The 80 and 67 fragments
originate from the d-glucosamine moiety of the polymer
and the 60 and 42 fragments from the N-ethyl-d-glucos-
amine moiety [85].

Several phenolic and terpenic compounds in Rosmarinus
officinalis L. were identified by GC-MS as simple phenolics,
phenolic acids (caffeic and rosmarinic acid), phenolic diter-
penes (carnosic acid), and pentacyclic triterpenes (ursolic,
oleanolic, and betulinic acid and betulin) and flavonoids
[26, 86, 87]. These compounds are different from those aris-
ing from the other two components of the studied systems
explaining the differences between FTIR and MS spectra
recorded for decomposition products at various tempera-
tures and different compositions.

An efficient heating method is necessary to get maximum
benefits of antioxidant compounds. Degradation of carnosic
acid, carnosol, rosmarinic acid, and a mixture of three was
studied by Zhang and others [88] by using HPLC. Several
degradation products also formed by exposure to light. Etha-
nolic standards for rosemary extract were tested in various
conditions, for example, carnosic acid, carnosol, rosmarinic
acid, and a mixture of three exposed to six different condi-
tions such as -10°C, 4°C in the dark, room temperature with
light exposure, room temperature in the dark, 40°C with light
exposure, and 40°C in the dark. The effect of temperature and
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Figure 8: 3D FTIR spectra of the decomposition products of PEG-plasticized PLA biocomposites.
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light was observed for 13 days. Rosmarinic acid did not
degrade either by itself or in the mixture, whereas carnosic
acid was fairly stable than carnosol degradation. Carnosic
acid by itself and in the mixture was quite stable. Rosmanol,

epirosmanol, and epirosmanol ethyl ether major degradation
products were also observed in HPLC chromatograms of
carnosol and effect of temperature was also noticed during
the formation of these degradation products. Rosmanol was
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present in the highest amount when stored at -10°C. Rosma-
dial and 11-ethoxy-rosmanol semiquinone also appeared as
degradation products in carnosol HPLC chromatograms.

No toxicity or allergic responses were found for most of
identified degradation products [89].

4. Conclusion

Thermal behavior of some multifunctional environmentally
friendly materials exhibiting antimicrobial/antioxidant
activities and biocompatibility, based on PEG-plasticized
PLA/CS and rosemary extract (R), has been investigated.
Differential scanning calorimetry, combined with other
complex investigations such as chemiluminescence and
coupled thermogravimetry/Fourier-transform infrared spec-
troscopy/mass spectroscopy methods, was applied both to
test the thermal behavior and to establish the composi-
tion–property relationship for the developed biocomposites.
It has been established that the addition of CS shifted the Tg
to slightly higher values while the cold crystallization tem-
perature of PLA-based biocomposites to lower temperatures
showing that the CS can promote the crystallization of PLA.
This is also proved by the increase of the crystallization
degree of the biocomposites in respect with that of plasti-
cized PLA. Melting temperature is not changed while melt-
ing heat takes higher values for biocomposites in respect
with PLA/PEG blend. It has been evidenced by a chemilumi-
nescence study that the rosemary ethanolic extract is a good
stabilizer for thermoxidative degradation of PLA. The high-
est onset (Tonset), maximum (Tmax), and, respectively, GS
temperature and decomposition temperatures correspond-
ing to 10% (T10) and 20% (T20) mass loss are found for

the PLA/PEG/6CS and PLA/PEG/CS/R biocomposites. The
same biocomposites also show the highest values for appar-
ent activation energy of decomposition. Therefore, the
plasticized PLA/CS/R materials show good thermal proper-
ties and most of thermal degradation products are nontoxic
being recommended as suitable for both medical and food
packaging applications.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Additional Points

