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Abstract
There has been significant interest to finding new and effective bactericidal materi-
als due to increasing antibiotic resistance. Herein, this work reports on the design of 
a chitosan nanocomposite (NC) with two nanoparticle (NP) components, silver (Ag) 
and curcumin nanoparticles (Cur-NPs) with enhanced antibacterial activity. Chi-
tosan-silver curcumin NC (Chi-Ag Cur NC) was prepared by adding water-soluble 
Cur-NPs to Chi-Ag NC solution. In order to produce Chi-Ag NC in a green manner, 
silver nanoparticles (Ag-NPs) were synthesized through photochemical reduction by 
using chitosan as the stabilizing agent and acetic acid as the reducing agent. The 
characteristics of Chi-Ag Cur NC were investigated through UV–Vis spectroscopy, 
FTIR, XRD, EDX, SEM, and DLS analysis. Chi-Ag Cur NC’s antibacterial activity 
was further tested against certain clinically isolated strains of burn wound infection 
with significant antibiotic resistance as well as some standard bacterial strains. An 
increase in antimicrobial/antibiofilm activity of Chi-Ag Cur NC was observed with 
lower MIC and MBIC. In addition, no cytotoxicity of freshly produced NC was seen 
in NHDF cells. These results clearly revealed the synergy of Ag-NPs and Cur-NPs 
in novel antibacterial NC film which can be applicable as a promising antibacterial 
coating to prevent infection and promote burn wound healing.
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Introduction

Burn wound bacteria generate a slew of issues in individuals suffering from acute 
burn wound infections. Many of these bacteria are resistant to most antibiotics, mak-
ing treatment more difficult in these patients [1]. Antibiotic resistance has spread 
throughout the world as antibiotic use has increased [2]. The quest for finding novel 
and effective bactericidal materials is critical for combating drug resistance, and 
nanoparticles (NPs) have emerged as a viable method to addressing this issue. The 
large surface area-to-volume ratio of NPs has made them a unique delivery and anti-
microbial agents in many respect [3–5]. NP-based therapies have an expansive range 
of applications in wound healing. Furthermore, the creation of innovative bio-com-
posite materials impregnated with metal NPs might be a more effective wound heal-
ing therapy technique with efficient antibacterial activity [6]. The synthesis of nano-
composite (NC) materials based on chitosan and silver NPs (Ag-NPs) is currently 
of great interest in biomedical and pharmaceutical fields because of their strong 
antimicrobial features [7–9]. Chitosan, a linear cationic polysaccharide made up of 
randomly repeated units of β-(1, 4) coupled N-acetyl glucosamine, is produced by 
partial N-deacetylation of chitin [10, 11]. Amino acids groups with positive charge 
in the chitosan structure interact with negative bacterial cell wall components; 
hence, inducing cell wall and membrane disruption [12]. Furthermore, it is attested 
by many researchers that this significant anti-bactericidal impact is due to chitosan 
propensity for penetrating into the microbial membranes and inhibiting DNA rep-
lication [6]. Ag-NPs play a significant role in the field of bio-medicine due to its 
unique physiochemical properties such as antibacterial, antifungal, anti-inflamma-
tory properties [13]. When Ag-NPs are combined with chitosan, it has the potential 
to accelerate the wound healing process with excellent antimicrobial activities. Anti-
microbial activity is mediated by attaching to the negatively charged bacterial cell 
wall, resulting in cell envelope instability and altered permeability [14]. Curcumin 
is a nutraceutical agent with several pharmacological properties, and it has potent 
therapeutic activity in wound healing applications [15]. Curcumin is a hydrophobic 
polyphenolic chemical derived from turmeric, the powdered rhizome of Curcuma 
longa with potent biological properties [16]. However, its biomedical application is 
limited by its low solubility in water. To address this issue, several researchers have 
reported the nanoformulation of curcumin utilizing natural polymers such as chi-
tosan and alginate [17]. Furthermore, the combination of curcumin with metal-based 
NPs (such as silver and titanium) result in synergistic antibacterial effects [15].

