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Abstract
Aim: Chitosan (CHS)-based nanoparticulate systems have gained much interest due to their high drug 
loading capacity and the simplicity of their fabrication. The physical properties of two types of curcumin-
loaded CHS nanoparticles (CHS-NPs) were determined and compared. A new in-vitro release method was 
developed based on mathematical modeling in which the drug is first released from the NP into the 
surrounding medium and subsequently diffuses through the membrane.
Methods: Curcumin-loaded CHS-NPs were fabricated by ionotropic gelation using sodium tripolyphosphate 
(TPP) and sodium hexametaphosphate (SHMP) crosslinking, and characterized by NP tracking analysis, 
loading capacity, zeta potential, Fourier transform infrared spectroscopy (FTIR), and in-vitro release rates.
Results: The data showed that compared to SHMP crosslinked CHS-NPs, TPP crosslinking demonstrated a 
decrease in entrapment efficiency at a relatively high concentration of the agent, probably by narrowing the 
space between the polymeric chains. As indicated by zeta potential measurements, TPP crosslinking at all 
levels was more uniformly distributed inside the NPs, whereas the higher molecular weight SHMP at a low 
concentration creates NPs mostly by binding onto the surface. It was found that the release rates of 
curcumin from CHS-NPs crosslinked by SHMP at higher concentrations were about twice as high as the 
release rates of curcumin from TPP-crosslinked CHS-NPs, accompanied by notable lag times.
Conclusions: This significant increase in the release rates of curcumin from SHMP-crosslinked CHS-NPs is 
explained by the large spatial structure of this crosslinker compared to the small TPP molecules. This study 
advances the literature on drug diffusion by making it possible to accurately determine its release from 
nanoparticulate systems.
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Introduction
Nanoparticles (NPs) based on natural polysaccharides have been intensely studied due to their 
biocompatibility, biodegradability, non-immunogenicity, and environmentally benign nature. Besides its 
general properties as a natural polysaccharide, chitosan (CHS), a linear cationic polysaccharide, displays 
many attractive properties. To name a few, it has been shown to be mucoadhesive [1–3] and is known to 
have wound healing activities [4–6]. CHS has gained a widespread interest in the last couple of decades as 
an adequate nanoparticulate carrier [4, 7–9], as its NPs have demonstrated enhanced delivery and 
biodistribution of drugs by opening tight junctions [10, 11]. In addition, CHS-NPs have shown increased 
cellular uptake by cationic ligands with protein domains on the cell surface [12].

There are various methods that have been utilized for manufacturing CHS-NPs. They are basically 
classified into ‘coacervation’ and ‘emulsification’ methods [13, 14]. Coacervation methods include 
ionotropic gelation, polyelectrolyte complexation, and desolvation [15], while emulsification methods 
include emulsion droplet coalescence, emulsion solvent diffusion, and reverse micellization. CHS-NPs 
loaded with various drugs were demonstrated to enhance drug activity and improve cellular uptake of 
therapeutics [16–18]. The most popular and commonly preferred method of CHS-NP preparation is the 
coacervation method based on ionotropic gelation and ionotropic gelation/polyelectrolyte complexation 
[19], mainly due to its simplicity and because it does not involve addition of an organic solvent. Ionotropic 
gelation of CHS was first described by Calvo et al. [20], who used sodium tripolyphosphate (TPP) as the 
polyanionic cross-linker. TPP has frequently been used as the negatively charged polyanion, however, 
sodium hexametaphosphate (SHMP) has also been reported, although less frequently, as ionotropic 
crosslinker agent for the preparation of CHS-NPs [21–23]. In the present paper, we used curcumin (CUR) as 
the model agent. CUR is a natural polyphenolic compound possessing many beneficial properties, including 
anticancer, antioxidant, antimicrobial, anti-inflammatory, and neuroprotective activities [24–29]. CHS-NPs 
loaded with CUR were prepared using various methods [30–33]. CUR-containing CHS-NPs (combined with 
other antioxidants) have been prepared using SHMP [34], but the overall literature on this nano-system is 
lacking. A comparison of CUR-containing CHS-NPs prepared using the two different commonly-used cross-
linkers has not previously been studied and reported. The aim of the current study was to explore the 
properties of CUR-loaded CHS-NPs fabricated using SHMP crosslinker and to compare them with particles 
prepared by the more commonly used TPP crosslinker. It was hypothesized that due to the structural 
differences between the two crosslinking molecules, TPP and SHMP, NPs with different characteristics 
would be formed. Hence, the physical properties of CUR-loaded CHS-NPs, which were prepared by TPP and 
SHMP, were analyzed, determined, and compared. Furthermore, the release rates of CUR from the various 
NPs were determined using the Franz cell system as previously published by our group [35, 36], providing 
an improved precision.

