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Codelivery of resveratrol melatonin 
utilizing pH responsive sericin 
based nanocarriers inhibits 
the proliferation of breast cancer 
cell line at the different pH
Faranak Aghaz 1, Zahra Asadi 2,3, Soraya Sajadimajd 4, Khosrow Kashfi 5, Elham Arkan 1* & 
Zohreh Rahimi 3,6*

Protein-based nanocarriers have demonstrated good potential for cancer drug delivery. Silk sericin 
nano-particle is arguably one of the best in this field. In this study, we developed a surface charge 
reversal sericin-based nanocarrier to co-deliver resveratrol and melatonin (MR-SNC) to MCF-7 breast 
cancer cells as combination therapy. MR-SNC was fabricated with various sericin concentrations 
via flash-nanoprecipitation as a simple and reproducible method without complicated equipment. 
The nanoparticles were subsequently characterized for their size, charge, morphology and shape by 
dynamic light scattering (DLS) and scanning electron microscope (SEM). Nanocarriers chemical and 
conformational analysis were done by fourier transform infrared spectroscopy (FT-IR) and circular 
dichroism (CD) respectively. In vitro drug release was determined at different pH values (7.45, 6.5 
and 6). The cellular uptake and cytotoxicity were studies using breast cancer MCF-7 cells. MR-SNC 
fabricated with the lowest sericin concentration (0.1%), showed a desirable 127 nm size, with a net 
negative charge at physiological pH. Sericin structure was preserved entirely in the form of nano-
particles. Among the three pH values we applied, the maximum in vitro drug release was at pH 6, 
6.5, and 7.4, respectively. This pH dependency showed the charge reversal property of our smart 
nanocarrier via changing the surface charge from negative to positive in mildly acidic pH, destructing 
the electrostatic interactions between sericin surface amino acids. Cell viability studies demonstrated 
the significant toxicity of MR-SNC in MCF-7 cells at all pH values after 48 h, suggesting a synergistic 
effect of combination therapy with the two antioxidants. The efficient cellular uptake of MR-SNC, 
DNA fragmentation and chromatin condensation was found at pH 6. Nutshell, our result indicated 
proficient release of the entrapped drug combination from MR-SNC in an acidic environment leading 
to cell apoptosis. This work introduces a smart pH-responsive nano-platform for anti-breast cancer 
drug delivery.

Breast cancer (BC) is the most prevalent malignancy and the leading cause of cancer death among women glob-
ally, accounting for 14.7% of all cancer-related  deaths1. Notwithstanding significant advances in understanding 
and treating BC over the past decade, the incidence and mortality rate related to BC continue to increase at 
an alarming rate accounting for approximately 2.26 million deaths by  20202,3. The International Agency for 
Research on Cancer (IARC) Global Cancer Observatory (GLOBOCAN) predicts 27.5 million new cancer cases 
per year by 2040, a 60% increase compared to the current  statistics4. Current treatment modalities include any 
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or a combination of surgery, radiation, immunotherapy, gene therapy, photodynamic treatment, and chemo-
therapy. Although these procedures can alleviate breast cancer, they have numerous disadvantages, including 
non-specificity, high toxicity, and multidrug  resistance5. Thus, there is a need for alternative treatments for BC. 
Antioxidants have been widely used as chemo preventive agents to counteract BC progression. They can also be 
used as adjuvants in treating BC. Combining multiple antioxidants is one of most effective strategies in cancer 
 management6.

Resveratrol (3,4,5-trans-trihydroxystilbene, Fig. 1A) is a natural polyphenol which is naturally derived from 
plants especially  grapes7. Polyphenols are a large category of natural phenol group with therapeutic and preven-
tive effects on neurodegenerative disorders, cardiovascular disease and cancer, due to the beneficial properties 
of phenolic and polyphenolic compounds including anti-inflammatory, antioxidant and anticancer  activities8,9.

Resveratrol cancer preventive properties were first reported in  19777 followed by many in vivo and in vitro 
studies underscoring its role in modulating multiple signaling  pathways10. It has antioxidant properties through 
scavenging free radicals, attenuates reactive oxygen species (ROS) generation, and inhibits cancer initiation and 
cancer  development11.

Melatonin an indoleamine (N-[2-(5-methoxy-1H-indol-3-yl)ethyl]acetamide or N-Acetyl-5-methoxy-
tryptamine, Fig. 1B) is a pineal gland hormone regulating the sleep–wake cycle, gonadal activity, redox homeo-
stasis, and immune  functions12. It also has anti-tumor properties in different types of cancer, including breast, 
colorectal, pancreatic, endometrial, kidney, skin, and  others13–19. Of note, melatonin lowers estrogen receptor 
expression, inhibits DNA replication, prevents metastasis, regulates angiogenesis, and  apoptosis20,21.

Recent advances in nanomedicine have ushered in a new era in cancer treatment by targeting cancer cells 
without affecting normal cells, thus potentially overcoming multidrug resistance. However, cancer heterogeneity 
and the tumor microenvironment complexity may attenuate the anti-cancer properties of  nanocarriers22. Recent 
data strongly suggest that multifunctional nanocarriers offer enhanced efficacy, with limited side effects by 
modulating the local internal milieu such as redox conditions, temperature, pH, and actions of specific enzymes; 
or by external stimuli, such as ultrasound, light, and magnetic  field23.

For two reasons, protein-based-charge-reversal nanocarrier development is one of the most promising strate-
gies in this area. The most important reason is their pH-triggered charge-reversal property. Thus, they can absorb 
the negative-to-positive charge transition in response to changes in ambient pH. In fact, after accumulation in 
the tumor’s acidic microenvironment, they obtain a positive charge that facilitates their cellular  uptake24,25. The 
other reason is their protein-based nanocarrier drug delivery systems (P-NDDS) properties. P-NDDSs can have 
a significant role in BC treatment due to their beneficial  characteristics26,27. For example, they are generally rec-
ognized as safe (GRAS)28, meaning there isn’t any risk in using these carriers. They are also biodegradable—so 
over time, they break down inside the body. Another advantage of P-NDDSs that makes them attractive is their 
lack of immunostimulatory  activity27. Thus, they don’t trigger an immune response when  administered28.

Silk sericin is one of the best proteins for developing a protein-based pH-triggered charge-reversal nanocar-
rier because of the pH-responsive nature of its building blocks. It is a 20–400 kDa protein extracted from dried 
silk cocoons, constituting about 25% of the total cocoon weight. This globular protein has 18 polar amino acids 
with amino, hydroxyl, and carboxyl  groups29. They give it a hydrophilic property and a high antioxidant activity 
via scavenging free radicals. In addition, sericin is a stable, non-toxic, biodegradable, and biocompatible protein 
that interacts with other molecules easily. Besides its high antioxidative properties, it has a high potential to form 
a soluble and stable nanoparticle to wrap various compounds. The wrapping provides a long blood circulation 
time for entrapped compounds, prevents their decomposition, and releases them at specific  targets29–31.

Previously published articles have shown that the nanoprecipitation method, also known as flash-nanopre-
cipitation, is a facile, mild, and low-energy input technique for nanocarrier preparation. It is also one of the most 
useful and safest strategies for encapsulating active molecules at sub-micron and nanoscale  levels32,33. In fact, 
nanoprecipitation is a modest "bottom-up" approach that depends on the supersaturation of a hydrophobic solute 

Figure 1.  Structures of resveratrol (A) and Melatonin (B).
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upon adding water that has lately emerged as a general and flexible technique to produce nanoencapsulation 
with precise control of its physico-chemical  characteristics33,34.

