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Abstract
Curcumin-containing soy protein nanoparticles (curcumin–SPNs) were synthesized by desolvation (coacervation) method 
and characterized by SEM, DLS, FTIR, and XRD. For anticancer evaluation, osteogenic sarcoma (SAOS2) cell lines were 
incubated with different concentrations of nanostructures. The dialysis method was used for assessment of drug release. 
Intracellular reactive oxygen species (ROS) were evaluated in IC50 dose after 24 h of exposure to free curcumin and cur-
cumin–SPNs. Characterization data showed that the size of drug-free SPNs and curcumin–SPNs were 278.2 and 294.7 nm, 
respectively. The zeta potential of drug-free SPNs and curcumin–SPNs were − 37.1 and − 36.51 mv, respectively. There was 
no significant difference between the control and drug-free SPNs groups in terms of cell viability (p > 0.05). The viability 
of cells in different concentrations of the designed curcumin–SPNs in Saos2 cell line was significantly higher than free drug 
(p < 0.05). The release of curcumin showed that more than 50% of the drug was released in the first 2 h of incubation. After 
this time, the slow release of drug was continued to 62–83% of drug. IC50 values of free curcumin and curcumin–SPNs (1/10) 
were 156.8 and 65.9 µg/mL, respectively (a free curcumin IC50 was 2.4 times more than curcumin–SPNs). Slow-release of 
the curcumin causes the cell to be exposed to the anticancer drug for a longer period of time. The intracellular ROS levels 
significantly increased in an IC50 dose after 24 h of exposure to both free curcumin and curcumin–SPNs compared with 
controls (p < 0.05).
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Introduction

Osteosarcoma is considered as the main malignancy of the 
bone (Corre et al. 2020). The prevalence of this type of bone 
tumor is 30–45% (Jafariet al. 2020). Pulmonary metastases 

and rapid tumor development are the main causes of mortal-
ity in patients with osteosarcoma (Xin and Wei 2020), and 
the mortality rate of this disease is 90% (Hashimoto et al. 
2020). Dysfunction of the bone also occurs in osteosarcoma 
due to bone metastases. Similar to other cancer, surgery and 

 * Hadi Zare-Zardini 
 hadizarezardini@gmail.com

1 Department of Biomedical Engineering, Meybod University, 
Meybod, Iran

2 Hematology and Oncology Research Center, Shahid 
Sadoughi University of Medical Sciences, Yazd, Iran

3 Medical Nanotechnology and Tissue Engineering Research 
Center, Yazd Reproductive Sciences Institute, Shahid 
Sadoughi Hospital, Shahid Sadoughi University of Medical 
Sciences, Yazd, Iran

4 Faculty of Interdisciplinary Science and Technology, Tarbiat 
Modares University, Tehran, Iran

5 Department of Forensic Medicine and Toxicology, School 
of Medicine, Urmia University of Medical Sciences, Urmia, 
Iran

6 Department of Radiology, Shahid Sadoughi University 
of Medical Sciences, Yazd, Iran

7 Department of Anesthesiology and Critical Care, Shahid 
Sadoughi University of Medical Sciences, Yazd, Iran

8 Department of Orthopedia, Shahid Sadoughi University 
of Medical Sciences, Yazd, Iran

9 Department of Pathology, Shahid Sadoughi University 
of Medical Sciences, Yazd, Iran

http://orcid.org/0000-0002-1501-2560
http://crossmark.crossref.org/dialog/?doi=10.1007/s40204-022-00197-4&domain=pdf


