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Curcumin was loaded into different polysaccharide nanoparticles chitosan, alginate and starch, using the
desolvationmethod. Curcumin-loaded nanoparticles exhibited enhanced solubility in aqueous solutions compar-
ing with free curcumin. Effects of formulation parameters such as curcumin concentration and different volumes
of ethanolic solutionwere affected the particle size and loading efficiency. Under optimum conditions, curcumin-
loaded chitosan, starch and alginate nanoparticles with mean particles sizes of 66.3, 61.1 and 78.8 nm, andmax-
imum loading efficiencies of 11.9%, 14.3% and 13.35%were achieved, respectively. Additionally, theminimum in-
hibitory concentration for chitosan, starch and alginate nanoparticles against the microorganism, Streptococcus
mutans, were 0.114, 0.204 and 0.204mg/mL, respectively. Curcumin was observed to release from nanoparticles
under physiological pH over a period of 96 h. The effect of curcumin-loaded nanoparticles on S. mutans biofilms
was assessed on dental models. According to the results, curcumin-loaded chitosan nanoparticles hold promises
for being used in dental decay fighting products.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The most common dental diseases in humans, are caries and peri-
odontal illness, such as gingivitis and periodontitis. Many pharmaceuti-
cal dosage forms have been developed for the local therapy of dental
problems and diseases affecting the oral cavity; dentifrices and mouth
rinses as the most common. The short retention time in the oral cavity
because of salivation, the intermittent swallowing, food and beverage
intake as well as abrasion by soft tissue movements are the drawbacks
of conventional systems [1].

Due to bacterial resistance to antibacterial agents such as antibiotics,
development of new vanquisher antibacterial agents has become the
subject of ongoing research [2]. So, development of dentifrices and
mouthwashes, which their function is based on targeting these highly
adaptable oral organisms and blocking their keymechanisms of pheno-
typic variation, are increasing. Using antimicrobial systems which dif-
fuse across all biofilm structures is one way to achieve the goal.
Nanoscale systems from natural polymers can be used as biological car-
riers within biofilms [3]. Some of advantages of polymeric nanoparticles
are: increased stability of volatile pharmaceutical agents, easy and
i).
cheap fabrication in large quantities by a multitude of methods, signifi-
cant improvement over traditional oral and intravenousmethods of ad-
ministration in terms of efficiency and effectiveness, delivering a higher
concentration of pharmaceutical agent to a desired location, modifiable
drug release, and easy incorporation into other activities related to drug
delivery [4].

Streptococcus mutans is the main etiological agent in dental caries.
Additionally, this bacterium is a major factor of infective endocarditis
through carbohydrate fermentation of food into lactic acid fallowed by
enamel demineralization. S. mutans presents extra surface proteins
which many of them are toxic [5]. The first step for dental caries is the
binding of bacteria to teeth surface. S. mutans creates sucrose related
connections through glucosyltransferase and binding proteins to glucan
andmakes stable biofilms called dental plaque [6]. There are several ap-
proaches to prevent dental decay. One approach is the reduction of car-
bohydrate consumption with the aid of different types of sugar
substitutes including artificial sweeteners such as saccharin and natural
sweeteners like xylitol. Another alternative is to use dental sealants
which are applied to protect tooth surfaces with deep grooves and
pores. Fluoride consumption is anothermethod that shows its anti-den-
tal decay effects through substitution of hydroxyl groups in hydroxy ap-
atite and formation of fluorapatite during the formation of enamel,
improving the remineralization of initial caries lesions in enamel and
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ivory, and changing plaque metabolism by intervening the membrane
permeability of bacterium.

Nowadays, several novel treatments are recommended as alterna-
tives to classic methods. Among them, controlled drug delivery systems
with minimum side effects are considered superior. These systems are
capable of drug release in specific places of the body. Three components
of the controlled delivery systems are therapeutic agent, targetingmoi-
ety and carriermatrix. The therapeutic agentsmay be divided as biolog-
icals, like curcumin, and non-biologicals [7–9].