Highlights. New plasticized PLA-based materials have been
obtained by melt blending with chitosan and powdered rose-
mary ethanolic extract. The effect of natural additives on the
thermal behavior of PEG-plasticized PLA was assessed. The
thermal characteristics confirmed the good thermal perfor-
mance of these biocomposites for application in biomedicine
or food packaging field.
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Chitosan and its nanoparticles (NPs) could be extracted from numerous fungal species and used as effectual carriers for bioactive
compounds. The fungal chitosan (FC) was innovatively acquired from Fusarium oxysporum grownmycelia, characterized and used
for NP synthesis and loading with bee venom (BV). The nano-FC (NFC) had 192.4 nm mean NP diameter, 38.22% loading
capacity, and 92.42% entrapment efficiency. BV release from NFC was pH and time dependent; burst BV release was detected at
the first 6 h, followed by gradual releases up to 30 h. The in vitro anticancer potentiality valuation, of NFC, BV, and NFC/BV
nanoconjugates against HeLa cervix carcinoma, revealed that they all had potent dose-dependent anticancer activity; BV/NFC
nanoconjugates were the most effective with IC50 = 200 μg/mL. The fluorescent staining of treated HeLa cells with BV/NFC
nanoconjugates, with DAPI and acridine orange/propidium iodide combination, indicated the appearance of early apoptosis,
secondary apoptosis, and secondary necrosis markers and their increment with exposure prolongation. The production of NFC
from F. oxysporum and their loading with BV are strongly counseled for production of potent natural antitumor agent with
augmented activity against cervix carcinoma.

1. Introduction

Chitosan (Cts), the astounding amino polysaccharide derived
from deacetylated chitin, has numerous practical advantages
(e.g., its biodegradability, nontoxicity, biocompatibility, and
effectual bioactivities) [1]. The Cts bioactivities encouraged
its biomedical utilization in frequent applications (e.g., drug
delivery, tissue engineering, anticancer treatment, antimicro-
bial formulations, and wound-healing dressing) [2]. The Cts
charges and contents from amine groups are mostly the keys

for its bioactive physiognomies (e.g., drug carrying, mucoad-
hesion, antimicrobial activity, drug release controlling, in situ
gelation, and permeation enhancement) [3], which promoted
its wide application as drug carrier and enhancer. Cts was
promisingly extracted from the biomass of numerous fungal
species [4–9]; the extracted fungal chitosan (FC) had compa-
rable or superior bioactive attributes than accustomed com-
mercial Cts.

Bee venom (BV) is the released defense weapon from
honeybee (Apis mellifera) when their colony is attacked. BV
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contains composited mixtures from bioactive peptides that
could protect bees’ colony against a broad diversity of preda-
tors and invaders. The contained bioactive components in
BV include melittin (the major BV constituent), adolapin,
apamin, degranulating peptide (for mast cell), enzymes
(hyaluronidase and phospholipase A2), and some nonpep-
tide constituents (e.g., dopamine, histamine, and norepi-
nephrine) [10, 11].

The BV or its constituents (e.g., melittin) were exten-
sively investigated as potential treatment and inhibitors of
tumor types; they exhibited multiple potential molecular
anticancer mechanisms [11–13]. Numerous studies and
reviews were documented to verify the anticancer capabilities
of either BV or melittin toward various tumor types [14–18];
they concluded that BV with its components has auspicious
anticancer and cytotoxic agents with broader spectrum
toward multiple tumor cell types.

The nanotechnology involvement in most biomedical
fields became much prevalent, including nanomaterial appli-
cations themselves as antimicrobial, anticancer, antiviral, and
biocidal agents, or their loading with bioactive drugs/com-
pounds to increase their solubility, stability, functionality,
and delivery to the human body [19]. The nanopolymers,
particularly nano-Cts and nano-FC (abbreviated thereafter
as NFC), were from the most evaluated nanomaterials for
their bioactivity and functionality as drug carriers, biopreser-
vatives, and antimicrobial, anticancer, and gene delivery
agents, individually or composited with other active com-
pounds [3, 20–23].

The Cts nanoparticles were effectually used as carriers
and enhancers of different animal venoms including snake,
scorpion, and BV, for their evaluation as anticancer agents
[24–28].