312 Progress in Biomaterials (2022) 11:311–320

1 3

chemotherapy are the two main treatment approaches for 
osteosarcoma (Durfee et al. 2016), while this type of tumor 
is resistant to radiotherapy. On the other hand, the success 
rate of chemotherapy is not complete (Zhao et al. 2021). 
Therefore, the development of new therapeutic strategies 
is necessary. Medicinal plants have numerous biologically 
active components that can be used in various medical 
applications such as treatment of various types of diseases 
including cancers http:// doi. org/ 10. 1002/ ptr. 6120, http:// doi. 
org/ 10. 1093/ chrom sci/ bmaa1 08. Accordingly, medicinal 
plants can be used to develop new pharmacologically active 
agents for reduction of mortality and the side effects of 
osteosarcoma (Ege and Yumrutas 2020; Mokaramat-Yazdi 
et al. 2021; Mokarramat-Yazdi et al. 2020; Mpingirika et al. 
2020). Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-
1,6-heptadiene-3,5-dione) is a natural product originated 
from Curcuma longa species (Hewlings and Kalman 2017). 
This natural polyphenol has three reactive sites: metal chela-
tor, Michael acceptor, and hydrogen atom donor (Mansouri 
et al. 2020). These reactive groups are the key elements and 
responsible for curcumin stability in treatment of diseases 
such as inflammation, oxidative stress, cancer, etc. (Man-
souri et al. 2020). Tumor suppression is one of the most 
important biological activity of curcumin (Weng and Goel 
2020). This agent is commercially produced as anticancer 
drug. Based on literature review, curcumin has potent anti-
cancer activities against osteosarcoma through apoptosis 
induction and inhibition/induction of various agents such 
as cytokines, growth factors, and enzymes (cyclooxyge-
nase II (COX-2), protein kinase D1 (PKD1)) (Elamin et al. 
2021; Kabir et al. 2021; Mortezaee et al. 2019; Semlali et al. 
2021). On the other hand, curcumin can recover the related 
bone defects owing to tumor erosion or surgery (Giordano 
and Tommonaro 2019; Weng and Goel 2020). Low aqueous 
solubility and fast decomposition (low bioavailability) can 
lead to reduction of chemical stability, oral bioavailability, 
and cellular uptake, which limit the biological applications 
of curcumin (Stanić 2017). Thus, improvement of the above 
mentioned limitations can enhance the anticancer efficacy 
of curcumin. In between, nanostructures can provide these 
favorable conditions (Alemi et al. 2018; Zare-Zardini et al. 
2020). Protein nanoparticles, especially soy proteins nano-
particles (SPNs), are novel structures for encapsulation and 
delivery of bioactive molecules and drugs (Hong et al. 2020; 
Riahi-Zanjani et al. 2019). SPNs are commonly synthesized 
by controlled partial enzymatic hydrolysis. These synthe-
sized nanoparticles, as one of the most abundant protein nan-
oparticles, are widely used for nutraceutical and drug encap-
sulation (Wang et al. 2020). These natural nanostructures 
can improve the therapeutic index of therapeutic agents, 
such as curcumin, by changing drug absorption, reducing 
metabolism, prolonging half-life, and minimizing the tox-
icity (Verma et al. 2018). Findings have shown that these 

nanostructures can be used as delivery systems for various 
natural and synthetic drugs (Mohseni et al. 2014). Different 
nanostructures have been used for curcumin delivery such 
as nanogels, nanodisks, micelles, solid lipid nanoparticles, 
liposome, gold nanoparticles, magnetic nanoparticles, and 
polymers. Enhancement of solubility and bioavailability and 
reduction of hydrolysis and inactivation are the main reason 
for application of these nanostructures (Anitha et al. 2014; 
Basnet et al. 2012; Bhandari et al. 2016; Chaurasia et al. 
2016; Kakkar et al. 2011; Nambiar et al. 2018; Ntoutoume 
et al. 2016; Tefas et al. 2017; Vetha et al. 2019). Teng et al. 
(2012) used soy protein nanoparticles for slow release of 
curcumin. We used a similar procedure for nanoparticle 
preparation with proper modification. For this purpose, we 
used different concentration of curcumin as well as differ-
ent ratios of curcumin/nanoparticles. Also, we evaluated the 
anticancer activity of the designed nanostructures on osteo-
sarcoma. There is no similar study with all the mentioned 
methods. Hence, in this study, curcumin-containing soy 
protein nanoparticles was synthesized, characterized, and 
used as anticancer agent for the treatment of osteosarcoma.

Materials and methods

Materials

Osteogenic sarcoma (SAOS2) cell line was purchased from 
Pasteur Institute (Tehran, Iran). Culture medium (Dul-
becco's modified Eagle medium with high glucose), fetal 
bovine serum (FBS), trypsin/EDTA, and penicillin/strepto-
mycin were purchased from Gibco (Scotland). Other mate-
rials, such as curcumin, phosphate buffered saline (PBS), 
glutaraldehyde, ethanol, 3(4,5-dimethlthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT), tert-butyl hydroperox-
ide, and dimethyl sulfoxide (DMSO) were purchased from 
Sigma–Aldrich (Germany).