The active component of turmeric is the yellow crystalline com-
pound, curcumin (diferuloylmethane). Over the last century, curcumin
has been found to possess antineoplastic, antimicrobial, anti-inflamma-
tory and antioxidant activities. However, it has been rarely used in clin-
ical applications. Poor solubility in aqueous phase, fast degradation and
low oral bioavailability are obstacles faced in applying curcumin in ther-
apeutics [10]. In order to load curcumin in NPs, after preparation of NPS,
ethanol solution which contained curcumin and Tween 20 was added
dropwise under continuous mixing. So, the interaction between NPs
and curcumin for curcumin loading happened [11]. One of the possible
and profitable ways for curcumin delivery is encapsulation in a nano-
particle platform. Nanoparticles have small size and high surface to vol-
ume ratio, which makes them able to pass through biological barriers
and ideal for drug delivery [12]. Detection of the loaded curcumin can
be accomplished in different ways. One of these methods is electro-
chemical determination which was studied in NSrGO/Ru@AuNP com-
posites. The results showed successful determination of curcumin in
plasma in the range of 0.001–0.1 nM with a detection limit of
2.0 × 10−13 M [13].

Curcumin also has an anti-adhesive effect on oral conditions against
S. mutans through inhibition of S. mutans sortase A, an enzyme respon-
sible for the covalent attachment of Pac proteins to the cell wall in S.
mutans. This characteristic suggests it as an alternative food-based anti-
microbial agent [14,15].

Starch is a polysaccharide that is inexpensive, adaptive and well-
known. Since starch is hydrophilic, biocompatible and biodegradable,
it is applicable in drug delivery systems. Starch nanoparticles with 10–
1000 nm size have been studied as nano-carrier in controlled delivery
[16,17]. Alginate is an anionic polysaccharide with negative charge.
This material is biocompatible, biodegradable and able to produce gels
with polyvalent cations. These polymers are introduced as encapsulat-
ing agent and used in drug delivery systems and controlled delivery
[18,19]. Chitosan is the N-acetylated derivative of chitin, having the
structure of β-[1–4]-linked D glucosamine (deacetylated unit) and N-
acetyl-D-glucosamine. Chitosan is biocompatible with living tissues,
hence, it does not cause allergic reactions in the body. It is also biode-
gradable, whereby it produces non-toxic and easily removable degrada-
tion products under fermentation by the colonic bacteria. Since it is
soluble in aqueous acidic media, hazardous organic solvents need not
to be considered during formulation. As a linear polyamine containing
a number of free amine groups, it can be readily cross-linked with vari-
ous anions. Chitosan has been formulated in controlled releasematrixes
[20,21].

Chitosan has been used because of exhibiting interactions with sur-
faces of mucus bearing negative charges and opening the tight junction
of Mucous cells. Hydroxyl and primary amine groups in chitosan struc-
ture, allows chemical modifications to control physical properties [22,
23]. Starch is a type of polysaccharide gaining great attention due to
its variety of properties like biodegradability, biocompatibility, low
cost and non-toxicity which makes it applicable for nano-drug delivery
[24,25]. Alginate is an anionic andwater-soluble polysaccharide and can
be used widely in drug delivery systems especially for oral route deliv-
ery [26].

The objective of the present studywas to load the antibacterial poly-
phenolic drug, curcumin, in biodegradable and biocompatible polysac-
charide nanoparticles in order to enhance its bioavailability and to
reduce the cariogenic activity of S. mutans responsible for dental caries
formation. To this end, the preparation process for the synthesis of
curcumin-loaded polysaccharide nanoparticles was optimized through
response surface methodology of experimental design. Then, the pro-
duced nanoparticles and their efficacy against S. mutans were assessed
by studying the size and morphology of the produced nanoparticles,
the drug release profile, determination of minimum inhibitory concen-
tration, and inhibitory effect on S. mutans biofilm formation.

2. Materials and methods

S. mutans ATCC 35668 was used as the model cariogenic bacterium
throughout the present study. Curcumin, chitosan (low molecular
weight), soluble starch, alginate (low viscosity), absolute ethanol and
Tween 20 were obtained from Merck (Darmstadt, Germany). Sodium
alginate was purchased from Sigma-Aldrich (St. Louis, MO, USA).

For nanoparticle characterization, particle size and polydispersity
were assessed using dynamic light scattering (DLS) (NanoBrook Omni,
Brookhaven Instruments Co. NY, USA) and SEM (HITACHI S-4160) anal-
yses. DLS was done with a laser light at a wavelength of 657 nm, and a
detection angle of 90°. All samples were analyzed for 30 s at 25 °C
with five replicates. Nanoparticle surface charge (zeta potential) was
measured by means of the same instrument used for DLS. The samples
were neutralized (pH of 7.0) before zetametry.