Accordingly, current study targeted the production of
NFC, its loading with BV, and evaluation of their physiog-
nomies and bioactivities to inhibit cervix adenocarcinoma
(HeLa) cells and elucidate their potential action as antican-
cer agents.

2. Materials and Methods

2.1. Fungal Chitosan (FC) Extraction. Fungal culture, Fusar-
ium oxysporum f. sp. medicaginis, ATCC® 52169™ (abbrevi-
ated thereafter as Fom), was used herein for FC production.
Broth and agar media of potato dextrose (PDB and PDA,
Difco Laboratories, Sparks, MD) were employed for Fom cul-
ture propagation and maintenance. Fungal incubation in
PDB was prolonged for 7 days at 28°C under agitated aerobic
conditions. The FC extraction was accomplished according
to Tayel et al. [6]. Briefly, after cultivation, Fommycelia were
harvested via filtration, washed by deionized water (DW),
and dried at 45°C in air oven. Dried Fommycelia were depro-
teinized (using 1M of NaOH), demineralized (using 1M of
acetic acid), and deacetylated (with 58% w/v NaOH solution
at 110°C for 90min); the filtration and extensive DW wash-
ing were repeated after each step. The FC deacetylation
degree (DDA) was determined from its FTIR (Fourier-trans-
form infrared spectroscopy) spectrum, using the Baxter et al.

formula [29]:

DDA %ð Þ = 100 −
A1655
A3450

× 115
� �

, ð1Þ

whereas the FC molecular weight (MW) was measured via
chromatography (gel permeation attached to refractive index
detector (Postnova, Eresing, Germany)).

2.2. Synthesis of Nanofungal Chitosan Loaded with Bee
Venom. The synthesis of nanoparticles (NPs) from FC and
their loading with BV depended on previous method modifi-
cations [20, 24], using the incorporation technique. Briefly,
stock solutions were made from FC (2.0mg/mL, in diluted
acetic acid solution), TPP (sodium tripolyphosphate,
1.0mg/mL of DW), and BV (1.0mg/mL of DW). The TPP
solution was minutely dropped (at a rate of 350μL/min)
into vigorously stirred FC solution, up to a final ratio of
FC : TPP = 3 : 1w/w. The stirring continued for 60min
after TPP dropping, and the resulted illuminated suspension
containing nanofungal chitosan (NFC) was centrifuged at
28:000 × g, washed with DW, recentrifuged, and lyophi-
lized. For the BV-loaded NFC, the BV was firstly added to
the FC solution (to have a BV concentration of 500μg/mL),
stirred for 30min, then the TPP solution and the rest of the
aforementioned steps were applied.

2.3. Characterization of Synthesized NPs

2.3.1. FTIR Spectrophotometry. The FTIR (PerkinElmer™
FTIR V. 10.03.08, Germany) spectra of FC, NFC, BV, and
BV/NFC nanocomposite were measured at wavenumbers of
450-4000 cm−1. Powdered samples were merged with KBr
(at 1% ratio, w/w), and their FTIR transmission spectra were
plotted.

2.3.2. NP Physiognomic Analysis. The NP size range, mean,
median, distribution (polydispersity index (PDI)), and charges
(zeta potential) were measured for NFC and BV/NFC nano-
conjugates, using Zetasizer (Malvern Instruments, UK),
based onDLS (dynamic light scattering) technique. Addition-
ally, the shape, distribution, and size of synthesized BV/NFC
nanoconjugates were screened via electron microscopy
(Transmission) imaging (TEM, Leica™ Leo0430, Cambridge
Ltd, UK); the TEM carbon-coated grid was charged with
NP solution and 1% uranyl acetate, air dried, and loaded into
TEM for examination.

2.4. Evaluation of BV Encapsulation and Release

2.4.1. Protein Assay. Based on the “Bradford method,” a stan-
dardized assay kit for protein (Pierce™ Coomassie, Thermo
Scientific-Pierce, Rockford, IL) was operated for determining
free BV concentration in the NP solution. The formed color
from BV conjugation was spectrophotometrically measured
at 595nm absorption. BSA (bovine serum albumin) was uti-
lized as the comparable standard protein.