The ability of nanocurcumin along with Ag-NPs to act as nano-reinforcements 
within the chitosan matrix and their antibacterial properties have been less stud-
ied. Given the improved microbiological inhibition of chitosan-silver NC (Chi-Ag 
NC) compared solely to chitosan and Ag-NPs, combining NC with curcumin NP 
(Cur-NP) may be a viable approach in the battle against several types of bacte-
ria, particularly in the treatment of wound infections. As a result, the goal of this 
research is to create a chitosan NC with two NP components, silver and Cur-NP, 
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to improve therapeutic properties. Chitosan-silver-curcumin NC (Chi-Ag Cur NC) 
was produced using a green and environmentally friendly approach. We also studied 
the physicochemical properties and cytotoxicity of Chi-Ag Cur NC. Furthermore, 
the antibacterial and antibiofilm properties of Chi-Ag NC and Chi-Ag-Cur NC were 
evaluated against clinical bacterial isolates related with wound infections, as well as 
some standard bacterial strains. It was recognized to be extremely effective in killing 
both planktonic and biofilm-forming bacteria. The prepared Chi-Ag-Cur NC film 
can be a new type of biopolymer-based wound dressing for burn wound infection 
treatments.

Material and methods

Materials

The chitosan high molecular weight Mw 310,000–375,000 Da, > 75% deacetylated, 
silver nitrate, and curcumin were obtained from Sigma-Aldrich, USA. Other chemi-
cals utilized in this investigation were acetic acid glacial, glycerol, sodium bicarbo-
nate, nutrient agar, nutrient broth, Moller Hinton agar (MHA), and Tryptic soy broth 
(TSB), which were obtained from Merck in Germany without further purification. 
Iranian Research Organization for Science and Technology provided the standard 
bacterial strains and cell line (IROST).

Preparation of Chi‑Ag‑Cur NC

The synthetic procedure followed for the preparation of Chi-Ag-Cur NC consists of 
the following three steps, as revealed, schematically, in Scheme 1.

 (i) The preparation of Chi-Ag NC:
   Chitosan solution (1% w/v) was made in an electric oven at 70 °C by dis-

solving chitosan in acetic acid solution (1% v/v) for at least 1 h until a clear 
solution produced. The flask holding the chitosan solution was placed on the 
magnetic stirrer, and 100 mg of silver nitrate was progressively added to it 
and then was placed under sunlight. The production of Ag-NPs solution is 
indicated by a shift in hue from cream to dark brown. The flask was then put 
in a 100 W ultrasonic bath for 10 min to avoid the agglomeration of Ag-NPs 
[18].

 (ii) The preparation of Cur-NPs:
   To create a clear solution, 100 ml of sodium bicarbonate buffer 4 M was 

made and put on a magnetic stirrer at 120 °C. The temperature was sub-
sequently lowered to 100 °C, and a dropwise addition of 0.1 M curcumin 
solution in ethanol (10 ml) into the boiling buffer was performed using a 
sampler. For 8 h, the solution was agitated on a magnetic stirrer at 100 °C 
until the yellow hue turned to red. The formation of sodium curcumin salt is 
indicated by the change in solution color. The solution was then centrifuged 
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(11,000 rpm, 25 °C, 30 min). The precipitate that formed was rinsed with 
15 mL of distilled water. The final precipitate was collected and dried in a 
70 °C oven. After dissolving the dried curcumin salt in 100 mL of distilled 
water, it was put in an ultrasonic bath for 1 h. The entire contents were then 
put into a plastic container with multiple holes in the top and frozen for 24 h 
at − 80 °C. Cur-NPs were produced during an 18-h lyophilization process. The 
Cur-NPs powder was then put into a disposable plate and sterilized under UV 
light for 1 h before being poured into a sterile dark container and kept in a 
refrigerator at 4 °C [19].

 (iii) The formation of Chi-Ag-Cur NC:
   Chi-Ag-Cur NC solution was made by dissolving 0.1 gr of freeze-dried Cur-

NPs powder in 20 ml of distilled water and adjusting the pH to 7. Then, using 
a magnetic stirrer at 70 °C for 15 min, 20 ml of Cur-NPs powder solution was 
gently added to 50 ml of Chi-Ag NC solution. To produce the Chi-Ag-Cur 
NC film, all of the flask contents were poured onto the bottom of a square-
shaped Pyrex glass container and dried in a dry-heat oven for 10 min. After 
that, 50 ml of 1 molar NaOH was produced and put onto the dried film in the 
Pyrex container before being placed in the dry-heat oven for a second time. 
After removing the film from the container bottom, it was rinsed three times 
with distilled water and sterilized in a Petri dish for 20 min under UV light.