Therefore, this study focused on developing a novel pH-triggered charge reversal–protein-based nanocarrier 
using silk sericin employing the nanoprecipitation method. This nanocarrier was used to co-deliver resveratrol 
and melatonin as an antioxidant combination therapy to MCF-7 breast cancer cells. After the physico-chemical 
investigations of the fabricated nanoparticles, MR-SNC in vitro drug release behavior was studied at three pH 
values (6, 6.5, and 7.4). In addition, the MR-SNC potential to decrease the MCF-7 cells’ viability was investigated 
at different pHs (6, 6.5, and 7.4). The intracellular uptake of MR-SNC in MCF-7 cells and the DNA fragmenta-
tion were also studied.

Materials and methods
Materials. Sericin Bombyx mori (silkworm) powder (S5201, reagent grade, ≥ 99%) and all other chemi-
cals, including trans-Resveratrol—3,4′—(CAS Number: 501-36-0 99%, HPLC, Fig.  1A), Melatonin (reagent 
grade, ≥ 98%, power, Fig. 1B), and nonsolvent acetone (ACS reagent, ≥ 99.5%) were acquired from Sigma Aldrich 
(St. Louis, USA). Ultrapure water (UP-Water) was produced using Milli-Q (Millipore, Bedford, MA, USA).

Preparation of protein-based nanocapsules. To find the best protein concentration for preparing pro-
tein-based nanocapsules as a P-NDDS with a particle size of ≤ 200 nm, silk sericin (SER) was directly dispersed 
in UP-Water at various concentrations (0.1%, 0.2%, 0.3%, 0.5%, and 1% (w/v)) under moderate stirring at room 
temperature. Then, a protein-based nanocapsule was prepared via a flash-nanoprecipitation system adapted 
from Nelemans et al.35 with few modifications. Briefly, silk sericin solutions (0.1, 0.2, 0.3, 0.5, and 1% w/v) were 
added drop-wise (10 µl/5 s) into an organic phase of a non-solvent (acetone) under forceful stirring (800 rpm) 
at room temperature (Fig. S1). At that time, sericin-based nanocapsules were attained by completely evaporating 
the water and acetone to yield SER 0.1%—SER 1.

Drug loading to sericin-based nanocapsules. The Resveratrol (RES) and Melatonin (MEL) solved in 
absolute dimethyl sulfoxide (DMSO) were loaded within sericin based nanocapsules via the direct system of dis-
solution into the aqueous phase (protein phase) at the final concentration of 0.6 mg/mL. The next step involved 
the addition of the dissolved RES + MEL aqueous phase into the acetone organic phase under forceful stirring 
(800 rpm) and pH 7.45 (3 wt% RES + MEL in blank-sericin based nanocapsules). This addition was done with-
out the need for any tools or devices and only with an insulin syringe, 1 drop per 5 s, under intense stirring. 
Sericin-based nanocapsules (SNC) containing the drug were also recovered by completely evaporating water and 
acetone. Formerly, Intracellular Co-delivery of Resveratrol-melatonin utilizing a pH-responsive Sericin-based 
nanocarriers for anticancer therapeutics the antioxidants were loaded in optimal sericin-based-nanocapsule 
prepared formulations (0.1% w/v). The SNC was prepared in triplicate, freeze-dried, stored at − 20 °C, and pro-
tected from light. In addition to physical appearance, ease of reconstitution, and storage stability, the MR-SNC 
(Melatonin and Resveratrol-loaded sericin-based nanocapsule) was tested for variations in quality features, 
when added to cell culture media.

Basic physicochemical properties of SNC and MR + SNC. Particle size, poly dispersity index (PDI), 
and particle surface charge (Zeta Potential) of SNC and MR-SNC were determined by Dynamic Light Scattering 
technique via Zetasizer instrument (Nano-ZS, Malvern Instruments Ltd., Worcestershire, UK) at 25 °C. At that 
time, other main characteristics of SNC and MR-SNC, including aggregation, size, morphology and shape were 
assessed with Scanning Electron Microscope (SEM) (EM3200, KYKY technology Co., China), at an operating 
voltage of 25 kV.

Fourier transform infrared spectroscopy (FT-IR). FT-IR spectroscopy was used to determine the 
chemical composition, molecular properties, and surface adsorption of nano-particles functional groups. 
Briefly, 1–2 mg of the pure antioxidants (RES/MEL), lyophilized blank SNC (B-SNC), and MR-SNC were mixed 
and then triturated with 100 mg potassium bromide (spectroscopy grade, Sigma Aldrich). The mixture was then 
placed in the FT-IR sample holder and pressed. Spectra were recorded over the scanning range of 200–4000  cm-1 
with a spectral resolution of 4  cm-1 via FT-IR spectrophotometer (IR prestige-21, Shimadzu Co., Japan).

Conformational analysis by circular dichroism (CD). The structures of sericin, B-SNC, MEL, RES, 
MEL + RES, and MR-SNC dispersal were evaluated by circular dichroism spectrophotometer (J-1500, Jasco Co., 
Japan) via a 1 mm path length-quartz cell. Through this examination, the samples were scanned three times with 
a scan rate of 100 nm/min using ultraviolet light within 180–250 nm.

Determination of entrapment efficiency (EE%) and drug loading (DL%). Entrapment efficiency 
and drug loading were assessed by ultracentrifugation  method36. At first, MR-SNC solution was ultracentrifuged 
(Optimal L-90 k, Beckman coulter Co, USA) for 15 min at 18,200 rpm to separate the free drug from MR-SNCs. 
Then 1 mL of supernatant was assessed via UV–vis spectrophotometry (Mini 1240, Shimadzu Co., Japan) for 
evaluating of the unentrapped RES or MEL at 297 and 277 nm,  respectively37. Next, a standard calibration curve 
was prepared using various concentraions of RES and MEL (0.1–50 µg/mL for RES and 17.3–600 µg/mL for 
MEL, straight line with  r2 = 0.98). The free drugs amounts were obtained using these curves. Finally, the entrap-
ment efficiency (EE) and drug loading (DL) of RES and MEL on MR-SNC were calculated using the following 
formula:
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All the experiments were performed in triplicate, results are presented as mean ± SD.

In vitro drug release. In vitro profiles of MEL and RES released from MR-SNC were studied at different 
pH values using a dialysis bag (Sigma Aldrich, 20 kD molecular weight cut-off) as described  elsewhere37–39. 
Briefly, 5  mL of MR-SNC was placed in a dialysis bag, followed by immersion in a fixed volume of release 
medium (80 mL PBS, pH 7.45, 6.5, 6, adjusted by 1N HCl). Then, the bottels were incubated in an orbital mixer 
(Benchmark Scientific) for 55 h at 37 ± 0.5 °C at 300 rpm. At planned time intervals (0.5, 1, 2, 4, 24, 30, 48, and 
55 h), 1 mL of PBS dialysate was removed and replaced with the same volume of fresh media and then analyzed 
by UV–vis spectrophotometry (Mini 1240, Shimadzu Co., Japan), at two different maximum absorption wave-
lengths (λmax), corresponding to 297 nm for RES and 277 nm for MEL. At each pH, the amount of MEL and 
RES released from MR-SNC was calculated as the drug release percentage at planned time intervals relating to 
the quantity of the entrapped drug.