2.4.2. Loading and Encapsulation Efficiency Measurement.
Specified amounts (10μg) from BV-loaded NFC were

2 International Journal of Polymer Science



dissolved in DW in centrifugal tubes by vigorous vortexing,
and then, the solution was centrifuged at 28:000 × g for
35min at 10°C. The BV loading capacity (LC) and encap-
sulation efficiency (EE) were calculated as follows [20]:

LC %ð Þ = Total BV amount − Free BV in supernatant
NPweight

� �
× 100,

EE %ð Þ = Total BV amount − Free BV in supernatant
Total BV amount

� �
× 100:

ð2Þ

2.4.3. In Vitro BV Release. For BV release examination,
the BV/NFC-NPs were transferred after centrifugation to
clean centrifugal tubes with 3mL of acetate buffer (pH
5.2) or phosphate buffer (PBS, pH 7.1). The tubes were
maintained at 37 ± 1°C, and 100μL samples were collected
at time intervals of 2 h for 30 h; then, the protein contents
were measured spectrophotometrically for each sample.

The released BV protein mass (Mi) at specific time (i) was
calculated as follows [20]:

Mi = CiV+〠Ci − 1V s, ð3Þ

where Ci is the BV concentration in release solution at time i,
V is the total release solution volume, and V s is the sample
volume.

2.5. NP Anticancer Activity

2.5.1. Cell Line Culture.Human cell lines of cervix carcinoma
(HeLa) obtained from EGY-NCI (National Cancer Institute,
Cairo, Egypt) were used. Culturing of HeLa cells in EMEM
medium (supplemented with 10% (v/v) fetal calf serum,
2.0mM L-glutamine, 0.1mM nonessential amino acids,
1.5 g/L NaHCO3, and 1.0mM sodium pyruvate) was per-
formed in humidified air with 5% CO2 at 37

°C.

2.5.2. Evaluation of NP Antiproliferative Activity. The
BV/NFC-NPs antiproliferative activity was assessed using
MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazo-
lium bromide) reduction assay [30]. In a 96-well polystyrene
plate, each well contained 100μL from complete medium,
tumor cells (~1 × 104) were inoculated and incubated for
24 h in humidified air with 5% CO2 at 37

°C. After cell adher-
ence, wells received gradual amounts of NFC, BV, and
BV/NFC-NPs, after dissolving in DW, to have a concentra-
tion range of 0-500μg/mL from each agent. After another
24 h of incubation, fresh media were added to replace the
treatment solution and 10μL of MTT solution (5mg/mL of
media without phenol red and serum) and plates were addi-
tionally incubated for further 3 h until purple formazan color
appeared. After supernatant discarding, formazan crystals
were dissolved with 100μL of DMSO and the color was
appraised at 540nm absorbance within 1 h. Plain DMSO
served as control.

The cell viability (%) was calculated as ½ðAbsorbance of
treatedÞ/ðAbsorbance of controlÞ� × 100.

2.5.3. Valuation of HeLa Cell Apoptosis Using Acridine
Orange/Propidium Iodide Combined Staining. The HeLa cell
potential apoptosis, after treatment with BV/NFC nanocon-
jugate, was valuated via combined staining with acridine
orange (AO) and propidium iodide (PI) [31]. HeLa cell sus-
pension (~2 × 105 cells/mL) was treated with BV/NFC-NPs
at 500μg/mL concentration and incubated for 24 and 48 h
in humidified air with 5% CO2 at 37

°C. Treated and control
cells were rinsed using PBS, then double stained for 15min
with AO (10mg/mL) and PI (4mg/mL) in the dark. Images
were captured (using fluorescence microscope Olympus
BX51, Tokyo, Japan) based on the appearance of apoptosis
indicators, i.e., the green-, orange-, and red-stained cells/or-
ganelles, within 25min after staining.