Scheme 1  Synthesis procedure followed for the preparation of Chi-Ag-Cur NC
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Characterization of prepared NCs

Shidmadzu UV–visible spectrophotometer (UV-1800-Tokyo, Japan) was used to 
measure the UV–visible spectral range from 350 to 800 nm. All sample solutions 
were diluted one–ten. Using a Dynamic Light Scattering (DLS) instrument, the par-
ticle size and polydispersity index (PDI) of produced NCs were assessed. VEGA 
TESCAN-LMU Scanning Electron Microscopy was used to examine the surface 
morphologies of the NC films (SEM). Small pieces of prepared NC film were cut 
and put on a platinum substrate. Surface coating with gold was used to increase the 
electrical conductivity of the samples, which was then examined using SEM. The 
elemental analysis was carried out with the use of a SEM attachment named Energy 
Dispersive X-ray (EDX). The Fourier Transform infrared (FTIR) spectra were also 
collected using a Series 100 Perkin Elmer 1650 FTIR spectrophotometer (Walth-
man, MA, USA) in the 400–4000  cm−1 range. KBr powder was used to make pellets 
of freeze-dried samples (0.1 g). The structures of the produced NCs were investi-
gated using Philips Xʼpert Pro Panalytical PW3040MPD X-ray diffraction (XRD).

Antibacterial activity

The produced NCs were evaluated in-vitro against four isolated strains from burn 
wound infection patients. Clinical strains with the highest antibiotic resistance 
were chosen from a pool of 120 clinically isolates. These isolates were character-
ized and identified based on their morphological, cultural, and biochemical features. 
The results showed that the K5, Pst14, E18, and S3 isolates are closely related to 
Klebsiella pneumonia (K. pneumonia), Pseudomonas aeruginosa (P. aeruginosa), 
Escherichia coli (E. coli), and Staphylococcus aureus (S. aureus), respectively. In 
addition, a number of standard strains including K.  pneumoniae (ATCC 7000603), 
P. aeruginosa (ATCC 27853), E. coli (ATCC 25922), and S. aureus ATCC (25923) 
were evaluated.

Kirby‑bauer disk diffusion assay

The antibacterial performance of two Chi-Ag NC and Chi-Ag-Cur NC against clini-
cal and reference isolates was determined using the disc diffusion test (Kirby-Bauer). 
Each strain was swabbed on a solid MHA after an overnight culture. Chi-Ag NC and 
Chi-Ag-Cur NC films were cut into 5-mm-diameter circles. After UV sterilization, 
the NCs films were put over the plates and incubated for 24 h at 37° C. The zone 
of inhibition’s diameter was measured in millimeters. Agar well diffusion method is 
used to evaluate the antimicrobial activity of Cur-NPs.

Minimum inhibitory concentration (MIC)

For the MIC test, Müller–Hinton Broth (MHB) and TSB media were employed. 
Each strain was transferred to a 5-mL TSB tube and cultured overnight at 37° C. The 
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bacterial cultures were then diluted, and the tube’s turbidity was set to 1 ×  106 (CFU/
mL). The MIC was determined using the dilution method in 96-well plate microtiter 
according to the CLSI M07-A9 standard [20]. All 12 wells received 100 µl of sterile 
MHB. The first well, which contains the most antimicrobial agent, contains 1500 
and 625 µg/ml of Chi-Ag NC and Chi-Ag-Cur NC solution, respectively. The start-
ing concentrations of Chi-Ag NC and Chi-Ag-Cur NC solution in standard strains 
were 375 and 312.5 µg/ml, respectively. Sum 100 µl of NC and 100 µl of bacterial 
suspension were added to the negative control well and the positive control well, 
respectively. Finally, the data were recorded using an ELISA reader at 630 nm. The 
MIC was determined as the lowest antibacterial concentration that completely inhib-
ited visible growth of the test strains within a specified time period.