To prepare nanoparticles for SEM analyses, 100 μL of NPs solution
was diluted with 3 mL deionized water. Then, it was sonicated for 10–
15 min and spread on the surface of glass slides. They were put in
silicagel container and dried at 45 °C. Finally, species were covered
with Au.

2.1. Nanoparticle preparation

Polysaccharide nanoparticles were produced using the desolvation
method by ethanol precipitation of an aqueous polysaccharide solution.
The desolvating agent essentially consisted of absolute ethanol with
predetermined concentrations of curcumin, as the active substance,
and 0.1% Tween 20, as the emulsifying agent.

To prepare curcumin-loaded chitosan nanoparticles, 5 mg/mL chito-
san and 0.1% Tween 20 was dissolved in a solution of 1% acetic acid in
deionized water. For complete dissolution of chitosan, the solution
was stirred for an hour. Next, predetermined amounts of the
desolvating agent were added drop-wise under mixing. For making
curcumin-loaded alginate nanoparticles, 5 mg/mL alginate and 0.1%
Tween 20 was dissolved in deionized water and stirred for 1 h. Then,
the desolvating agent was added drop-wise to the alginate solution. In
order to prepare curcumin-loaded starch nanoparticles, soluble starch
(10 mg/mL) and 0.1% Tween 20 were dissolved in deionized water
and the mixture was stirred for an hour at 90 °C ().

Then, the desolvating agent was added drop-wise and the solution
was stirred for another hour at 70 °C. The resulting nanoparticle suspen-
sionswere centrifuged at 10,000×g for 2min to separate large particles.
The supernatant was collected and centrifuged again at 15,000 ×g for
15min and the nanoparticle precipitatewaswashedwith 1mL absolute
ethanol to remove free curcumin. Finally, the nanoparticle was re-
suspended in deionizedwater and freeze-dried to produce nanoparticle
powders.

2.2. Optimization of loading efficiency of nanoparticles

In the present study, the desolvation method was implemented for
curcumin-loaded nanoparticle preparation, and the volume of ethanol
(A) and its curcumin concentration (B) were selected as two important
factors which affect the loading efficiency. In order to optimize these
two factors, response surface method (RSM) was used, and an experi-
ment based on design of experiments (DOE) was performed with the
two variants (A, B). According to the design of experiments for two var-
iants, 13 experiments were determined. The range of variant levels in



Table 1
The size and zeta potential of curcumin-loaded nanoparticles.

Nanoparticle Size (nm) Zeta potential (mV)

Measured with SEM Measured with DLS

CNPs 44–66 66.3 ± 1.6 +21.7 ± 1.3
SNPs 50–88 61.1 ± 2.9 −14.7 ± 0.5
ANPs 45–68 78.8 ± 4.2 −23.4 ± 0.5
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this statistical optimization method was five levels (Table 2). The
curcumin loaded nanoparticles were separated from the reactionmedi-
um by centrifugation, the entrapped curcumin was extracted by an
ethanolic solution and the UV absorbance of the curcumin was mea-
sured at a wavelength of 422 nm. The concentration of curcumin was
calculated with reference to a regression equation obtained from a con-
structed calibration curve of curcumin in absolute ethanol solution.

2.3. Curcumin release from nanoparticles

In vitro curcumin release profiles were assessed according to Kumar
Das method (2010) with some modifications. Briefly, lyophilized
curcumin-loaded nanoparticles obtained from one set of preparations
were re-dispersed in 33 mL of 0.01 M phosphate-buffered saline solu-
tion (pH 7.4) at a final concentration of 150 μg/mL. The nanoparticle so-
lutionwas divided into 33 tubes giving 11 different sets (each setwith 3
tubes) for time-dependent release study at time intervals of 0, 2, 4, 6, 12,
24, 36, 48, 60, 72 and 96 h. All sets were incubated at 37 °C under gentle
agitation. At predetermined time intervals, curcumin-loaded nanoparti-
cles were first centrifuged at 15,000 ×g for 15 min, then the curcumin
contentwas extracted in ethanol under sonication for 15min and finally
quantified spectrophotometrically [27]. The curcumin release was
quantified as follows:

Release %ð Þ ¼ Released curcumin=Free curcumin� 100 ð1Þ

2.4. Microorganism and culture conditions

S. mutans (ATCC 35668) was used as the model cariogenic microor-
ganism throughout this study. Several colonies from an overnight cul-
ture on a blood agar plate were sub-cultured in 15 mL of brain heart
infusion broth (BHI) for 24 h at 37 °C, 500 μL of this overnight culture
was cultured again in 20 mL of BHI, and the cells were grown until
mid-log phase (optical density at 600 nm, 0.5 to 0.6). Then, 15 mL of
the mid-log-phase culture was centrifuged at 4000 ×g for 18 min at
4 °C and the spent culture medium was discarded [28].