In vitro biological evaluation of MR-SNC at different pHs. Cell culture model. In the present study, 
the human breast adenocarcinoma cell line (MCF-7; NCBI No.  C135® Pasteur institute of Iran, Karaj, Iran) was 
chosen as an in vitro model because it preserves several features of differentiated mammary epithelium includ-
ing the expression of functional estrogen receptor, responsiveness to estradiol and the ability to invade and 
metastasize. Furthermore, MCF-7 is a HER2-negative, and progesterone recepto- positive cell  line40,41.

MCF-7 cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS) and 1% antibiotic–antimycotic solution (100 µg/mL streptomycin, 100 U/mL penicillin, and 
0.25 µg amphotericin B) and was incubated at 5%  CO2, 37 °C and humidified air atmosphere. Culture medium 
was renewed daily.

Cell viability assay. The growth inhibitory effect of RES + MEL (1, 5, 10, 20, 50, 100 and 200 µg/mL), B-SNC 
(5, 25, 50, 100, 250, 500 and 1000 µg/mL) and MR-SNC (5, 25, 50, 100, 250, 500 and 1000 µg/mL) at different 
pHs (7.4, 6.5, and 6) on MCF-7 cells was measured using a colorimetric MTT assay kit (Sigma Aldrich) as 
decribed  previously42,43. Briefly, cells were plated in 96-well plates at a density of 3 ×  103 cells/well and, follow-
ing overnight incubation, were treated with RES + MEL, B-SNC, and MR-SNC at the concentrations indicated 
above and using the media at different pHs for 24 and 48 h (Fig. S2). After the indicated times, 10 μL of MTT dye 
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide, 5 mg/mL in phosphate buffered saline), was 
added to each well, and the plates were incubated for 4 h at 37 °C. Then, the media was aspirated, and 100 μL of 
the solubilization solution (10% SDS in 0.01 M HCl) was added to each well to solubilize the formant crystals. 
The absorbance of the plates was measured on a spectrophotometric plate reader (ELx808, Lonza BioTek Co, 
Switzerland), at a wavelength of 570 nm. The percentage of viable cells was calculated by following formula, and 
half-maximal inhibitory concentration (IC50) was obtained.

Interacellular uptake and DAPI staining. To study the cellular uptake of the fabricated nanoparticle, the cells 
were stained with FITC as  described41. First, a suspension of MR-SNC with a concentration of 1 mg/mL was 
mixed with the same volume of FITC (5 µg/mL) and stirred for 10 h in the dark at room temperature. Then the 
suspension was centrifuged at 13,000 rpm for 10 min and washed with PBS three times. Next, MCF-7 cells were 
seeded at a density of 2 ×  105 cells per well in 6-well culture plates. After discarding the medium, the cells were 
washed twice with PBS. Next, cells were treated with 1000 µg/mL of stained MR-SNC at pH 6 (obtained from the 
MTT assay) for 8 h. Then the cells were washed three times with PBS, and 4% paraformaldehyde (100 µL/well) 
was added to fix the MCF-7 monolayers for 15 min.

Nuclear evaluation was also studied by DAPI (4’,6-diamidino-2-phenylindole; 40 µM) staining. After 24 h 
incubation, the cells exposed to the MR-SCN at IC50 concentrations were washed with PBS, fixed with 4% (v/v) 
paraformaldehyde for 30 min, and rinsed twice with PBS. Next, DAPI was added for 20 min in the dark to stain 
the nucleus. Finally, cells were rinsed with PBS 3 times, and the well (n = 3) was evaluated by cytation cell imag-
ing reader (Cytation 5, Biotek Co., USA).

Statistical analysis. The obtained data were analyzed using SPSS for Windows, version 23.0, and GraphPad 
Prism 8 software. The one-way analysis of variance (ANOVA) was used to determine the statistically significant 
differences between the groups. All the experiments were performed in triplicate, and mean values ± standard 
deviation (SD) were used to present the data. A p-value less than 0.05 was considered to be statistically signifi-
cant.

EE (%) =
Total amount of drug added− Free amount of drug

Total amount of drug added
× 100

DL (%) =
Total amount of drug added− Free amount of drug

Total weight of nanoparticles
× 100

Cell viability (%) =
A570

(

Sample
)

A570(Control)
× 100.
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Ethics approval and consent to participate. The current study was approved by the Ethics Committee 
of the Kermanshah university of medical science (IR.KUMS.REC.1400.331).

Results
Development and characterization of protein-based nanocapsules. Blank SNCs were prepared 
through the process of  nanoprecipitation35. Physico-chemical characteristics of all sericin nanoparticles were 
evaluated in different sericin concentrations (Fig. 2). The results showed that the MR-SNCs made of 0.1% sericin, 
were regularly distributed and had a circle shape with an average diameter of about 109 nm (Fig. 3). Based on 
these studies, the 0.1% sericin formulation was used throughout the experiments. DLS measurements of MR-
SNC determined an average size of 127.9 nm and a size distribution (PDI) of 0.356 (Fig. 4, Table 1). The zeta 
potential of these nano-capsules was -21.6 mV, (Fig. 4, Table 1). The zeta potential value determines the nano-
particle’s stability and cellular  uptake44. In contrast, SEM specifies the dry particle size. The average diameter 
obtained by SEM was lower than the size measured by Zetasizer. Considering that, the zetasizer measures the 
diameter of the particle in the solution and the particles hydration increases their size. The amount of EE (%) in a 
single MR-SNC was 98%. The antioxidants were loaded in the SNC, with a DL (%) of approximately 27 (Table 1).

FT-IR analysis. Figure 5 shows the FT-IR spectra of MEL, RES, SNC, and MR + SNC. The spectrum of MEL 
(Figs. 5, S3a), revealed sharp bands at 3265, 3018, 2924, 2852, 1606, 1587, 1512, 1382, 1327, 1265, 1247, 1151, 
1010, 987, 964, 833, and 675  cm−1 and the broadband at 1600–2500  cm−1. The peak at 3265  cm−1 corresponds 
to N–H stretching vibration. The 3018  cm−1 peaks revealed CH vibration. The broad peak at 2924  cm−1 was the 
feature of hydroxyl groups (OH) stretching vibration. The band at 1606  cm−1 is related to C = O stretching vibra-
tion, and the peaks at 1587 and 1382  cm−1 correspond to the C = C and C-N stretching, respectively. The RES 
spectrum (Figs. 5, S3b) showed peaks at 3421, 3124, 3018, 2922, 1718, 1651,1598, 1558, 1523, 1465, 1425, 1386, 

Figure 2.  SEM analysis of (A) 0.2% sericin nano-capsule with the average size of 265 nm; (B) 0.3% sericin 
nano-capsule with the average size of 557 nm; (C) 0.5% sericin nano-capsule with the average size of 662 nm, 
and (D) 1% sericin nano-capsule with the average size of 918 nm.
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Figure 3.  SEM analysis of 0.1% sericin nano-capsule with the average size of 127.9 nm.

Figure 4.  Physicochemical characterization of NDCDS (RES + MEL-SCN).

Table 1.  Physico-chemical features of MR-SNC.