2.5.4. Appraisal of Cell Apoptosis via DAPI Staining. The
BV/NFC-NPs-induced apoptosis was further analyzed using
nuclear dye DAPI (4′,6-diamidino-2-phenylindole) fluores-
cent staining to detect nucleic DNA fragmentation and con-
densation in treated cells [32]. The treated HeLa cells were
handled as mentioned in Section 2.5.3; then, after PBS wash-
ing, they were fixed with paraformaldehyde (4%) for 12min
and permeabilized with buffer (containing 0.5% Triton X-
100 and 3% paraformaldehyde), then 50μL of DAPI (with
1μg/mL concentration) was added and kept for 60min.
The fluorescent micrographs were captured to demonstrate
the liberated and condensed nuclei fragments stained by
DAPI fluorescent dye.

3. Results

The FC extraction and production, from Fom grownmycelia,
were gainfully achieved in this work; the FC productivity was
2.41 g/L of fermentation medium. The produced FC had a
molecular weight of 51.6 kDa and DDA of 88.4%.

The process effectiveness of ionic gelation to transform
FC into NFC and loading it with BV was assessed using FTIR
to reveal their biochemical bonding and interactions.

The FTIR spectra of FC, NFC, BV, and NFC/BV nano-
conjugates are presented in Figure 1. In the spectrum of
Fom-extracted FC (Figure 1, FC), the strong peak around
3452 cm−1 corresponds to the combined hydrogen bonding
and O–H stretching; the N–H stretching (from primary
amines) was overlapped in this region. The specified absorp-
tion peaks and bands of the FC were detected at 1718 cm-1

(carbonyl (C=O) stretching of the secondary amide I band),
peaks at 1539 cm−1 and 1324 cm−1 (designated the amide II
(N–H) bending vibration and the absorption of amide III,
respectively), and at 1079 cm-1 (belongs to the C–O–C
stretching). The spectrum of NFC (Figure 1, NFC) indicated
some differences from FC spectrum; the peak of 3452 cm−1 in
FC became wider in NFC with amplified relative intensity,
which indicates the enhancement in hydrogen bonding.
The NFC spectrum showed also a sharp P=O peak at
1174 cm–1, indicating the cross-linkage with TPP. Generally,
the main characteristic peaks and bands in FC spectrum
appeared in NFC spectrum, but with slight shifting of them
to close wavenumbers.
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For the BV spectrum, the observed peak at absorbance
region of 3250–3450 cm-1 indicates the free vibrations of
N–H stretching. The FTIR spectrum of BV also indicated
the characteristic amide bands, i.e., amide I (1651 cm-1),
amide II (1532 cm-1), and the bands at 1112 cm-1 and
1040 cm-1 that indicate unsystematic coil conformation
(Figure 1, BV). In the FTIR spectrum of NFC/BV nanoconju-
gate, the BV absorbance peak for N–H stretching at
3318 cm−1 was reduced and shifted to 3421 cm−1 (Figure 1,
NFC/BV). The amide I indicated band in the BV at 1651 cm−1

was also shifted to a higher wavenumber (1654 cm−1) in
BV/NFC.

The characteristic attributes of synthesized NP from FC
and BV are illustrated in Table 1.

The NFC had smaller average (mean) particle diameters,
median diameter, and size range than BV/NFC nanocompos-
ite. The PDI values were <0.5 for both synthesized NPs
(0.262 for NFC and 0.414 for BV/NFC nanocomposite),
which indicates a matched and favorable NP size distribution
(Table 1). Both NP types had positive Z-potentialities; the BV
loading into NFC slightly reduced their positivity from +33.7
(for NFC) to +27.2 (for BV/NFC nanocomposite).

The particle shape, size, and distribution, for BV/NFC
nanocomposite, were further elucidated via TEM imaging
(Figure 2). The nanoconjugate particles mostly appeared

with spherical shapes and smooth surfaces, uniform distribu-
tion with size range of ~168-256nm (Figure 2).

The calculated LC and EE, of BV in NFC, were 38.22 and
92.42%, respectively. The BV release from NFC was in vitro
evaluated at pH 5.2 and 7.0, through direct dispersion during
30 h of release duration. The BV release patterns from NFC
are plotted in Figure 3.