Minimum biofilm inhibitory concentration (MBIC) and minimum biofilm eradication 
concentration (MBEC)

MBIC and MBEC tests were performed by broth microdilution method in adherent 
96-well microtiter plates [21]. The optical density (OD) of adherent bacteria was 
measured at 550 nm using an ELISA plate reader. The Chi-Ag NC and Chi-Ag-Cur 
NC stock solutions were prepared to a concentration of 12,000 µg/ml and 1000 µg/
ml (MBIC tests) and 6000 µg/ml and 5000 µg/ml, respectively (MBEC tests). TSB 
medium supplemented with 0.2% glucose (TSG) was used for MBIC and MBEC 
experiments. Each strain was transferred to 5 mL of TSG and cultivated overnight at 
37 ˚C. The bacterial cultures were then diluted and the turbidity of the tube was set 
to 1 ×  106 (CFU/mL). An aliquot of 100 µl of sterile TSG was added to all 12 wells. 
The first well contained the highest concentration of antimicrobial agent as 3000 
and 2500 µg/ml of Chi-Ag NC and Chi-Ag-Cur NC, respectively. Negative control 
wells were only filled with 100 μl of NC. Positive control wells were only filled with 
100 μl of bacterial suspension. The microtiter plate was then incubated at 37 °C for 
24 h. Media was removed from all wells after the respective incubation times. The 
formed biofilm was rinsed with physiological serum. At this point, spectrophotomet-
ric evaluation of the biofilm development was not feasible since its optical density 
was below the detection limit of the plate reader. After rinsing, 100 µl of the sterile 
TSG was added to the wells. Each plate was incubated again for 24 h at 37˚˚C to 
allow biofilm development. The plates were then stained with 0.2% solution of crys-
tal violet (200 µl each well) for 15 min. Then, crystal violet solution was removed 
and wells were rinsed three times with sterile physiological serum. During the rins-
ing care was exercised as to avoid any possible biofilm disturbance. The plate was 
dried at room temperature. Next, 200 μl of 30% glacial acetic acid was added to each 
well. After 15 min, the absorbance was read at 550 nm using an ELISA plate reader 
[22]. The percentage of biofilm inhibition in each well was calculated as:

A: Optical absorption of the tested well.
B: Optical absorption of the negative well.

Biofilm formation (%) =
(A) − (B)

(C) − (B)
× 100
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C: Optical absorption of the positive well.
Biofilm removal rate in each of the tested wells was calculated using the follow-

ing formula:

Cytotoxicity test

In a 96-well plate, Normal Human Dermal Fibroblasts  (NHDF) cells were seeded 
at a density of  105 cells per well in Dulbecco’s Modified Eagle’s medium (DMEM) 
with 10% Fetal bovine serum (FBS) and then cultured at 37 °C for 24 h with 5% 
CO2. The prepared plate was rinsed twice with phosphate-buffered saline (PBS). 
Then, 100 µl from different concentrations of Chi-Ag NC and Chi-Ag-Cur NC were 
added to each well (1–1000 µg/ml).Wells treated with 1% Triton X100 were used as 
the negative control and untreated wells were selected as the positive control. The 
cells were further incubated for 24 h. Then cells were rinsed twice with PBS. There-
after, 225 μl of fresh growth medium and 25 µl of 0.5 mg/ml 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were added to each well and the 
cells were incubated for four hours. After incubation, the unreduced MTT and the 
medium were removed and 250 μl of DMSO was added to each well as to dissolve 
the MTT formazan crystals. Finally, the absorbance of formazan product was read at 
540 nm using an ELISA plate reader [23]. The following formula was used to com-
pute the survival percentage in comparison with the control cells (100% survival):

A: Each NC concentration’s absorption.
B: Positive control absorption.

Results and discussion

Preparation of NCs

Chemical reduction, electrochemical, irradiation, and thermal decomposition are some 
of the techniques used to produce NPs. Toxic, hazardous substances are employed in 
the majority of chemical techniques used to synthesize NPs. Green synthesis meth-
ods have been developed to manufacture NPs to address the disadvantages of hazard-
ous substances [24]. The production of Ag-NPs utilizing organic acids (acetic acid or 
ascorbic acid) and UV (or visible light) irradiation might be described as the green 
approaches [25]. Ag-NPs were synthesized using photochemical reduction utilizing 
chitosan as the stabilizing agent and acetic acid (organic acid) as the reducing agent 
to create Chi-Ag NC in an environmentally friendly method. Polymers possessing 
amino groups, such as chitosan, can diminish metal ions. In line with our results, [26] 
also synthesized Chi-Ag NC by acetic acid as the reducing agent and chitosan as the 