Z-average diameter (nm) Polydispersity index Zeta potential (mV) DL (%) EE (%)

MR-SNC 127.9 0.356  − 21.6 27 98
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1365, 1340, 1276, 1261, 1188, 1155, 1095, 1070, 1029, 993, and 711  cm−1. The broad peaks at 3124–3421  cm−1 are 
a feature of OH stretching vibration. The sharp peak at the 1651  cm-1 region is related to the double bands C = C 
the carboxylic acid carbonyl stretching vibration. The C–C stretching vibrations of RES were observed between 
1465 and 1558  cm-1.

Since the Blank-SNC is comprised of Sericin (S) alone; and after the freeze-dry proceedure, the FTIR peaks 
for both SNC and sericin powder (S) were quite similar, only one of them is displayed in the FTIR diagram 
(Figs. 5, S3c). The FT-IR spectrum of the prepared SNC designated sharp bands at 3400, 3082, 2924, 2852, 1654, 
1527, 1462, 1384, 1244, 1159, 1076, and 877  cm−1. In this FTIR spectra, individual amide absorption bands were 
detected at 1654  cm−1 (amide I, C=O stretching), 1527  cm−1 (amide II, N–H bending), and 1244  cm−1 (amide 
III, C–N stretching, and N- H bending), which suggest the presence of a random coil structure. Another band 
at 1384  cm−1 was credited to C–H and O–H stretching and C–OH banding of hydroxyl amino acid side chains, 
like serine.

MR-SNC was synthesized by three monomers; MEL, RES, and Sericin. In the spectrum of MR-SNC, all the 
bands relating to MEL, RES, and SNC were identified. As shown in Figs. 5 and S3d, the sharp bands at 3402, 
2924, 2852, 1653, 1587, 1537, 1516, 1465, 1384, 1323, 1267, 1188, 1151, 1074, 968, 875, 713, and 677  cm−1 were 
observed in MR-SNC FTIR spectrum. In this spectrum prominent shifting of the peak was observed from 1527 
to 1537, 1462 to 1465, 1244 to 1267, 1159 to 1188, and 877 to 875  cm-1 in comparison to those of SNC. Addi-
tionally, comparative peaks with SNC in this spectrum were of higher intensity as opposed to the SNC, which 
was due to the formation of intermolecular hydrogen-bonding between NH and OH group of SNC with MEL 
and RES. Moreover, the new peaks appeared at 1587, 1516, 1323, 1188, 968, 713, and 677  cm−1 at the MR-SNC 
FTIR spectrum, indicating a shoulder peak in the spectra of MR-SNC, signifying MEL and RES were joined 
into SNC. Simultaneously, the expanded intensity of amide I, II, and III demonstrated the construction of a new 
amide linkage in MR-SNC. As opposed to SNC, a shoulder peak at 677–1500  cm−1 was seen in the spectra of 
MR-SNC, which could be to the C=O vibration of the C–H bunch from MEL and RES. These results confirmed 
the presence of MEL and RES in the spectrum of MR-SNC.

Stability of sericin secondary structures. Circular dichroism (CD) is a sensitive technique to moni-
tor the conformational changes in a protein. CD, as a biophysical method, was used to probe sericin struc-

Figure 5.  The FT-IR spectra of melatonin (MEL), Resveratrol (RES), SNC, and MR-SNC.
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ture following its formation of nanocapsules by the nanoprecipitation method. It measures a difference in the 
absorption of right and left circularly polarized light to determine a protein’s secondary structure. Sericin has a 
molecular weight of 198.6 kDa with 1758 amino acid residues. As its spectra reveal (Figs. 6A, S4), sericin showed 
a weak negative band at 218 nm, which was assigned to the β-sheet. Figure 6 confirms that the CD spectra of 
blank-SNC showed a good similarity to the native sericin spectrum, a weak negative band at 208 nm. The CD 
spectra of MEL, RES and MEL + RES were also obtained. These compounds showed the similar broad negative 
bands between 200 and 240 nm. The CD spectra of MR-SNC confirm that the binding of RES/MEL to sericin 
causes only a decrease in negative ellipticity at all wavelengths of the far-UV CD without any significant shift 
of the peaks, which clearly indicates the lack of changes in the protein secondary structure, and a less decrease 
of the α-helix content in protein (Fig. 6). The protein secondary structure from CD spectra was also estimated 
by K2D3 software (Fig. 6B). It demonstrated that there was 10.27% β-sheet and 4.6% α-helix in intact sericin 
(Fig. 6B). Therefore, the result suggests nanoprecipitation successfully preserves the primary and the secondary 
structures of the protein. Also the occurrence of a small conformational change at the secondary structural level 
in the reaction between RES/MEL and Sericin in MR-SNC was detected.

In vitro drug release. The in vitro release of MEL and RES from MR-SNC was examained by the dialysis 
bag method, under different pH values (7.4, 6.5, and 6), up to 55 h (Fig. 7). Based on our results, at 24 h, 26, 
28, and 47% release was observed for RES at pH of 7.4, 6.5 and 6, respectively. At 55 h, 32 and 41% of RES were 
released at pH of 7.4, and 6.5 respectively; with an apparent burst release (62%) at pH 6.

In comparison, MEL being released from MR-SNC was 23, 37 and 56% at 24 h in pH of 7.4, 6.5 and 6, 
respectively. At 55 h, 33 and 43% of MEL was released from the corresponding nano-capsule at pH of 7.4 and 
6.5, respectively. On the other hand, an apparent burst release (67%) of MEL occurred in pH 6 at 55 h.

In vitro efficacy evaluation. Cell Viability. To assess viability of the MCF-7 cells after treatment with 
RES + MEL (1, 5, 10, 20, 50, 100 and 200 µg/mL), B-SNC (5, 25, 50, 100, 250, 500 and 1000 µg/mL) and MR-SNC 
(5, 25, 50, 100, 250, 500 and 1000 µg/mL) at different pHs (7.4, 6.5, and 6), the MTT assay was done. There were 
no significant differences between controls and treated groups after 24 h (data not shown).

Exposure to RES + MEL (1–100 µg/mL) for 48 h also showed similar cell viability to the control group. How-
ever, at 200 µg/mL, the cell viability significantly decreased at all pH values (7.4, 6.5 and 6) (Fig. 8A). Generally, 
pH 6 was more effective than the physiologic pH (7.4) in this group (Fig. 8A). On the other hand, 48 h treat-
ment with 250, 500 and 1000 µg/mL of B-SNC, significantly reduced cell viability at pH 6.5 in comparison to the 
control group (Fig. 8B). Comparison of the mean values indicated that different pH values had similar effects on 
treatment with various concentrations of B-SNC (Fig. 8B).

Treatment with MR-SNC for 48 h caused significant cell death at all concentrations and pH values. None of the 
other treatments induced cell viability alterations (Fig. 8A). The results also showed that the viability of MCF-7 
cells at pH 6 was significantly lower than that at pH 6.5 and 7.4, and we just observed  IC50 values of 500 μg/mL 
at pH 6 (Table 2). Also, at pH 6.5 MCF-7 cell viability was significantly different from that at pH 7.4 (Fig. 8B).