Nanoparticle synthesis

Soy protein contents were achieved by salt precipitation 
through ammonium sulphate gradient. Desolvation method 
was used for preparation of SPNs. Briefly, 1.5 g of acquired 
soy protein isolates from solution salt precipitation were 
desalinated and diluted by ethanol with final concentration 
of 4.5 mg/mL. This solution was incubated for 15 min. After 
this time, glutaraldehyde (20 mg/mL) was diluted by adding 
50 mL ethanol. Then, rotary evaporation was used to remove 
the ethanol. Ethanol was replaced with the same volume of 
deionized water. The acquired solution was centrifuged for 
20 min. The supernatant was stored at 4 °C.

http://doi.org/10.1002/ptr.6120
http://doi.org/10.1093/chromsci/bmaa108
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Curcumin loading

For preparation of curcumin–SPNs, ethanolic solution of 
curcumin (5 mg/mL) was added to aquatic solution of soy 
protein contents (50 mg/mL) with different ratios (curcumin/
SPNs: 1/10, 1/20, 1/30, and 1/40). These acquired solutions 
were cross-linked by glutaraldehyde. The prepared struc-
tures were diluted and centrifuged, and the acquired super-
natants were stored at 4 °C.

Characterization of nanoparticles

Characterization of the produced nanoparticle was per-
formed by Dynamic Laser Scattering (DLS), Fourier-trans-
form infrared spectroscopy (FTIR), X-ray diffraction (XRD), 
and Scanning Electron Microscopy (SEM). DLS was used 
for the determination of size distribution and charge. DLA 
was performed by Count Particle Laser instrument of 
637 nm and a scattering angle of 90°. Analysis was per-
formed for 1 min at 25 °C. For accurate functionalization, 
FTIR technique was applied. For this purpose, acquired 
nanostructures were lyophilized, and 1 mg of the pow-
der of each sample was mixed with 100 mg of potassium 
bromide powder and pressed as a tablet. Each tablet was 
analyzed by FTIR in wavenumber range of 400–4000  cm−1 
at a resolution of 4  cm−1. SEM was used to determine the 
surface topology. A drop of nanoparticle colloidal solution 
was placed on a slide and after drying at room tempera-
ture, it was covered with gold powder and placed in an SEM 
device and photographed. XRD was also used for identifica-
tion of the crystalline mineralogical phases of the powders. 
Debye–Scherrer formula for crystallite size determination is 
given by the following equation:

where D: crystallite size, λ: wavelength of X-ray, β: full 
width at half maximum, and θ: Bragg’s angle (Soltaninejad 
et al. 2020, 2021).

(1)D =
0.94�

� cos �
,

Determination of encapsulation efficiency 
and release evaluation

A standard curve was prepared by different concentra-
tions of curcumin and absorbance at 426 nm. The method 
of approach studied by Natale et al. was used for determi-
nation of encapsulation efficiency with modification (Di 
Natale et al. 2020). In this method, solution containing cur-
cumin–SPNs and free curcumin was centrifuged and super-
natant was collected. The precipitation was dissolved in 
10 mL of ethanol for 5 min. After this time, the solution was 
centrifuged for precipitation of protein section. The superna-
tant was analyzed by UV/Vis spectrophotometer at 426 nm. 
The absorbance result was changed to concentrations by the 
above standard curve. This acquired concentration belongs 
to loaded drugs into SPNs.

Encapsulation efficacy (EE) was calculated by the fol-
lowing equation:

The release of curcumin from SPNs was evaluated by 
dialysis method at 37 °C and pH 7.4. For calculation of the 
released drug, the dialysis medium was replaced at different 
times immediately with the same volume of fresh PBS. The 
absorbance of samples was read using spectrophotometers 
at 426 nm.