Biobilm inhibiton (%) = 100 − (Biofilm formation)

Suvival percentage =
A

B
× 100
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stabilizing agent [26]. Chi-Ag NC was created in this work by utilizing chitosan with 
deacetylation of  >  75%, which decreased the photochemical reduction time from 1 h 
to 5 min. Thomas et al. (2009) managed to generate Chi-Ag NC films in a green man-
ner utilizing a photochemical reduction process, but they had to first deacetylate chi-
tin to produce chitosan, thus when exposed to sunlight, one hour was required for the 
color change and creation of Ag-NPs [27]. As mentioned, in this study the synthesis 
of Chi-Ag NC was carried out in a green manner and without any chemical reductive 
agents through photochemical reduction and using a chitosan acidic solution. Vimala 
et al. (2011) used the photochemical reduction method to produce a Chi-Ag NC film by 
using polyvinyl alcohol and glutaraldehyde. The newly-formed NC cannot be classified 
as a green product due to the presence of polyvinyl alcohol and glutaraldehyde [28].

In this study, Cur-NPs were produced using sodium bicarbonate buffer. Further-
more, by-products such as the sodium salt of curcumin, weakly unstable acids such as 
 H2CO3,  CO2, and water were generated, all of which being eliminated from the envi-
ronment after rinsing with distilled water. The produced Cur-NPs did not contain any 
hazardous, toxic, and mutagenic chemicals such as dichloromethane, ethyl acetate, and 
Tween 80, which are commonly used when producing Cur-NPs. In most studies, dime-
thyl sulfoxide (DMSO) has been used as the primary solvent for curcumin powder [29]. 
Due to its dermal complications, irritation, and allergy, this solvent was not utilized in 
this research. In this study, ethanol was used as primary solvent which evaporates at 
high temperatures and water-soluble Cur-NPs was added to Chi-Ag NC solution. In 
another work, 1 M NaOH was used as the main solvent, and the curcumin oxide solu-
tion was utilized to produce silver curcumin NC [11]. Khan et al. (2019) presented a 
rapid procedure for curcumin silver nanoparticles synthesis at a pH of 9.92 in an alka-
line medium. In their research, curcumin was used as a reducing and a capping agent in 
combination with silver nitrate as the silver precursor [30].

Characterization of Cur‑NPs

The particle size and distribution of Cur-NPs were evaluated by SEM, and DLS analy-
sis. Under SEM, the Cur-NPs appeared as clusters of round particles at approximately 
100 nm in dimension. Likewise, the DLS results displayed an average size of 97.7 nm 
for the Cur-NPs with polydispersity index (PDI) of 0.0913, indicating an excellent uni-
formity of these NPs. The PDI is a metric of particle uniformity; the lower the value, 
the more uniform the particles are.(Fig. 1). In the study of Bhavana et al. (2011), how-
ever, Cur-NPs with mediocre sizes of about 50 nm were obtained [31]. The absorption 
spectra of Cur-NPs is shown in Fig. 2. The absorption bands of Cur-NPs at 420 nm 
pertain to the presence of the aromatic ring in their structure [32].

Characterization of NCs

UV–VIS spectrophotometry of Chi-Ag NC had a peak at 400  nm (Fig.  2). This 
peak does not occur when chitosan is measured separately. According to Anan-
dalakshmi et  al. (2016), this band relates to the absorption of Ag-NPs within the 
extend of 400–450 nm owing to the stimulation of surface plasmon vibration [33]. 
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The Chi-Ag-Cur NC spectrum showed the highest absorptions at 400 and 420 nm 
(Fig. 2). The absorption band of curcumin appeared at 420 nm which is in agree-
ment with the results of [34]. Curcumin is known to have a long and intense wave-
length absorption in the visible range from 420–580 nm [32].