Intracellular uptake and DAPI staining. A representative fluorescence microscopy image of the morphology of 
the MCF-7 cells treated with FITC-labeled MR-SNC at its  IC50 (500 µg/mL) after 4 h exposure at pH 6 is shown 
in Fig. 9. The results show that the FITC-labeled-MR-SNC was taken up by the cells, potentially through endo-
cytosis and was distributed in the cellular cytoplasm through interaction with the cytoskeleton fibers. Moreover, 

Figure 6.  CD spectra of sericin, B-SNC, MR-SNC, MEL, MEL + RES and RES (A); sericin spectrum 
demonstrated a weak negative band at 218 nm, which was assigned to β-sheet. The K2D3 software output of 
sericin secondary structure (B).
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Fig. 9 shows the presence of cells stained by DAPI. After crossing the membrane, DAPI binds to DNA A-T rich 
regions and shows nuclear condensation and DNA  fragmentation45. According to the captured images (Fig. 9), 
MR-SNC treated cells showed considerable degree of DNA fragmentation, chromatin condensation and apopto-
sis. Merged fluorescent DAPI and FITC images for MR-SNC are also shown in Fig. 9.

Discussion
The utility of single or multiple antioxidant supplementations is a reasonable chemopreventive/chemothera-
peutic strategy by scavenging free radicals and reducing oxidative stress. However, there are challenges in such 
an approach due to poor permeability, low solubility, in vivo instability, and poor bioavailability. The use of 
nanotechnology can overcome these problems and enhance efficiency through targeted drug delivery to the 
tumor  site46–48.

Nanomedicine is a rapidly emerging field in cancer diagnosis and treatment. Protein-based nanocarriers as 
organic nano-vectors, have a remarkable potential to be used in oncology. These nanocarriers are stable, biode-
gradable, biocompatible, chemically modifiable, non-toxic, and non-immunogenic. The ease of fabrication and 
the abundance of its raw material (protein) in nature are its other  advantages49,50. Regarding the role of protein 
nanocarriers in drug delivery, we aimed to utilize a sericin nanocarrier, to deliver the optimal dose of MEL and 
RES in the form of MR-SNC and to investigate their synergistic antioxidant-efficacy on MCF-7 breast cancer 
cell line.

Protein concentration is one of the most important factors determining the size of a protein based nanocar-
rier. As the protein concetration increases, the nanoparticle size distribution gets  larger51. We tested five different 
sericin concentrations (0.1%, 0.2%, 0.3%, 0.5%, and 1% (w/v)) for protein-based nanocapsules preparation to find 
out the optimum concentration (Figs. 2, 10). The physicochemical analysis indicated that 0.1% (w/v) was the best 
concentration for this purpose. Hence we applied 0.1% sericin nanocapsule throughout the next experiments 
(Fig. 3). Our finding is in line with a previous study where the lowest concentration of sericin (0.1%), showed 
the smallest nanoparticle size and aggregation and the highest release efficiency and drug  content52. In addi-
tion, smaller particles can release entrapped drugs faster compared to large particles due to their larger surface 
 area51. Our result also domenstrated that drug release from the sericin-based nanocapsule was pH-dependent.

The tumor microenvironment is of utmost importance. Within solid tumors, pH values range from 6.0 to 7.0 
due to carbonic anhydrase activity and lactic acid production through anaerobic glycolysis. This environment 
can make nanocarriers sensitive to acidic pH through the protonation of its functional groups and changing of 
the nanoparticle surface charge from negative/neutral to positive that makes the carrier collapse and release its 
carrying drug  cargo53.

Sericin is a hydrophilic protein, that is composed of 40% serine and aspartic acid with a high potential for 
self-assembling. The carboxyl groups of aspartic acids render sericin a net negative charge at neutral pH. As 
can be seen in Fig. 10, thses ionizable groups can undergo protonation in mild acidic conditions of the cancer 
 microenvironment54,55. This charge reversal process may disrupt the electrostatic interactions between the sericin 
amino acids side chains (carboxyl and amino) in SNC, releasing MEL and  RES24. Furthermore, MEL and RES are 
more stable at low pH  values56,57. This stability in the acidic environment can potentially help with SNC diffusion.

MEL and RES had a significant toxicity on MCF-7 cell viability at 48 h, especially at 200 µg/mL and all pH 
values. SNC also reduced cell viability at 250, 500 and 1000 µg/mL at pH 6.5. Sericin has a remarkable anti-
oxidant activity via preventing lipidic peroxidation and oxidative  stress58. At low doses it has antioxidant and 
protective effects on normal and tumor cells. However, the high doses it shows toxicity towards cancer  cells46. 

Figure 7.  The in vitro release of MEL and RES from MR-SNC under different pH values (7.4, 6.5, 6), up to 55 h.
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Our results are consistent with these observations. Also, the cytotoxic effects of MR-SNC on the viability of the 
MCF-7 cells was observed at 100, 250, 500 and 1000 µg/mL at all pH values and was significantly higher than 

Figure 8.  (A) MCF-7 cells viability after treatment with various concentrations of B-SNC, RES + MEL, 
and MR-SNC at different pHs. Results are mean ± SD for 3 different experiments, *P ≤ 0.05 compared to the 
respective controls. (B) Means Comparission of MCF-7 cells viability at various pHs in three groups. Results are 
mean ± SD for 3 different experiments, *P ≤ 0.05 compared to the respective controls.
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that exposed to SNC after 48 h. This finding strongly suggests potential synergy between the three antioxidants 
(sericin, MEL and RES).

Our result with MR-SNC after 48 h showed high cell toxicity at pH 6 accross the concentrations tested. Thses 
results are consistant with the charge-reversal property of MR-SNC at low pH values.

Our results with FITC showed high fluorescent signal. Cancer cells have a high negatively-charged surface due 
to high concentration of glycoproteins on their membrane. Many of these glycoproteins contain sialic acid, which 
in part contributes to the negative charge cell  membrane59. In addition, only positively-charged nanoparicles 
can attach to cencer  cells60,61. Our uptake studies at pH 6 altered the nanocarrier surface charge from negative 
to positive via increasing the amino/carboxyl ratio in MR-SNC through a charge reversal  process24. So, FITC-
labeled MR-SNC attached to the MCF-7 membrane quite easily and was picked up by these cells via transcytosis.

Our DAPI results illustrated chromatin condensation and DNA fragmentation in MCF-7 cells. DNA damage 
is an apoptosis hallmark, so our results suggest that the MEL and RES encapsulation in SNC leads to apoptosis of 
MCF-7 cells. Sericin based nanocarriers can induce cell apoptosis via caspase-3 activation, Bax proteins upregula-
tion and Bcl-2  downregulation55. At the time of conducting this research, it was not possible for us to investigate 
intracellular and extracellular ROS, due to the deficit and high cost of the required materials and equipment, in 
our country due to the sanctions condition that it was a limitation for present work.

Conclusions
In summary, we created a pH-sensitive nanocarrier with a low sericin concentration by nanoprecipitation as a 
simple and reproducible method. MEL and RES were loaded in this nanocarrier with charge-reversal property, 
that turned its surface charge from negative to positive in a mildly acidic environment. Our morphological and 
analytical investigations indicated the intact sericin, MEL, and RES structures after nanocarrier preparation 
and the desirable size, shape and size distribution of nanoparticle. The pH-dependent drug release behavior of 

Table 2.  MCF-7 cells viability (%) after treatment with various concentrations of MR-SNC at different pH 
values. Significance values are in bold.