Anticancer activity evaluation

Human bone cell line (Saos2) was used for anticancer activ-
ity evaluation. After cell culture, the cells were treated with 
different concentrations of the prepared nanostructures for 
24, 48, and 72 h. At the end, the treated cells were washed 
with PBS and mixed with diluted MTT for 4 h to form 
formazan crystal. Internal solution of each well was removed 
and dimethyl sulfoxide (DMSO) (200 μL) was added. The 
absorbance of samples was measured at 570 nm and the cell 
viability was calculated via Eq. (3):

(2)EE (%) = [(entrapped drug)/drug added].

(3)Viable cells(%) =
Mean optical absorption in test group − Average light absorption in culture medium

Mean optical absorption in control group − Average light absorption in culture medium
.
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Graph pad software was sued for calculation of IC50.

Reactive oxygen species

For evaluation of intracellular reactive oxygen species 
(ROS), the treated cells were obtained and washed by PBS 
solution. Basal and induced intracellular ROS levels were 
assessed in the absence and presence of the standard inducer 
of ROS production tert-butyl hydroperoxide (TBHP; I36007; 
molecular probes).

An oxidation-sensitive fluorescent probe, 5-(and-6)-
carboxy-2′,7′-dichloro-dihydrofluorescein diacetate (car-
boxy-H2DCFDA; I36007; molecular probes) was used for 
assessment of ROS concentration. Based on Kim et al. study 
(Kim et al. 2013), the preparation and incubation protocol 
applied for all treated and control cell lines. All samples 
were centrifuged at 1.5 rpm for 5 min following incuba-
tion and washing with PBS buffer. Finally, 500 μL staining 
buffer plus cell suspension was observed using Facscalibur 
flow cytometer system (Becton Dickinson Biosciences, CA, 
USA). The data were analyzed by FlowJo software (version 
10.4).

Results

Characterization results

The result of FTIR analysis is summarized in Fig. 1. Accord-
ing to this figure, SPNs and curcumin–SPNs had similar 
spectroscopic pattern with observable peaks at 1630–1640 
(C–O stretching vibration), 1530–1540 (NH bending vibra-
tion of amide II), 1450–1460 (COOH stretching vibration), 
and 1230–1240 (C–H bending vibration). Curcumin was 

characterized by two main peaks at 1103 (C–O–C stretching 
vibration), and 1419 (C–OH stretching vibration). In physi-
cal mixture of SPNs and curcumin, there are observable 
peaks as: 1630–1640 (C–O stretching vibration), 1530–1540 
(NH bending vibration of amide II), 1450–1460 (COOH 
stretching vibration), 1630–1640 (C–O stretching vibra-
tion), 1103 (C–O–C stretching vibration), and 1419 (C–OH 
stretching vibration). In FTIR spectra of curcumin–SPNs, 
the indicator peaks at 1630–1640 (C–O stretching vibration), 
1530–1540 (NH bending vibration of amide II), 1450–1460 
(COOH stretching vibration), and 1230–1240 (C–H bending 
vibration) were observable.

Figure 2 shows the XRD pattern of curcumin and the pre-
pared nanostructures. In the XRD pattern of curcumin, the 
characteristic peaks indicated its potent crystalline nature. 
These peaks are observable with lower intensity in the XRD 
pattern of physical mixture of SPNs and curcumin. In the 
XRD pattern of SPNs and curcumin–SPNs, there are no 
characteristic peaks due to encapsulation of curcumin in 
SPNs.

Fig. 1  FTIR spectra of designed nanostructures. A SPNs, B cur-
cumin, C curcumin–SPNs, and D physical mix of curcumin and SPNs

Fig. 2  XRD patterns of designed nanostructures. A SPNs, B cur-
cumin–SPNs, C physical mix of curcumin and SPNs and D curcumin

Table 1  The efficiency of curcumin entrapment efficiency, size, and 
zeta potential in different formulation of curcumin–SPNs

Curcumin/SPNs Size Zeta potential Entrapment 
efficiency 
(%)

SPNs 278.2 − 37.1 –
1/10 294.7 − 36.51 82.8
1/20 321.84 − 35.85 75.2
1/30 362.4 − 34.14 74.1
1/40 392.8 − 33.75 48.4
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The size and zeta potential were 321.84 nm and − 31.85 
for curcumin–SPNs under the best drug loading conditions 
(Table 1).

SEM images also showed similar data. Based on Fig. 3, 
size and shape of SPNs and curcumin–SPNs are compatible 
with other characterization data.