The BV release had a pH- and time-dependent manner;
lower BV percentages were released in pH 7.1 than in pH
5.2. The releasing pattern revealed a burst BV release at
the first 6 h; after that, gradual releases were detected with
experiment prolongation for 30h. The released BV ratios
were 67.2 and 71.4% after 6 h, and the maximum release
percentages were 76.2 and 81.3%, at the duration end, in
pH 7.1 and5.2, respectively.

The anticancer potentialities of NFC, BV, and FC/BV-
NPs measured with the decrement of HeLa cell viability, after
exposure to different concentrations from synthesized
agents, are plotted in Figure 4. The entire agents had potent
anticancer activity toward examined cells; the activities of
all agents were dose-dependent. The most forceful agent
was the NFC/BV nanoconjugates then the BV and lastly the
NFC. After 24 h of exposure to a concentration of 500μg/mL,
only 8.3 and 22.3% of cells remained viable after treatment
with NFC/BV-NPs and BV, respectively. The 200μg/mL
concentration from NFC/BV-NPs could kill 50% of cancer-
ous cells after 24 h (Figure 4).

Fluorescent imagingwas applied to elucidate the cytotoxic
effects of NFC/BV composites toward examined cancerous
cells (Figure 5). The potential apoptotic effect after HeLa cell
treatment with NFC/BV nanoconjugates (at 500μg/mL con-
centration) was investigated using DAPI staining (Figure 5,
DAPI). The exposure to nanoconjugate induced observable
morphological apoptosis signs in treated HeLa cells, e.g.,
membrane blebbing, cell shrinkage and rounding.

The apoptosis signs greatly increased and became more
vigorous, with exposure prolongation from 24 to 48 h, to
include most of the treated cancerous cells. While control
cells had no apoptosis signs, the DAPI-stained treated cells
had many brightly fluoresced fragments/nuclei; the DNA
condensation and apoptosis signs increased dramatically in
a time-dependent approach.

The cell apoptosis and necrosis were further elucidated
via AO/PI double fluorescent staining (Figure 5, AO/PI); via-
ble cancerous cells appeared with intact structures and green
color for cells and nuclei. The early apoptosis signs include
the appearance of chromatin condensation and bright
green-stained nuclei, which clearly appeared after 24 h from
treatment with NFC/BV nanoconjugate. The secondary
necrosis and late apoptosis signs evidently appeared in HeLa
cells after treatment for 48 h, with more chromatin condensa-
tion, dense orange-stained areas, and many stained nuclei
with deep reddish-orange color.

4. Discussion

The achievement of FC was successfully conducted from Fom
mycelia, which confirmed the investigations that indicated
the high potentiality of fungi as sustainable sources for
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Figure 1: FTIR spectra of synthesized molecules of fungal
chitosan (FC), bee venom (BV), nano-FC (NFC), and BV/NFC
nanocomposite.
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chitosan production [4–9, 22, 23]; these investigations rec-
ommended the application of FC, from many fungal species,
in the biomedical and health-related fields.

The FTIR analysis of FC certified its comparable
structure/groups to the standardized conventional chito-
san [6, 33].

The slight shifting of many characteristic peaks and
bands in FC spectrum to close wavenumbers in NFC spec-
trum validates the successful NFC cross-linkage and synthe-
sis of targeted NPs [22]. The NFC and NFC/BV spectra were
closely matched in most of the biochemical groups and wave-

number intensity; this indicates that BV did not chemically
affect or change the NFC structure and accordingly maintain
its biosafety for usage in the human body [29]. In the FTIR
spectrum of NFC/BV nanoconjugate, the stretching and
broadening of C–O (from NFC) and reduction of stretched
N–H intensity (from BV) and their shifting to littler wave-
numbers indicate the hydrogen bond formation between
these active groups from BV and NFC [34].