Materials and methods
Materials

CHS [low molecular weight: 50–190 kDa, degree of deacetylation ≥ 75%, viscosity: 20–300 cP, 1% (w/w) in 
1% acetic acid], SHMP, Tween 80 and tablets for phosphate buffered saline (PBS) preparation were 
obtained from Sigma Aldrich (Sigma-Aldrich Israel Ltd., Rehovot, Israel). TPP from Santa Cruz 
Biotechnology Inc. (Dallas, TX, USA). CUR was obtained from Glentham Life Sciences Ltd. (Corsham, United 
Kingdom). Acetic acid glacial was purchased from Merck (Darmstadt, Germany). Ethyl alcohol AR was 
purchased from BioLab Ltd. (Jerusalem, Israel). Methanol and high-performance liquid chromatography 
(HPLC) grade solvents were obtained from J.T. Baker (Mallinckrodt Baker, Inc., Phillipsburg, NJ).
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Table 2. A summary of curcumin (CUR) encapsulation (or entrapment) efficiency percentage (EE%), particle size, distribution [polydispersity index (PDI)], particle concentration, 
and zeta (ζ) potential of CUR-loaded chitosan nanoparticle (CHS-NP) formulations.

Sodium tripolyphosphate (TPP)-crosslinked CHS-NPs Sodium hexametaphosphate (SHMP)-crosslinked CHS-NPsFormulation

T-1 T-2 T-3 T-4 S-1 S-2 S-3 S-4

Cross-linker level (mmol/mg CHS) 0.068 0.136 0.226 0.340 0.068 0.136 0.226 0.340
CUR loading (mg/mg NPs) 0.31 0.32 0.38 0.25 0.32 0.33 0.31 0.32
EE% 74 77 91 59 78 79 74 78
Particle size (nm) (mean ± SD) 283.6 ± 3.3 284.2 ± 21.0 226.6 ± 71.6 242.4 ± 21.2 264.2 ± 4.4 311.5 ± 15.2 276.3 ± 3.0 317.1 ± 1.3
PDI 0.28 0.24 0.14 0.16 0.2 0.1 0.13 0.1
D10 (nm) 137.3 149.7 152.5 140.7 144.8 203 167 204
D50 (nm) 231.6 249.2 237.3 225.6 241.7 292.5 261.5 301.4
D90 (nm) 507.5 475 372.2 364.6 399.1 445.1 409.5 449.5
NP concentration (NPs/mL) (mean ± 
SD)

2.0 × 1010 ± 
1.08 × 109

4.02 × 1010 ± 
2.14 × 109

3.11 × 1010 ± 
1.91 × 109

5.07 × 1010 ± 
2.37 × 109

2.81 × 1010 ± 
2.02 × 109

9.27 × 1010 ± 
4.41 × 109

2.05 × 1011 ± 
5.67 × 109

1.04 × 1011 ± 
2.89 × 109

ζ potential (mV)-CUR-loaded NPs 
(mean ± SD)

34.7 ± 0.7 31.1 ± 1.7 34.4 ± 3.6 32.2 ± 3.3 24.8 ± 1.35 30.8 ± 1.7 29.6 ± 2.3 29.0 ± 0.4

ζ potential (mV)-unloaded (blank) NPs 
(mean ± SD)