2.5. Determination of MIC for curcumin-loaded nanoparticles against S.
mutans

Overnight cultures of S. mutanswere diluted in BHI to obtain an op-
tical density (OD600) of 0.2 (corresponding to 1 × 108 colony-forming
units [CFU]/mL). The inoculum (1 mL for each) was added to vials con-
taining serial dilutions (256 to 0 μL) of a nanoparticle solution with the
concentration of 1mg/mL (experiments performed in triplicate). A con-
trol group of bacteria were cultivated in the absence of nanoparticle so-
lution. After incubation for 24 h at 37 °C, bacterial growth was
monitored by recording the OD600 using a UV–Vis spectrophotometer.
Theminimum inhibitory concentration (MIC)was defined as the lowest
concentration of curcumin-loaded nanoparticles that completely in-
hibits S. mutans growth (OD600 ≤ 0.05) [29].

2.6. The effect of curcumin-loaded nanoparticles on the biofilm formation
by S. mutans on dental model

S. mutans was grown (24 h) in a glass vial containing BHI, supple-
mented with 1% w/v sucrose, at 37 °C. Healthy teeth (without cavities)
from healthy individuals were obtained from public clinics and were
disinfected and cleaned by immersion in cetrimide, chlorhexidine and
ethanol solutions. Then, cylindrical pieces of the teeth enamel (3mmdi-
ameter, 1 mm length) were carved and used for the following experi-
ments. Inoculum, 1 mL, adjusted to 0.1 by BHI at OD600, one piece of
disinfected tooth enamel, and curcumin-loaded nanoparticles and
pure curcumin were transferred to respective vials and incubated at
37 °C for 24 h. The blank vial contained BHI instead of the inoculum
and each test was conducted in three replicates. Then, the culturemedi-
umwas removed and the enamelswerewashed three timeswith sterile
physiological serum. In the next step, 1mL of each nanoparticle solution
at its MIC was transferred to a buffer solution (pH 5 or 7), added to the
respective vials and incubated for 30 min at 37 °C (both blank and con-
trol vials contained 1 mL buffer instead of nanoparticle). Subsequently,
the nanoparticle and buffer solutions were removed and the enamels
werewashed three timeswith sterile physiological serum in order to re-
move bacteria in planktonic state. For biofilm fixation, 1mL ethanol was
added to each vial and allowed to rest for 15min, then, ethanol was ex-
tracted and vials were left to air-dry. The biofilms were stained with 1%
crystal violet for 10min. The vials were washed three times with sterile
physiological serum to remove unbound crystal violet dye and dried for
2 h at 37 °C. Finally, 1 mL of acetic acid 33% v/v was added to each vial
and optical densities were read at 550 nm after 15 min [29,30].
3. Results and discussion

3.1. Preparation and characterization of curcumin-loaded nanoparticles

The loading of curcumin in the polysaccharide nanoparticles in-
creased the solubility of curcumin in the aqueousmedia. Since the poly-
saccharide nanoparticles were very hydrophilic in nature with small
size and large surface-to-volume ratio, it allows for a greater interaction
with the aqueous solvent and thus resulted in the increase of curcumin
solubility in the aqueous media.