DLS findings revealed that 99.9% of Ag-NPs in Chi-Ag NC have a size of 30 nm 
with PDI of 0.09. The average size reported by DLS agrees with the SEM imaging, 
which reveals that the diameters of the NPs are between 10 and 30 nm. (Fig. 3). On 
the surface of Chi-Ag NC film in SEM images, Ag-NPs were seen as white particles 
around 20  nm in dimension which have accumulated at some places (Fig.  3). 26 
synthesized Ag-NPs spherical aggregates wrapped by chitosan with sizes ranging 
from 6 to 18 nm [26], which is consistent with our findings. Nate et al. (2018) did, 
however, obtain Chi-Ag NPs with dimension ranging from 2 to 6 nm [35].

DLS results of Chi-Ag-Cur NC showed that 91.6% of NC have a size of 104 nm 
with PDI of 0.0897 which is consistent with the SEM image (Fig. 4). Because of 

Fig. 1  Size characterization of Cur-NPs: a SEM image, and b DLS analysis

Fig. 2  Comparative UV–visible spectra of Chitosan (…), Cur-NPs (--), Chi-Ag NC (-.-.) and Chi-Ag-Cur 
NC (-)
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the presence of ions near the NPs, larger sizes are expected in DLS compared to 
SEM. On the Chi-Ag-Cur NC surface, spherical to oval Cur-NPs with diameters 
smaller than 110  nm were detected along with Ag-NPs (Fig.  4). However, Ma 
et al. (2020) reported the average diameter of curcumin-loaded chitosan NPs to be 
134.37 ± 1.99 nm [36].

EDX spectroscopy was used to determine the elemental composition of the pro-
duced NCs. Chitosan contains carbon, nitrogen, and oxygen which is confirmed by 
the presence of the C, O, and N peaks in the EDX spectra. In the same manner, Ag 
ions indicate the presence of Ag-NPs in the composite (Fig. 5). Carbon and oxygen 
rising percentages in Chi-Ag-Cur NC indicate the presence of curcumin, an organic 
compound that contains these elements (Fig. 5).

The FTIR spectra of (a) chitosan and (b) Chi-Ag NC are displayed in Fig. 6. The 
FT-IR spectrum of chitosan demonstrate amide A and amide B bands at wavenum-
bers of 3445 and 2920   cm−1. The amide A emerges chiefly because of O–H and 

Fig. 3  Size characterization of Chi-Ag NC: a SEM image, and b DLS analysis

Fig. 4  Size characterization of Chi-Ag-Cur NC: a SEM image, and b DLS analysis
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Fig. 5  EDX plot of a Chi-Ag NC, b Chi-Ag-Cur NC

Fig. 6  FTIR spectra of a Chitosan, b Chi-Ag NC, c Cur-NPs, and d Chi-Ag-Cur NC
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N–H extending vibrations. The amide B arises chiefly due to the extending vibra-
tions of the aliphatic –CH bonds [37, 38]. The FT-IR spectrum of Chi-Ag NC indi-
cated some alterations compared to chitosan. A new peak was appeared at wave-
number of 2809   cm−1 which related to amide B. Interactions between amine and 
amide groups in the structure of chitosan and Ag-NPs can cause these changes. In 
addition, the three amide bands of I, II, and III of Chi-Ag NC shifted to 1680  cm−1, 
1530  cm−1, and 1399  cm−1, which indicates the chelating of Ag-NPs with chitosan 
amino and hydroxyl groups. Figure 6 shows the FTIR spectra of (c) Cur-NPs, and 
(b) Chi-Ag-Cur NC. Absorption peaks between 1450 and 1622  cm−1 correspond to 
aromatic and phenolic bands. Other peaks between 1000 and 1300  cm−1 are related 
to symmetric and asymmetric C–O–C groups [11]. These peaks were detected in the 
spectrum of both Cur-NPs and Chi-Ag- Cur NCs. The formation of hydrogen bonds 
between curcumin with silver nanoparticles or chitosan chains in the Chi-Ag-Cur 
NC structure can be interpreted as this. The same results have been reported in the 
previous studies on curcumin loading in chitosan NPs [39].

The XRD pattern was measured to identify the crystalline structure of Cur-NPs 
and their changes after the addition to Chi-Ag NC. The XRD pattern of Chi-Ag NC 
shows a sharp peak at 2θ = 16.96°, which corresponds to the characteristic peak for 
chitosan chains [27], thus showing its high degree of crystallinity. The XRD pattern 
of Cur-NPs exhibited the characteristic peaks at 2θ values of 32.35°, 33.93°, 37.96°, 
and 45.3°. Characteristic peaks of Cur-NPs were observed in the XRD pattern of 
Chi-Ag-Cur NC, showing that the NC is composed of Cur-NPs. Also, the shift in 
characteristic peak of chitosan to 11.39° in the XRD pattern of Chi-Ag-Cur NC is 
shown in Fig. 7.