The obtained data from “Zetasizer,” regarding the syn-
thesized NFC and BV/NFC nanoconjugate, revealed that
BV/NFC nanoparticles had larger sizes than NFC particles;
this could conceivably be due to the added molecular weight
and composited structure after venom on nanochitosan [27],
which verifies the elevated ability of current NFC to carry BV.
For successful biomedical applications, functional nanocom-
posites are mostly manufactured in a NP size range from 20
up to 300nm, considering that the “smallest particles could
reach any part of the body” [35].

The BV release from NFC was very fast in the first 6 h of
the experiment; this burst release is supposed to depend on
the BV dissociation from the surface of NFC, as generally
reported from loaded protein molecules on nanochitosan
[21, 36]. Additionally, the early rapid release and diffusion
of protein molecules from the surface of nanoparticles were
stated as undeniable [37]. Subsequently, the slow BV release
was seemingly attributed to slow degradation of entrapped
protein molecules in NFC and the degradation of

Table 1: Characteristic attributes of synthesized nanoparticles from fungal chitosan (NFC) and its nanocomposite with bee venom
(BV/NFC).

Nanoparticles Size range (nm) Median diameter (nm) Mean diameter (nm) Z-potential (mV) PDI

NFC 92.1-157.3 121.6 129.1 +33.7 0.262

BV/NFC nanocomposite 147.3-269.6 186.3 192.4 +27.2 0.414

Figure 2: Transmission micrographs of synthesized nanocomposite
from fungal chitosan and bee venom.
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Figure 3: Bee venom release profile from fungal chitosan
nanoparticles at different pH values (5.2 and 7.1) during the 30 h
releasing period.

100

90

80

70

60

50

C
el

l v
ia

bi
lit

y 
(%

)

40

30

20

10
0

0 50 100 150 200 250
Concentration (𝜇g/mL)

300 350 400 450 500

FC-NPs
BV
FC/BV-NPs

Figure 4: Cancer cell (HeLa) viability after exposure to nanofungal
chitosan (FC-NPs), bee venom (BV), and their nanocomposite
(FC/BV-NPs) for 24 h using different concentrations from each of
them.

5International Journal of Polymer Science



nanoparticles itself [38]. The degradation rate of protein was
supposed to exceed its releasing rate, after prolonged releas-
ing period [39]. Additionally, BV was reported to engage
the long chain of nanochitosan in a nonuniform manner,
thus high percentages from it could be easily released in the
early releasing period [28].

The release of BV was higher in pH 5.2 than in pH 7.1,
which could be explained by the solubility preference of chi-
tosan in weak acidic solutions than in neutral solutions; thus,
the pH 5.2 condition could increase BV liberating from the
solubilized NFC.

The induction of HeLa cell apoptosis/necrosis, after treat-
ment with BV/NFC nanoconjugate, was evidenced via stain-
ing with fluorescent dyes. The lethal effect of BV/NFC
nanoconjugates could be principally owed to BV anticancer
potentiality, which was strengthened after loading onto
NFC. The NFC polycationic nature is suggesting for facilitat-
ing particle attachment to tumor cells and enables more con-
tact between BV and cell surface.

Animal venom peptides, especially BV, have a great
potential for developing into biopharmaceuticals, with many
limitations that could be overcome with their conjugation
with polymeric nanocarriers like Cts to augment their chem-
ical instability, half-lives, oral absorption, and target cytotox-
icity [40].

Although the produced bioactive agents (NFC and BV)
were extracted from fungal and insect sources, the transabil-
ity of other biological components from these organisms to
the human body is not expected because Cts and NFC are
mostly polysaccharides extracted with harsh steps (e.g., very
high alkalinity and temperature), leading to the elimination
of any protein residues, while the BV is obtained from the
bees’ toxin glands and is anciently applied for treating
various diseases with no evidences for genetic transferability
during these treatments [13]. Nanoformulations are demon-

strated as well-suited for the administration of drug-like
molecules; polymeric nanocarriers can enhance the drugs’
half-life circulation and their deposition into diseased sites
with diminished extravasation to healthy/normal tissues [41].