Particle size distribution of curcumin-loaded chitosan nanoparticles
was in the range of 60–85 nm. SEM images confirmed the DLS results
and nanoparticles were observed to be spherical in shape with particle
sizes within the range of 44–80 nm. The zeta potential was measured
to be +21.7 mV. Yadav et al. obtained similar results. They prepared
curcumin-loaded chitosan nanoparticles, b50 nm in diameter, cross-
linked with glutaraldehyde with the zeta potential of +16.8 mV [20].
The effect of pH during nanoparticle fabrication was investigated.
Chuah et al. studied the release of the anticancer agent curcumin from
chitosan nanoparticles (CS-NPs). The CS-NPs were ionically gelled
with tripolyphosphate (TPP) and registered an isoelectric pH of 6.2
and an average diameter of 214 ± 1.0 nm. Whereas the average diam-
eter of CS-NPs in the present study was almost 66.3 nm. Chuah et al.
also evaluated the size and zeta potential of curcumin-loaded CS-NPs
in response to variations in titrated pH and found that both the average
size and zeta potential were sensitive to the pH of the environment. The
zeta potentials of the CS-NPs ranged from +9.15 mV (±1.78 mV) to a
maximum of +38.1 mV (±1.02 mV) as the pH was increased from
pH 1.2 to pH 3.3 [21]. Similarly, the zeta potential of CS-NPs was ana-
lyzed to be +21.7 mV in the present study.

Curcumin-loaded starch nanoparticles were prepared for DLS and
zeta potential analysis as suspension with 0.1–0.5mg/mL and 5mL vol-
ume. Results showed that the size of curcumin-loaded starch nanopar-
ticles was between 50 and 88 nm. Also, zeta potential was reported to
be −14.7. In a study conducted by Chin et al., curcumin-loaded starch
nanoparticles were synthesized by nanoprecipitation method and
water-in-oil micro-emulsion system with almost the same average
size of 87 nm [17]. Curcumin-loaded alginate nanoparticles were mea-
sured to be 68–116 nm in size. Zeta potential was −23.4 mV. These
measurements are shown in Table 1 for all nanoparticles.



Fig. 1. StarchNP preparationwith curcumin loading. a) Starch solution before heating, b) heating of starch solution at 90 °C, c) curcumin solution, d) adding curcumin solution to the starch
solution after cooling at 70 °C.

Fig. 2. SEM of curcumin-loaded nanoparticles. a) CNPs, b) SNPs and c) ANPs.
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Fig. 3.Two-dimensional illustrations showing the effect of ethanol volume and curcumin concentration on the loading efficiency of polysaccharide nanoparticles. a) Chitosan, b) starch and
c) alginate. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

1263A. Maghsoudi et al. / Materials Science and Engineering C 75 (2017) 1259–1267



Fig. 4. Release of curcumin from loaded nanoparticles.
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Scanning electron microscopy (Fig. 2) showed that alginate and chi-
tosan nanoparticles had uniform dispersion. The sizes acquired from
SEM were consistent with the results of DLS analysis. Additionally, Fig.
1 shows that starch NPs were almost spherical with uniform size
distribution.

3.2. Optimization of loading efficiency in nanoparticles

Optimization of the curcumin loading efficiency in nanoparticles
was performed according to Table 2. The results showed that formula-
tion No. 1 has the highest loading efficiency for chitosan nanoparticles
(11.92%). Table 3 presents selected parameters for loading efficiency
optimization in curcumin-loaded chitosan nanoparticles. p-Value of
b0.05 was considered as safety level of the index efficiency. The p-
value for ethanol volume (variant A), curcumin concentration (variant
B) and also the interactive effect of ethanol volume and curcumin con-
centration (AB) are b0.05, so they are significant in the quadratic equa-
tion and, therefore, the loading efficiency of curcumin is a function of
these terms. Moreover, for the better understanding of the variable
model, R-squared is presented. Typically, R2 N 0.7 represents a relatively
good correlation coefficient and, when the value of this index is close to
1, experimental data and model of regression will have greater adjust-
ment and, model will have higher accuracy. Therefore, as shown in
Table 3 the optimal conditions for loading efficiency of curcumin was
Fig. 5.MIC of pure and loaded curcumin
obtained with ethanol volume of 1 mL and curcumin concentration of
1.06 mg/mL. Fig. 3.a shows the two-dimensional illustration of parame-
ters effects, ethanol volume and curcumin concentration, on the loading
efficiency. According to this figure, for chitosan nanoparticles, with the
reduction of ethanol volume (A) and curcumin concentration (B)
down to the optimal level (1 mL ethanol and 1.06 mg/mL curcumin),
the loading efficiency increases.

Statisticalmodels for the relation of loading efficiencywere obtained
by RSM for each NP as reported in Table 3.Where R, A and B are loading
efficiency, ethanol volume and curcumin concentration, respectively.
These models are utilized by the statistical software to predict the opti-
mum conditions, whichmay happen at levels or level combinations not
practically studied in Table 2.