Investigation of drug loading and release

The efficiency of curcumin loading in different concentra-
tions of SPNs is summarized in Table 1. Based on this table, 
drug loading was successfully done in all situations. The 
best drug entrapment efficiency occurred in 1/10 of cur-
cumin/SPNs (82.8%).

Figure 4 indicates that at the same time, the ratio of 1/40 
curcumin/SPNs had the highest drug release percentage in 
comparison with other ratios. In this ratio, the release of cur-
cumin under physiological conditions (temperature of 37 °C 

and a pH of 7.4) indicated that in the first 2 h, more than 50% 
of the drug was released. After this time, slow drug release 
was occurred. The maximum drug release during 48 h was 
81.6, 82.1, 84.6, and 89.9% for the ratio of 1/10, 1/20, 1/30, 
and 1/40 curcumin/SPNs, respectively.

Anticancer activity

Evaluation of toxicity of drug-free SPNs showed that this 
nanostructure had no toxicity on SAOS2 cell line at all 
ratios. There was no significant difference between control 
and drug-free SPNs in terms of cell viability (p > 0.05). On 
the other hand, curcumin/SPNs of all ratios showed sig-
nificant inhibitory activity on cell growth. The viability of 
treated Saos2 cells with curcumin/SPNs was significantly 
lower than control group, drug-free SPNs, and free cur-
cumin (p < 0.05). Quantification of anticancer activity also 

Fig. 3  SEM images of SPNs 
(A) and curcumin–SPNs (B)

Fig. 4  Drug release in different 
ratio of curcumin/SPNs (1:10, 
1:20, 1:30, and 1:40)
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Table 2  Comparison of IC50 
value of free curcumin and 
curcumin–SPNs with various 
ratios

Samples IC50 value 
(µg  mL−1)

p value (free curcumin with curcumin–SPNs)

Free curcumin 156.8 0.025
Curcumin/SPNS
 1/10 65.9
 1/20 65.3
 1/30 64.8
 1/40 64.9

p value (among curcumin–SPNs 
with different ratios)

0.981

Fig. 5  Levels of intracellular reactive oxygen species (ROS) in the SAOS2 cell line. A Curcumin, B control, C curcumin/SPNs, D control
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showed that IC50 at all ratios of curcumin/SPNs was sig-
nificantly lower than free curcumin (p = 0.025) (Table 2). 
There is no significant difference among IC50 values of 
curcumin/SPNs ratios (p = 0.981).

ROS assessment

According to Fig. 5, the mean intensity of emitted light 
from DCFH dye in the FL1-H channel was significantly 
increased to 168 in the treated SAOS2 cells compared to 
its control (36.3) for curcumin/SPNs. The mean intensity 
of emitted light from DCFH dye in the FL1-H channel 
was significantly increased to 44.5 in the treated Saos2 
cells compared to its control (26.5) for free curcumin. 
Based on Fig. 6, the intracellular ROS levels significantly 
increased in an IC50 dose after 24 h of exposure to both 
free curcumin and curcumin/SPNs compared with controls 
(p < 0.05).

Discussion

Osteosarcoma is considered as bone cancer with different 
prevalence in adolescents and children (Ottaviani and Jaffe 
2009). Similar to other cancer types, design and application of 
drug delivery systems can improve the treatment of Osteosar-
coma (Li et al. 2016). Protein nanostructures, especially SPNs, 