Concentration of MR-SNC (µg/ml) Cell viability (%) at pH 6 Cell viability (%) at pH 6.5 Cell viability (%) at pH 7.4

5 91.8 94.6 99.7

25 87.1 95.2 96.3

50 85.4 92.4 95.0

100 73.2 84.5 86.9

250 52.3 69.9 78.0

500 46.6 63.0 72.1

1000 39.4 57.5 66.8

Figure 9.  Intracellular uptake of FITC labeled MR-SNC (500 µg/mL, pH 6) and DAPI staining of MCF-7 cells. 
Bar scale, 200 nm.
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MR-SNC, with the maximum release in pH 6, showed this smart strategy’s potential efficacy in releasing antioxi-
dants in the acidic tumor microenvironment. Moreover, MR-SNC significantly decreased MCF-7 cell viability 
in acidic pH. MR-SNC was picked up by MCF-7 cells in pH 6, accumulated inside them and caused DNA dam-
age. In conclusion, the charge-reversal protein-based nanocarrier will be an excellent strategy to maximize the 
efficiency of anti-cancer agents and minimize the drug’s unspecific toxicity.

Data availability
The datasets generated and/or analyzed during the current study are not publicly available due to privacy and 
ethical issues, but are available from the corresponding author on reasonable request.

Received: 14 April 2023; Accepted: 26 June 2023

References
 1. Cruz, S. J. V. et al. Five-year survival rate and prognostic factors in women with breast cancer treated at a reference hospital in the 

Brazilian Amazon. PLoS ONE 17, e0277194. https:// doi. org/ 10. 1371/ journ al. pone. 02771 94 (2022).
 2. He, B. et al. Recent advances in drug delivery systems for enhancing drug penetration into tumors. Drug Deliv. 27, 1474–1490 

(2020).
 3. Ryser, M. D. et al. Estimation of breast cancer overdiagnosis in a US breast screening cohort. Ann. Int. Med. 175(4), 471–478 (2022).
 4. Hulvat, M. C. Cancer incidence and trends. Surg Clin North Am 100, 469–481. https:// doi. org/ 10. 1016/j. suc. 2020. 01. 002 (2020).
 5. Gunasekaran, G., Bekki, Y., Lourdusamy, V. & Schwartz, M. Surgical treatments of hepatobiliary cancers. Hepatology 73, 128–136 

(2021).
 6. Griñan-Lison, C. et al. Antioxidants for the treatment of breast cancer: Are we there yet?. Antioxidants https:// doi. org/ 10. 3390/ 

antio x1002 0205 (2021).
 7. Jang, M. et al. Cancer chemopreventive activity of resveratrol, a natural product derived from grapes. Science 275, 218–220. https:// 

doi. org/ 10. 1126/ scien ce. 275. 5297. 218 (1997).
 8. Cory, H., Passarelli, S., Szeto, J., Tamez, M. & Mattei, J. The role of polyphenols in human health and food systems: A mini-review. 

Front. Nutr. 5, 87. https:// doi. org/ 10. 3389/ fnut. 2018. 00087 (2018).
 9. Panda, P. K., Yang, J.-M. & Chang, Y.-H. Preparation and characterization of ferulic acid-modified water soluble chitosan and poly 

(γ-glutamic acid) polyelectrolyte films through layer-by-layer assembly towards protein adsorption. Int. J. Biol. Macromol. 171, 
457–464. https:// doi. org/ 10. 1016/j. ijbio mac. 2020. 12. 226 (2021).

 10. Aldawsari, F. S. & Velázquez-Martínez, C. A. 3,4’,5-trans-trimethoxystilbene; a natural analogue of resveratrol with enhanced 
anticancer potency. Invest New Drugs 33, 775–786. https:// doi. org/ 10. 1007/ s10637- 015- 0222-x (2015).

 11. Seo, K., Seo, S., Han, J. Y., Ki, S. H. & Shin, S. M. Resveratrol attenuates methylglyoxal-induced mitochondrial dysfunction and 
apoptosis by Sestrin2 induction. Toxicol. Appl. Pharmacol. 280, 314–322. https:// doi. org/ 10. 1016/j. taap. 2014. 08. 011 (2014).

 12. Samanta, S. Melatonin: A potential antineoplastic agent in breast cancer. J Environ Pathol Toxicol Oncol 41, 55–84. https:// doi. org/ 
10. 1615/ JEnvi ronPa tholT oxico lOncol. 20220 41294 (2022).

Figure 10.  The charge reversal process may disrupt the electrostatic interactions between the sericin amino 
acids side chains (carboxyl and amino) in SNC at cancer environment PH, releasing MEL and RES.

https://doi.org/10.1371/journal.pone.0277194
https://doi.org/10.1016/j.suc.2020.01.002
https://doi.org/10.3390/antiox10020205
https://doi.org/10.3390/antiox10020205
https://doi.org/10.1126/science.275.5297.218
https://doi.org/10.1126/science.275.5297.218
https://doi.org/10.3389/fnut.2018.00087
https://doi.org/10.1016/j.ijbiomac.2020.12.226
https://doi.org/10.1007/s10637-015-0222-x
https://doi.org/10.1016/j.taap.2014.08.011
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2022041294
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2022041294


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:11090  | https://doi.org/10.1038/s41598-023-37668-y

www.nature.com/scientificreports/

 13. Kong, X. et al. Melatonin: A potential therapeutic option for breast cancer. Trends Endocrinol Metab 31, 859–871. https:// doi. org/ 
10. 1016/j. tem. 2020. 08. 001 (2020).

 14. Chok, K. C., Ng, C. H., Koh, R. Y., Ng, K. Y. & Chye, S. M. The potential therapeutic actions of melatonin in colorectal cancer. 
Horm. Mol. Biol. Clin. Investig. https:// doi. org/ 10. 1515/ hmbci- 2019- 0001 (2019).

 15. Iravani, S. et al. The role of melatonin in colorectal cancer. J. Gastrointest. Cancer 51, 748–753. https:// doi. org/ 10. 1007/ s12029- 
019- 00336-4 (2020).

 16. Tamtaji, O. R., Mirhosseini, N., Reiter, R. J., Behnamfar, M. & Asemi, Z. Melatonin and pancreatic cancer: Current knowledge and 
future perspectives. J. Cell. Physiol. 234, 5372–5378. https:// doi. org/ 10. 1002/ jcp. 27372 (2019).

 17. Dana, P. M. et al. Molecular and biological functions of melatonin in endometrial cancer. Curr. Drug. Targets 21, 519–526. https:// 
doi. org/ 10. 2174/ 13894 50120 66619 09271 23746 (2020).

 18. Maleki Dana, P. et al. Melatonin as a potential inhibitor of kidney cancer: A survey of the molecular processes. IUBMB Life 72, 
2355–2365. https:// doi. org/ 10. 1002/ iub. 2384 (2020).

 19. Oshiba, R. T., Touson, E., Elsherbini, Y. M. & Abdraboh, M. E. Melatonin: A regulator of the interplay between FoxO1, miR96, and 
miR215 signaling to diminish the growth, survival, and metastasis of murine adenocarcinoma. BioFactors 47, 740–753. https:// 
doi. org/ 10. 1002/ biof. 1758 (2021).

 20. Mediavilla, D., Sanchez-Barcelo, E., Tan, D., Manchester, L. & Reiter, R. Basic mechanisms involved in the anti-cancer effects of 
melatonin. J. Curr. Med. Chem. 17, 4462–4481 (2010).

 21. Franco, P. I. R., do Carmo-Neto, J. R., Milhomem, A. C., Machado, J. R. & Miguel, M. P. Antitumor effect of melatonin on breast 
cancer in experimental models: A systematic review. Biochim Biophys Acta Rev Cancer 1878, 188838. https:// doi. org/ 10. 1016/j. 
bbcan. 2022. 188838 (2022).