Fig. 3.b shows that by reducing curcumin concentration (B) and eth-
anol volume (A), loading efficiency of starch nanoparticles increases. In
this condition, the optimum condition is 0.143 with R2 = 0.97 for
1.31 mL ethanol volume and 1 mg/mL curcumin concentration. While
in Fig. 3.c, red region is not specified, so lower codes related to −1.41
should be noticed in order to get the red region. Also, the optimum con-
dition for alginate nanoparticles is 0.133 with R2 = 0.89.

3.3. Curcumin release from nanoparticles

According to the Fig. 4, chitosan and alginate nanoparticles exhibited
a burst release in contrast to starch nanoparticles. At early hours, release
rate was high but later, this rate decreased and finally reached to a sta-
tionary state. After 12 h, amounts of 63.5% and 36.34% of curcuminwere
released form chitosan and alginate nanoparticles, respectively, which
after 24 h reached 75.3% and 51.2%. Then, the amount of release gradu-
ally increased till 96 h for chitosan, 92.8%, and 48 h for alginate nanopar-
ticles, 51.4%. Starch nanoparticles showed a different two-phase release
profile, one during 0–60 h and another during 60–132 h. Although
starch nanoparticles are hydrophilic, they resist water absorption and
swelling till the 60th h, after which they exhibited a second phase of
curcumin release. After 12, 24 and 96 h, the amounts of release were
11.1%, 19.3% and 73.4%, respectively.

Chuah et al. investigated the mucoadhesive characteristics and re-
lease of the anticancer agent curcumin, entrapped in chitosan nanopar-
ticles (CS-NPs). The CS-NPs were ionically gelled with tripolyphosphate
(TPP). Curcumin release from CS-NPs was the least at chitosan to TPP
weight ratio of 3:1, with a significant retention (36%) at the end of 6 h
in nanoparticles against S. mutans.



Fig. 6. MIC of pure curcumin and NPs against S. mutans.
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[21], while in this study curcumin release fromCNPswas higher (almost
63.5%) during the initial 12 h. Also, Akhtar et al. investigated oral deliv-
ery of curcumin bound to chitosan nanoparticles in order to cure Plas-
modium yoelii infected mice. They bound curcumin to chitosan
nanoparticles to improve its bioavailability and chemical stability. The
concentration of curcumin detected in the blood as well as in the red
blood cells (RBC) were significantly higher in mice fed with curcumin
loaded into chitosan nanoparticles than those administered with equi-
molar concentration of curcumin only, at all the time points they stud-
ied. Oral delivery through chitosan nanoparticles ensured a sustained
release of curcumin over 8 h post feeding, whereas, in case of curcumin
Table 3
Optimal conditions for curcumin loading into nanoparticles.

Codes Curcumin concentration
(mg/mL)

Ethanol volume
(mL)

Loading efficiency
(R)

Equ

Chitosan 1.06 1 0.119986 R =
Starch 1 1.31 0.14301 R =
Alginate 1.62 1 0.133515 R =

Table 2
Different formulations for the optimization of curcumin loading efficiency.

Ethanol
volume
(mL)

Curcumin
conc.
(mg/mL)

Encapsulation
efficiency for
chitosan (%)

Encapsulation
efficiency for
starch (%)

Encapsulation
efficiency for
alginate (%)

1 1 1 11.920 14.3 13.67
2 3 1 4.465 9.6 1.64
3 1 5 6.865 6.7 4.56
4 3 5 1.520 6.7 1.22
5 0.59 3 10.937 9.3 17.11
6 3.41 3 0.393 5.7 2.07
7 2 0.18 9.239 14.4 1.32
8 2 5.82 2.089 9 4.35
9 2 3 5.665 11 6.40
10 2 3 5.164 11.2 5.90
11 2 3 5.245 10.9 6.50
12 2 3 5.333 10.1 6.44
13 2 3 5.176 11.1 6.12
the levels declined significantly after 3 h and were not detectable be-
yond 6 h [31].