can be used as drug carrier for passive and active targeting of 
the cancer cells (Tang 2019). In this study, curcumin–SPNs 
were synthesized as potent drug for the treatment of osteo-
sarcoma. Different ratios of SPNs/curcumin were applied for 
system design. Based on the results, the zeta potentials for 
drug-free SPNs and drug-loaded SPNs with different ratios 
of SPNs/curcumin are statistically similar with no significant 
difference. Literature review showed that this similarity of zeta 
potentials is due to low electrostatic interaction of curcumin 
with native charge of SPNs (Fukushima 1969; Malhotra and 
Coupland 2004; Phianmongkhol and Varley 2003). In FTIR 
spectra, nearly similar patterns were observed for free SPNs 
and drug-loaded SPNs. This situation showed that there is no 
free drug on the surface of SPNs. It also indicated the low 
leakage and fusion of encapsulated drug. According to our 
findings, the highest entrapment efficiency was observed in 
1/10 of curcumin/SPNs. Also, entrapment efficiency decreased 
with increase of curcumin/SPNs ratio. Drug release profiles 
showed that there are similar patterns in the first hour for all 
the designed nanostructures. After 2 h, the decrease of drug 
release from nanostructures followed different slopes. The 
most concentrations of curcumin are loaded on a peripheral 
layer of SPNs. Therefore, high velocity of drug release in the 
first hours was due to this phenomenon. This situation was 
reported in various studies about soy proteins and other protein 
nanoparticles (Ezpeleta et al. 1996; Hu et al. 2008; Jithan et al. 
2011; Patel et al. 2010; Yuan et al. 2020). After 2 h, the release 
of drug continued with mild slopes in all the designed nano-
particles. The drug release approximately reached 81–90% at 
the end of assessment time. Continuation of drug release in the 
second hour onwards was the result of curcumin transfer from 
the nucleus of nanoparticle to the surface (Luo et al. 2011). 
Anticancer activity assessment showed that the highest activity 
belonged to the ratio of 1/10 SPNs/curcumin. Similar studies 
proved that the reduction of nanoparticle size lead to its better 
penetration into the affected area as well as its escape from 
macrophage and other immune cells (Barua and Mitragotri 
2014; Chenthamara et al. 2019; Desai et al. 2010). Therefore, 
among the examined nanoparticles in our study, the smallest 
nanoparticle had the highest anticancer activity due to better 
penetration into the cell. Previous studies have also shown that 
biomaterials delivery to special tissue has direct relationship 
with particles size (Ghafoorianfar et al. 2020). Reduction of 
SPs content for nanoparticle preparation can inhibit the hydro-
phobic chain-induced protein aggregation (Lagreca et al. 2020; 
Varanko et al. 2020). In smaller size of SPNs, curcumin can 
be better entrapped inside SPNs in comparison with larger 
nanoparticles. In our study, application of glutaraldehyde led 
to addition of amide bonds and prevention of particle deforma-
tion. On the other hand, SPNs with lower ratios of SPNs/cur-
cumin has higher releasing rates due to smaller sizes and larger 
area/volume ratios. These smaller size and high area/volume 
ratios lead to better contact with the releasing medium. All 

Fig. 6  Effects of drug treatment on intracellular reactive oxy-
gen species (ROS) levels in in-vitro culture cell lines. DCF mean 
fluorescence intensity (MFI) was measured under basal (without 
2′,7′-dichlorofluorescin (DCFH) treatment) and stimulated (DCFH+) 
conditions in SAOS2 that was subjected to drug treatment with the 
optimal dose of IC50 (Curcuminand Curcumin/SPNs). Data were as 
the mean ± SD. Data were obtained from at least three independent 
experiments. *p < 0.05 vs. control
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these conditions make SPNs, especially with smaller dimen-
sions, which are effective drug systems for slow release. In 
our study, an increase of ROS production was observed in 
both treated cells with free curcumin and SPNs/curcumin. This 
increase was more evident in the SPNs/curcumin group than in 
free curcumin group. Based on literature review, this increase 
of ROS can be due to curcumin-induced destruction of mito-
chondrial function (Jena 2012). Findings of various studies 
have shown that excessive ROS generation after curcumin 
treatment is one of the most important mechanisms for inhibi-
tion of various tumor growth (Larasati et al. 2018; Nakamae 
et al. 2019; Wang et al. 2019, 2021, 2017). Our data showed 
similar results.

Conclusion

A slow release curcumin-containing soy protein nanoparti-
cles was designed with potent anticancer activity and con-
trolled release by controlling the particle size and SPNs/drug 
ratio. Our results showed that SPNs with smaller size and 
lower SPNs/drug can be used as a slow and controlled drug 
release system for anticancer agents. This designed nanopar-
ticle can be used for delivery of other molecules and drugs 
besides curcumin. The synthesized SNPs can be used for 
delivery of chemotherapy drug to the target sites. This deliv-
ery can lead to enhancement of the therapeutic efficiency, 
reduction of drug use, as well as reduction of side effects.
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