 22. Zhang, Y. et al. Multistimuli-responsive polymeric vesicles for accelerated drug release in chemo-photothermal therapy. ACS 
Biomater. Sci. Eng. 6, 5012–5023 (2020).

 23. Torchilin, V. P. Multifunctional nanocarriers. Adv. Drug Deliv. Rev. 64, 302–315. https:// doi. org/ 10. 1016/j. addr. 2012. 09. 031 (2012).
 24. Hu, D. et al. pH-triggered charge-reversal silk sericin-based nanoparticles for enhanced cellular uptake and doxorubicin delivery. 

ACS Sustain. Chem. Eng. 5, 1638–1647 (2017).
 25. Zhang, P., Chen, D., Li, L. & Sun, K. Charge reversal nano-systems for tumor therapy. J. Nanobiotechnol. 20, 1–27 (2022).
 26. Florczak, A. et al. Silk particles as carriers of therapeutic molecules for cancer treatment. Materials 13, 4946 (2020).
 27. Narwade, M., Gajbhiye, V. & Gajbhiye, K. R. Protein Nanocapsules as a Smart Drug Delivery Platform 393–412 (Elsevier, 2022).
 28. Kariduraganavar, M. Y., Heggannavar, G. B., Amado, S. & Mitchell, G. R. Protein Nanocarriers for Targeted Drug Delivery for Cancer 

Therapy 173–204 (Elsevier, 2019).
 29. Shitole, M., Dugam, S., Tade, R. & Nangare, S. Pharmaceutical applications of silk sericin. Ann. Pharm. Fr 78, 469–486. https:// 

doi. org/ 10. 1016/j. pharma. 2020. 06. 005 (2020).
 30. Yalcin, E. et al. Preparation and characterization of novel albumin-sericin nanoparticles as siRNA delivery vehicle for laryngeal 

cancer treatment. Prep. Biochem. Biotechnol. 49, 659–670. https:// doi. org/ 10. 1080/ 10826 068. 2019. 15993 95 (2019).
 31. Takechi, T., Wada, R., Fukuda, T., Harada, K. & Takamura, H. Antioxidant activities of two sericin proteins extracted from cocoon 

of silkworm (Bombyx mori) measured by DPPH, chemiluminescence, ORAC and ESR methods. Biomed. Rep. 2, 364–369. https:// 
doi. org/ 10. 3892/ br. 2014. 244 (2014).

 32. Rivas, C. J. M. et al. Nanoprecipitation process: From encapsulation to drug delivery. Int. J. Pharm. 532, 66–81 (2017).
 33. Ramos, R. et al. Nanocapsules produced by nanoprecipitation of designed suckerin-silk fusion proteins. ACS Macro Lett. 10, 

628–634 (2021).
 34. Martínez-Muñoz, O. I., Ospina-Giraldo, L. F., Mora-Huertas, C. E. Nanoprecipitation: Applications for entrapping active molecules 

of interest in pharmaceutics. In Nano-and Microencapsulation-Techniques and Applications; IntechOpen (2020).
 35. Nelemans, L. C., Buzgo, M., Simaite, A. Optimization of Protein Precipitation for High-Loading Drug Delivery Systems for Immu-

notherapeutics. Vol. 78, p. 29 (2021).
 36. Kanoujia, J., Faizan, M., Parashar, P., Singh, N. & Saraf, S. A. Curcumin loaded sericin nanoparticles: Assessment for biomedical 

application. Food Hydrocoll. Health 1, 100029. https:// doi. org/ 10. 1016/j. fhfh. 2021. 100029 (2021).
 37. Motiei, M. & Kashanian, S. Novel amphiphilic chitosan nanocarriers for sustained oral delivery of hydrophobic drugs. Eur. J. 

Pharm. Sci. 99, 285–291 (2017).
 38. D’Souza, S. A review of in vitro drug release test methods for nano-sized dosage forms. Adv. Pharm. 2014, 1–12 (2014).
 39. Abdel-Mottaleb, M. M. & Lamprecht, A. Standardized in vitro drug release test for colloidal drug carriers using modified USP 

dissolution apparatus I. Drug Dev. Ind. Pharm. 37, 178–184 (2011).
 40. Geyer, F. C., Rodrigues, D. N., Weigelt, B. & Reis-Filho, J. S. Molecular classification of estrogen receptor-positive/luminal breast 

cancers. Adv. Anat. Pathol. 19, 39–53. https:// doi. org/ 10. 1097/ PAP. 0b013 e3182 3fafa0 (2012).
 41. Wright, P. K. et al. 17β-estradiol regulates giant vesicle formation via estrogen receptor-alpha in human breast cancer cells. Onco-

target 5, 3055–3065. https:// doi. org/ 10. 18632/ oncot arget. 1824 (2014).
 42. Nath, N., Vassell, R., Chattopadhyay, M., Kogan, M. & Kashfi, K. Nitro-aspirin inhibits MCF-7 breast cancer cell growth: Effects 

on COX-2 expression and Wnt/beta-catenin/TCF-4 signaling. Biochem. Pharmacol. 78, 1298–1304. https:// doi. org/ 10. 1016/j. bcp. 
2009. 06. 104 (2009).

 43. Chattopadhyay, M. et al. Hydrogen sulfide-releasing NSAIDs inhibit the growth of human cancer cells: A general property and 
evidence of a tissue type-independent effect. Biochem. Pharmacol. 83, 715–722. https:// doi. org/ 10. 1016/j. bcp. 2011. 12. 018 (2012).

 44. Patil, S., Sandberg, A., Heckert, E., Self, W. & Seal, S. Protein adsorption and cellular uptake of cerium oxide nanoparticles as a 
function of zeta potential. Biomaterials 28, 4600–4607. https:// doi. org/ 10. 1016/j. bioma teria ls. 2007. 07. 029 (2007).

 45. Badran, A. et al. Antipsychotics drug aripiprazole as a lead against breast cancer cell line (MCF-7) in vitro. PLoS ONE 15, e0235676. 
https:// doi. org/ 10. 1371/ journ al. pone. 02356 76 (2020).

 46. Ammar, H. O., Shamma, R. N., Elbatanony, R. S. E. & Khater, B. Antioxidants in cancer therapy: Recent trends in application of 
nanotechnology for enhanced delivery. Sci. Pharm. 88, 5 (2020).

 47. Aghaz, F. et al. Co-encapsulation of tertinoin and resveratrol by solid lipid nanocarrier (SLN) improves mice in vitro matured 
oocyte/ morula-compact stage embryo development. Theriogenology 171, 1–13. https:// doi. org/ 10. 1016/j. theri ogeno logy. 2021. 05. 
007 (2021).

 48. Thirumurugan, S. et al. Angiopep-2-decorated titanium–alloy core–shell magnetic nanoparticles for nanotheranostics and medical 
imaging. Nanoscale 14, 14789–14800. https:// doi. org/ 10. 1039/ D2NR0 3683E (2022).

 49. Abbasi Kajani, A., Haghjooy Javanmard, S., Asadnia, M. & Razmjou, A. Recent advances in nanomaterials development for nano-
medicine and cancer. ACS Appl. Bio Mater. 4, 5908–5925. https:// doi. org/ 10. 1021/ acsabm. 1c005 91 (2021).