Chin et al. synthesized curcumin-loaded starch nanoparticles with
nano-sintering and water in oil microemulsion methods. About 93% of
the entrapped curcumin was gradually released after 240 h [17].
Whereas, in this study release from SNPs reached nearly 80% after
120 h. In another study, starch-based microspheres were prepared
and the curcumin release was studied in two media: simulated gastric
(SGF, pH 1.2) and intestinal fluids (SIF, pH 6.8). After 96 h, the release
reached 95% and 20% in SGF and SIF, respectively. The curcumin release
in SIF occurred in two stages. Fast curcumin release in thefirst stagewas
related to the adsorbed curcumin at themicrosphere surface. High pHof
medium leads to curcumin degradation and decrease in the amount of
release after 48 h [32].

Raja et al. prepared modified alginate with methyl oleate and used
this compound as the curcumin entrapment matrix. Curcumin-release
graph showed a stable release pattern for aweek after an initial burst re-
lease [33]. In the present study, however, 51.4% of the curcumin release
formANPs happened after 48 h. Additionally, Kumar et al. encapsulated
curcumin in chitosan-alginate-pluronic composite nanoparticles in
order to deliver to cancer cells. Results showed that curcumin released
in a controlled way from the composite nanoparticles. After 12 and
24 h the amount of released curcumin was 36% and 51%., respectively,
then the amount of release increased gradually to 75% until 96 h [27].
Different compositions of the NPs cause varying amounts of release.
Dai et al. studied curcumin release from three various compositions
(C3A1, C2A2 and C1A3) of chitosan-alginate (CA) sponge. They showed
that after 20 days, about 50% and 70% of curcumin were released from
C2A2 and C3A1, respectively. Whereas, the amount of release was 80%
from C1A3 after 3 days [34].
ation

0.058–0.035 × A − 0.023 × B + 5.279E−003 × A × B
0.11 + 0.012 × A − 0.023 × B + 0.012 × A × B − 0.017 × A2

0.065–0.046 × A − 6.552E−003 × B + 0.022 × A × B + 0.013 × A2 – 0.021 × B2



Table 4
MIC of curcumin-loaded and un-loaded NPs.

Free curcumin Curcumin loaded SNP Curcumin loaded CNP Curcumin loaded ANP Unloaded SNP Unloaded CNP Unloaded ANP

0.438 0.204 0.114 0.204 0.781 0.626 0.724
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3.4. Inhibitory effect of curcumin-loaded nanoparticles against S. mutans

MIC results of curcumin-loaded nanoparticles and pure curcumin
against the pathogenic bacteria in dental caries, S. mutans, are shown
in Fig. 5. MIC of curcumin-loaded chitosan, alginate and starch nanopar-
ticles and unloaded NPs can be seen in Table 4.

As shown in Table 4, unloaded NPs have higher MIC and adding
curcumin in to them, leads to lower MIC which means anti-bacterial
characteristic of curcumin. The results demonstrated that the antimicro-
bial activity of curcuminwasmarkedly improved by particle size reduc-
tion up to the nano range. The reduced size of curcumin in the form of
nanoparticles, which is much less than the size of pure curcumin parti-
cles, is responsible for more effective penetration and higher uptake by
the cells resulting in lowerMICs [35]. However, curcumin-loaded chito-
san nanoparticles exhibited the best results in terms of MIC. Different
mechanisms of interaction with bacteria have been proposed for
chitosans. One proposed mechanism is based on the interaction be-
tween positively charged chitosan molecules and negatively charged
microbial cell membranes leading to the leakage of proteinaceous and
other intracellular constituents. Although, at pH 7, free chitosan and
the outer chitosan in the nanoparticle complexes are expected to be
neutral, but chitosan within the particle may retain its charge. A second
proposed mechanism is based on binding of chitosan with microbial
DNA, in turn interferingwithmRNA and protein synthesis, which clear-
ly requires entry of the chitosan into the cell [3].

The comparison between Fig. 5 and Fig. 6 shows that the amount of
reduction in optical density of NPs isn't b0.05 that means the anti-bac-
terial property.
3.5. Inhibitory effect of curcumin-loaded nanoparticles on S.mutans biofilm
formation at different pHs

Sortase A is an enzyme responsible for the covalent attachment of
Pac proteins to the cell wall in S. mutans. It has been shown to play a
role in modulating the surface properties and the biofilm formation
and influence the cariogenicity of S. mutans [15,36,37]. Curcumin has
been reported to inhibit sortase A activity in Staphylococcus aureus in
vitro [36]. Although the conserved cysteine 184 and histidine 120 resi-
dues, which are essential for S. aureus sortase A activity, are found in S.
mutans UA159 sortase A [37], curcumin can inhibit purified S. mutans
sortase A with a half-maximal inhibitory concentration (IC50) of
(10.2 ± 0.7) μmol/L, which is lower than minimum inhibitory concen-
tration (MIC) of 175 μmol/L. Curcumin (15 μmol/L) was found to release
the Pac protein to the supernatant and reduce S. mutans biofilm forma-
tion [15].