Antibacterial activity

Chi-Ag NC, Chi-Ag-Cur NC, and Cur-NPs were examined for antibacterial activ-
ity against clinical bacterial isolates related with wound infections, as well as some 
standard bacterial strains. The results obtained are set out in Fig. 8 and Table 1. The 
results revealed that Chi-Ag-Cur NC has a better antibacterial activity. As shown 
in Table 1, Cur-NPs have higher MIC and adding Cur-NPs to Chi-Ag NC leads to 
lower MIC of Chi-Ag-Cur NC. Furthermore, both synthesized NC were more effec-
tive against standard isolates rather than clinical isolates. Clinical strains are likely 
to have genetic and structural changes due to their high antibiotic resistance.

This hypothesis that Chi-Ag NC has the better antibacterial effect compared to 
pure chitosan or Ag-NPs, has been confirmed in many studies [26, 35, 40–42]. For 
example, [41] demonstrated the superior antibacterial property of Chi-Ag-NPs com-
pared with pure chitosan or AgNPs against Methicillin-Resistant Strains of Staphy-
lococcus aureus, with a MIC of 1.2 μg/mL [41]. Chi-Ag NC was reported by [7] 
to have a strong antimicrobial effect against all tested microorganisms at MICs of 
1.69 μg/mL (E. coli) and 3.38 μg/mL (K. pneumoniae) [7]. 26 have also reported 
the antimicrobial activity of Chi-AgNPs against P. aeruginosa, providing 92% inhi-
bition with a MIC of 50  μg/mL) [26]. Compared to previous studies, our results 
showed that the antibacterial property of Chi-Ag NC occurs at relatively lower MIC 
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values. The MIC of Chi-Ag NC was 5.85 μg/mL for clinical isolates and 0.73 μg/
mL for standard strains. All studies regarding chitosan’s bactericidal properties have 
shown that amino acids groups with positive charge in the chitosan structure interact 
with negative bacterial cell wall components; hence, interfering with their function 
and allowing proteins and other intracellular substances to discharge [9]. Chitosan 
stabilizes and prevents Ag-NP agglomeration in the Chi-Ag NC structure, causing 
their binding to the bacterial cell wall. Ag-NPs with positive charge bond to pepti-
doglycan thiol groups, causing bacterial cell lysis. Furthermore, microbial DNA is 
affected when respiratory enzyme pathways are blocked [42, 43].

Natural polymers such as chitosan have also been used for the preparation of 
curcumin loaded NPs. Curcumin nanoformulations aim to achieve increased solu-
bilization of curcumin [44]. Trapping of curcumin in Chi-Ag- NC along with Ag-
NPs to act as nano-reinforcements within the chitosan matrix leads to strengthening 
the antibacterial polymeric nano-system. In our research, Chi-Ag-Cur NC inhibited 
the growth of all tested microorganisms at relatively low MIC values. The MIC of 
Chi-Ag-Cur NC was 0.61  μg/mL for standard strains and 1.22  μg/mL for clinical 
isolates. The reduced size of curcumin in the form of nanoparticles is responsible 
for the more effective penetration to cells resulting in lower MICs. Cur-NPs’ anti-
bacterial function acts through a variety of mechanisms, including interference in 
cellular activities by targeting DNA and proteins, breakdown of their cell walls and 

Fig. 7  XRD pattern of a Cur-NPs, b Chi-Ag NC, and c Chi-Ag-Cur NC
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preventing transit across their cell membrane, and inhibition of bacterial quorum 
sensing [17]. Therefore, these properties make Cur-NPs an interesting option for 
antibiotic-resistant strains.