The BV antitumor activity was stated to depend primar-
ily on close contact between its active constituents and cancer
cells, which is essential to develop cell apoptosis/necrosis
[42]. Melittin (the major protein constituent of BV) was con-
firmed for cancer therapy as a potent bioactive agent [43]; the
main suggested functions of melittin involved cell membrane
perturbing (leading to hemolytic and antimicrobial conse-
quences) and the induction of vigorous structural alterations
in these membranes (including pore formation, vesiculation,
and fusion) [44]. Furthermore, melittin was verified to
induce arrest in tumor cell cycle, inhibiting their growth,
and apoptosis signs in different tumor cells [12]. Interest-
ingly, BV melittin was demonstrated to specifically pursue
cells that have extraordinary levels from Ras oncogene, i.e.,
tumor cells [45].

Apoptosis was appointed as the key function of BV anti-
cancer action, as consequences from death receptor (DR)
stimulation and inactivation of nuclear growth factor family
kappa B (NF-κB) in cancer cell [11].

The application of AO/PI double fluorescent staining, for
quantifying the apoptotic and necrotic consequence of
BV/NFC nanoconjugate on HeLa cells, proved its applicabil-
ity and efficiency. The variations in cell staining with green,
orange, and reddish-orange as indicators for early apoptosis,
late apoptosis, and secondary necrosis, respectively, were
illustrated [31]. The tumor cell death indicators (apoptosis,
necrosis, and lysis) were stated as the potential mechanisms,
by which BV could inhibit tumor development [17]. A
previous study [46] indicated that BV anticancer activity
was more forceful against V79 than for HeLa cells; and
its effect toward both cells was dose-dependent. The BV
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Figure 5: Fluorescent microscopic imaging of HeLa cancerous cells, stained with DAPI stain or acridine orange/propidium iodide (AO/PI)
double staining, after treatment with 500μg/mL from bee venom/fungal chitosan nanoparticles∗. ∗C: control (untreated) cells; M: treated cells
for 24 h; S: treated cells for 48 h.
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role in the in vivo inhibition of cancer growth and prolif-
eration was addressed to involve immune response stimu-
lation of lymph nodes [42].

Interestingly, BV was illustrated to induce leukemia cell
apoptosis, with no cytotoxicity on normal cells of the bone
marrow [15]; the main regulators of BV-induced leukemic
cell apoptosis are caspase-3 and Bcl-2 via suppression of
mitogen-activated signaling paths [14]. The preceding flow
cytometric analysis indicated BV capability for inducing ROS
(reactive oxygen species) production, increasing cytoplasmic
Ca2+ levels, releasing cytochrome C due to reduced potentials
of mitochondrial membrane, and promoting caspase-3 acti-
vation, which consequently caused cell apoptosis [16].

The amount of BV binding sites from carbohydrate/a-
mines on cancerous cell membranes was suggested to explain
the varying sensitivity of cancer types to BV components
[46]; thus, it is supposable here that loaded NFC with BV
could generate more binding sites with HeLa cell membranes
and accordingly strengthen the BV antiproliferative action
toward these cells.

The modern approaches for NP safety assessment recom-
mended the usage of in vitro/ex vivo models as essential pre-
requisites for their translation into applicable products [47].
The Safe-by-Design (SbD) concept is applied for the assess-
ment of nanomaterial and nanopolymer potential conse-
quences on the environment and human health and their
uses to develop nanomedicines; according to the latest SbD
criteria, NFC could be regarded as an ideal safe “nanobiocar-
rier” for delivering BV into the human body to fight cancer
cells [48, 49].

5. Conclusion

The grownmycelia of Fomwere innovatively employed as FC
source, which was successfully utilized for NFC production
and loading with BV. The BV/NFC nanoconjugate had
favorable structural and biochemical physiognomies, plus
their augmented anticancer bioactivity against cervix carci-
noma (HeLa) cells. The BV/NFC nanoconjugate could
induce serious apoptosis signs in HeLa cells in a time- and
dose-dependent manner. The application and extra evalua-
tion of BV/NFC nanoconjugates are strongly recommended
as effective and natural anticancer agents.
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