S. mutans is well-known for its ability to form biofilms in the oral
niche [38]. Thus, the ability of the curcumin-loaded nanoparticles to
block biofilm formation was examined. Tooth sections were inoculated
with S. mutans and incubated with curcumin-loaded nanoparticles and
Table 5
Optical densities and percentage decreases obtained from biofilms after exposure to curcumin

Test Blank
(OD550)

Pure curcumin
(%)

Unloaded CNPs
(%)

Unloaded SNPs
(%)

Unloaded A
(%)

pH 5 0.932 67.38 26.17 21.82 26.26
pH 7 0.772 59.97 26.04 28.39 26.56
pure curcumin. According to the obtained results (Table 5), it was
found that the inhibitory effect of the curcumin loaded in nanoparticles
was higher than similar amount of pure curcumin in both pH 5 and 7.
The possible explanation is that the reduced size of nanoparticles
leads to enhanced diffusion and higher adsorption by cells. Accordingly,
peptidoglycan membrane will be disrupted and bacterium will die
easier.

Also, the inhibitory effect of chitosan and alginate nanoparticles at
pH 5 was higher than pH 7. In the case of chitosan, this influence may
be due to free amino groups being neutral at pH 7 compared with
pH 5, which causesmore interactions between positively charged chito-
san molecules and negatively charged microbial cell membranes.

Curcumin has lowwater insolubility (b1 μg/mL) and the release of it
has created many challenges. The results showed that in acid environ-
ment, by covalently conjugating curcumin on the hydrophilic terminals
of pluronic F68 chains via cis-aconitic anhydride linkers, curcumin re-
lease rapidly. After 96 h, almost 60% of curcumin was released at pH 5,
while only 40% of curcumin was released at pH 7.4 [39]. Additionally,
a study about formation of Formation of Curcumin-Eudragit® EPO Mo-
lecular Complexes (CEMCs) was conducted to improve water solubility.
Water solubility of CEMCs was higher in acidic pH rather than neutral
pH [40].

4. Conclusions

Antibiotic resistance has prompted the search for new agents that
can inhibit bacterial growth. The antibiofilm activities of nanosized
curcumin-loaded particles synthesized by desolvation method are re-
ported. In the present work, nanoparticulate systemswere investigated
for their characteristics against S. mutans function on dental model.
Curcumin was utilized as a biological antibacterial agent for loading
into nanoparticles. Results showed that the size of produced nanoparti-
cles with starch, chitosan and alginate were 61.1, 66.3 and 78.8 nm, re-
spectively. Also, the zeta potential was −14.7, +21.7 and −23.4 mV,
respectively. The maximum amount of curcumin load in nanoparticles
was for chitosan (51.03), which for starch and alginate were 24.59
and 29.69, respectively. The MIC was found for chitosan nanoparticles
to be 0.114 mg/mL, when alginate and starch nanoparticles showed an
MIC of 0.204 mg/mL. Additionally, nanoparticles have more inhibitory
effects comparing with the free curcumin. Chitosan nanoparticles ex-
hibited the best inhibitory effect in comparison with other nanoparticle
types especially in lower pH. In the release analysis, chitosan and algi-
nate showed burst release that for chitosan after 96 h and for alginate
after 48 h, the amount of release were 92.8% and 51.4%, respectively.
Whereas, starch nanoparticles showed a more stable release. After
reaching to equilibrium point at the end of 122 h, 81.6% of curcumin
was released. The effect of curcumin-loaded nanoparticles on S. mutans
biofilms was also assessed on dental models. Based on the acquired re-
sults, curcumin-loaded chitosan nanoparticles hold promises for being
used in dental decay fighting products.
loaded nanoparticles and pure curcumin in pH 5 and 7.

NPs Curcumin loaded CNPs
(%)

Curcumin loaded SNPs
(%)

Curcumin loaded ANPs
(%)

95.49 89.48 95.28
93.78 99.38 93.13
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