Fig. 8  The antibacterial assay showing zone of inhibition effect of a Cur-NPs, b Chi-Ag NC, and c Chi-
Ag-Cur NC

Table 1  Antibacterial activities of Chi-Ag NC, Chi-Ag-Cur NC, and Cur-NPs against clinically and 
standard bacterial strains (MIC (µg/ml) results

Bacterial strains Cur-NPs Chi-Ag NC Chi-Ag-Cur NC
MIC (µg/ml) MIC (µg/ml) MIC (µg/ml)

K5 46.87 5.85 1.22
Ps14 46.87 5.85 1.22
E18 23.43 5.85 1.22
S3 23.43 2.92 1.22
S.  aureus 25923 2.92 0.73 0.61
K. pneumoniae 7000603 5.85 0.73 0.61
P. aeruginosa 27853 5.85 0.73 0.61
E. coli 25922 5.85 0.73 0.61
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Our finding has established that Chi-Ag NC and Chi-Ag-Cur NC are effective 
in eradicating bacterial biofilms (Table 2). MBIC90 of Chi-Ag-Cur NC were 19.53 
and 4.88 μg/mL for clinical and standard strains, respectively. Chi-Ag-Cur NC has 
appeared better results in preventing the development and removing bacterial bio-
films, suggesting that Chi-Ag-Cur NC displayed high biofilm hindrance at very 
low concentrations. Interestingly, Cur-NPs had a minor antibiofilm effect at 375 
and 46.87 μg/mL for clinical and standard strains, respectively. These results sug-
gest that the attachment of Cur-NPs to the chitosan surface is improving its biologi-
cal activity which could upgrade the penetration of NPs into the deepest layers of 
the biofilm. NPs denote a hopeful platform for antibiofilm technologies due to their 
improved permeation into biofilms and capability of size, shape, and surface func-
tionalization [45].

Nanocurcumin has the benefit of overcoming solubility challenges existing for 
curcumin in its normal shape. Shariati et al. (2019) proved how nanocurcumin could 
damage biofilm growth by downregulating numerous P. aeruginosa genes respon-
sible for the coding of proteins correlated to efflux pumps, adhesion, and biofilm 
formation [46]. Other studies demonstrated that nanocurcumin also disturbs biofilm 
formation on a protein inhibition level [45]. Additionally, the application of polysac-
charides such as chitosan, alginate, starch, and cellulose as nanocarrier polymers is 
particularly interesting given the high biocompatibility of these materials with the 
biofilm matrix [45]. The concentration of Chi-Ag-Cur NC needed for biofilm eradi-
cation is higher than the concentration of Chi-Ag-Cur NC that can inhibit biofilm 
which is thought to be related to the aggregation of NPs interacting with the biofilm 
matrix.

Cytotoxicity test

Since Ag-NPs have exhibited toxicity to human cells [47, 48], cytotoxicity of the 
prepared NCs was studied on NHDF cells using the MTT assay. Results showed 
that cell survival rate was 85.98% at a concentration of 1000 µg/ml of Chi-Ag NC 
and 81.76%for Chi-Ag-Cur NC. No toxicity was observed at lower concentrations 
(Fig. 9). This is due to the fact that the stabilization of Ag-NPs in chitosan biopoly-
mer impedes the internalization of Ag-NPs by eukaryotic cells. Similarly, [49] dem-
onstrated antibacterial efficacy of polysaccharide coated Ag-NPs produced from chi-
tosan on eukaryotic cells while causing no toxicity [49]. The cytotoxic concentration 
of the prepared NCs was found to be notably higher than the MIC. This result is 
further supported by the work of [50] in which Cur–Ag-NPs were shown to be toxic 
at higher concentrations compared with the bacterial MIC [50].

Conclusions

In recent years, nanocomposites comprised of NPs have shown good bactericidal 
results. There has been a rise in research over the past few years on chitosan-based 
nanocomposites, particularly those containing NP reinforcements. The present work 
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demonstrated a simple green synthesis method for producing Chi-Ag NC. Further-
more, we also developed a promising method in order to combine Chi-Ag NC with 
a natural compound (curcumin). In fact, Chi-Ag NC was reinforced with Cur-NPs. 
Two prepared NCs were characterized using UV–VIS spectrophotometry, FTIR, 
XRD, EDX, DLS, and SEM techniques. In addition, antibacterial tests showed that 
Chi-Ag-Cur NC has a higher antibacterial activity against both clinical and stand-
ard isolates. Also, Chi-Ag-Cur NC films can be used as antibiofilm surface coat-
ings. This property may be highly valuable in preventing biofilm formation in burn 
wound infections.
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