 50. Sandra, F., Khaliq, N. U., Sunna, A. & Care, A. Developing protein-based nanoparticles as versatile delivery systems for cancer 
therapy and imaging. Nanomaterials https:// doi. org/ 10. 3390/ nano9 091329 (2019).

 51. Hong, S. et al. Protein-based nanoparticles as drug delivery systems. Pharmaceutics https:// doi. org/ 10. 3390/ pharm aceut ics12 
070604 (2020).

 52. Radu, I.-C. et al. In vitro interaction of doxorubicin-loaded silk sericin nanocarriers with MCF-7 breast cancer cells leads to DNA 
damage. Polymers 13, 2047 (2021).

 53. Mo, R. et al. Multistage pH-responsive liposomes for mitochondrial-targeted anticancer drug delivery. Adv. Mater. 24, 3659–3665. 
https:// doi. org/ 10. 1002/ adma. 20120 1498 (2012).

https://doi.org/10.1016/j.tem.2020.08.001
https://doi.org/10.1016/j.tem.2020.08.001
https://doi.org/10.1515/hmbci-2019-0001
https://doi.org/10.1007/s12029-019-00336-4
https://doi.org/10.1007/s12029-019-00336-4
https://doi.org/10.1002/jcp.27372
https://doi.org/10.2174/1389450120666190927123746
https://doi.org/10.2174/1389450120666190927123746
https://doi.org/10.1002/iub.2384
https://doi.org/10.1002/biof.1758
https://doi.org/10.1002/biof.1758
https://doi.org/10.1016/j.bbcan.2022.188838
https://doi.org/10.1016/j.bbcan.2022.188838
https://doi.org/10.1016/j.addr.2012.09.031
https://doi.org/10.1016/j.pharma.2020.06.005
https://doi.org/10.1016/j.pharma.2020.06.005
https://doi.org/10.1080/10826068.2019.1599395
https://doi.org/10.3892/br.2014.244
https://doi.org/10.3892/br.2014.244
https://doi.org/10.1016/j.fhfh.2021.100029
https://doi.org/10.1097/PAP.0b013e31823fafa0
https://doi.org/10.18632/oncotarget.1824
https://doi.org/10.1016/j.bcp.2009.06.104
https://doi.org/10.1016/j.bcp.2009.06.104
https://doi.org/10.1016/j.bcp.2011.12.018
https://doi.org/10.1016/j.biomaterials.2007.07.029
https://doi.org/10.1371/journal.pone.0235676
https://doi.org/10.1016/j.theriogenology.2021.05.007
https://doi.org/10.1016/j.theriogenology.2021.05.007
https://doi.org/10.1039/D2NR03683E
https://doi.org/10.1021/acsabm.1c00591
https://doi.org/10.3390/nano9091329
https://doi.org/10.3390/pharmaceutics12070604
https://doi.org/10.3390/pharmaceutics12070604
https://doi.org/10.1002/adma.201201498


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:11090  | https://doi.org/10.1038/s41598-023-37668-y

www.nature.com/scientificreports/

 54. Li, Z. et al. Charge-reversal nanomedicines as a smart bullet for deep tumor penetration. Smart Mater. Med. 3, 243–253. https:// 
doi. org/ 10. 1016/j. smaim. 2022. 01. 008 (2022).

 55. Das, G. et al. Sericin based nanoformulations: A comprehensive review on molecular mechanisms of interaction with organisms 
to biological applications. J. Nanobiotechnol. 19, 30. https:// doi. org/ 10. 1186/ s12951- 021- 00774-y (2021).

 56. Pranil, T., Moongngarm, A. & Loypimai, P. Influence of pH, temperature, and light on the stability of melatonin in aqueous solu-
tions and fruit juices. Heliyon 6, e03648. https:// doi. org/ 10. 1016/j. heliy on. 2020. e03648 (2020).

 57. Robinson, K., Mock, C. & Liang, D. Pre-formulation studies of resveratrol. Drug Dev. Ind. Pharm. 41, 1464–1469. https:// doi. org/ 
10. 3109/ 03639 045. 2014. 958753 (2015).

 58. Miguel, G. A., Álvarez-López, C. Extraction and antioxidant activity of sericin, a protein from silk. Braz. J. Food Technol. 23 (2020).
 59. Li, Z., Ruan, J. & Zhuang, X. Effective capture of circulating tumor cells from an S180-bearing mouse model using electrically 

charged magnetic nanoparticles. J. Nanobiotechnol. 17, 59. https:// doi. org/ 10. 1186/ s12951- 019- 0491-1 (2019).
 60. Le, W., Chen, B., Cui, Z., Liu, Z. & Shi, D. Detection of cancer cells based on glycolytic-regulated surface electrical charges. Biophys. 

Rep. 5, 10–18. https:// doi. org/ 10. 1007/ s41048- 018- 0080-0 (2019).
 61. Chen, B. et al. Targeting negative surface charges of cancer cells by multifunctional nanoprobes. Theranostics 6, 1887–1898. https:// 

doi. org/ 10. 7150/ thno. 16358 (2016).

Author contributions
Conceptualization, F.A., and E.A.; methodology, F.A.; software, S.S.; validation, Z.R., S.S., and E.A.; formal 
analysis, F.A.; investigation, F.A.; resources, S.S.; data curation, F.A.; writing—original draft preparation, S.S. 
and F.A; writing—review and editing, K.K.; visualization, Z.A.; supervision, Z.A.; project administration, Z.R., 
and E.A; funding acquisition, F.A. All authors have read and agreed to the published version of the manuscript. 
All authors reviewed the manuscript.

Funding
This work is supported by the Kermanshah University of Medical Science (IR.KUMS.REC.1400.331).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 37668-y.

Correspondence and requests for materials should be addressed to E.A. or Z.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1016/j.smaim.2022.01.008
https://doi.org/10.1016/j.smaim.2022.01.008
https://doi.org/10.1186/s12951-021-00774-y
https://doi.org/10.1016/j.heliyon.2020.e03648
https://doi.org/10.3109/03639045.2014.958753
https://doi.org/10.3109/03639045.2014.958753
https://doi.org/10.1186/s12951-019-0491-1
https://doi.org/10.1007/s41048-018-0080-0
https://doi.org/10.7150/thno.16358
https://doi.org/10.7150/thno.16358
https://doi.org/10.1038/s41598-023-37668-y
https://doi.org/10.1038/s41598-023-37668-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Codelivery of resveratrol melatonin utilizing pH responsive sericin based nanocarriers inhibits the proliferation of breast cancer cell line at the different pH
	Materials and methods
	Materials. 
	Preparation of protein-based nanocapsules. 
	Drug loading to sericin-based nanocapsules. 
	Basic physicochemical properties of SNC and MR + SNC. 
	Fourier transform infrared spectroscopy (FT-IR). 
	Conformational analysis by circular dichroism (CD). 
	Determination of entrapment efficiency (EE%) and drug loading (DL%). 
	In vitro drug release. 
	In vitro biological evaluation of MR-SNC at different pHs. 
	Cell culture model. 
	Cell viability assay. 
	Interacellular uptake and DAPI staining. 

	Statistical analysis. 
	Ethics approval and consent to participate. 

	Results
	Development and characterization of protein-based nanocapsules. 
	FT-IR analysis. 
	Stability of sericin secondary structures. 
	In vitro drug release. 
	In vitro efficacy evaluation. 
	Cell Viability. 
	Intracellular uptake and DAPI staining. 


	Discussion
	Conclusions
	References