26.8 ± 3.4 26.3 ± 5.0 23.6 ± 2.7 32.1 ± 5.2 15.6 ± 1.6 23.1 ± 3.0 25.0 ± 2.2 34.6 ± 1.9

mV); (c) SHMP-crosslinked NPs demonstrated a constant ζ potential when CUR had been added at crosslinker’s levels of 0.136 mmol/mg CHS and above (an 
average of 29.8 ± 0.9 mV). However, at 0.068 mmol SHMP/mg CHS, ζ potential was lower than the values obtained at higher crosslinker’s levels; (d) In the absence 
of CUR, ζ potential values of SHMP-crosslinked CHS-NPs were directly dependent on the level of the crosslinker, increasing from 15.6 ± 1.6 mV to 34.6 ± 1.9 mV at 
SHMP levels of 0.068 mmol/mg up to 0.340 mmol/mg, respectively.

Figure 3 shows the FTIR spectra of two TPP-crosslinked CHS-NPs (0.136 and 0.340 mmol TPP/mg polymer; CHS-T2, T4), and two SHMP-crosslinked CHS-NPs 
(0.136 and 0.340 mmol SHMP/mg polymer; CHS-S2, S4). As shown in the figure, the spectra of these samples are similar with all their characteristic peaks: N–H 
and/or O–H stretching vibrations (3,362 cm–1 or 3,373 cm–1; wide bands), C–H stretching vibrations (2,924 cm–1 and 2,857 cm–1), carbonyl stretching vibrations 
(1,653 cm–1; very small peak), stretching vibrations of amide (1,570 cm–1), and C–O or P–O stretching vibrations (1,099 cm–1).

The FTIR spectra also indicated that TPP-crosslinked NPs, particularly the CHS-T2 sample, exhibited higher intensity of C–H, N–H, and O–H vibrations (peaks 
at 3,200–2,900 cm–1) compared with the spectra obtained from the SHMP-crosslinked NPs.

Another spectral feature was observed at 1,570 cm–1, 1,407 cm–1, in which the vibrational intensity is similar for the formulations CHS-T4, CHS-S2, and CHS-S4, 
and significantly lower (also with a higher transmittance) for the CHS-T2 sample. Spectral data of the raw materials are presented in Figure S1.
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Figure 7. Curcumin (CUR) permeation (expressed as a cumulative quantity in the receiver chamber) through a 
polytetrafluoroethylene (PTFE) membrane. The permeation of free CUR molecules only through the membrane after they are 
released from sodium hexametaphosphate (SHMP)-crosslinked chitosan (CHS)-based nanoparticles (CHS-S2–S4; 0.136, 
0.226, and 0.340 mmol polyanion/mg CHS).

Figure 8. Calculation of the release rate constants of curcumin  from chitosan nanoparticles (CHS-NPs) according 

to Equation 27. Curcumin release constants were derived from the plots of  versus , and 
were determined as 1.8635 μg/h, 2.1086 μg/h, and 1.8985 μg/h for CHS-S2, CHS-S3, and CHS-S4 [0.136 mmol, 0.226 mmol, 
and 0.340 mmol sodium hexametaphosphate (SHMP)/mg CHS], respectively.

may cause CUR to compete with TPP resulting in less available CUR during NPs’ formation. Thus, at higher 
TPP concentrations, denser particles are formed faster, turning out to be less permeable to CUR.

As ζ potential is defined as the electrical potential at the interfacial surface of the particles, the decrease 
in the potential can be explained by the binding of the polyanion molecules on the surface of the unloaded 
CHS-NPs, thus neutralizing in part the positively charged surface. The increase in the potential noted in 
CUR-loaded CHS-NPs, can be explained therefore by the attraction of CUR molecules on the surface resulted 
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in protection of the surficial ammonium cations by preventing interaction with the polyanion. This 
mechanism preserves the original ζ potential of the non-crosslinked CHS. The difference between the two 
polyphosphate crosslinkers, which is expressed in NPs at the low concentration of 0.068 mmol 
polyanion/mg CHS, is probably due to the larger molecular structure of SHMP compared to the TPP 
molecule. At low concentration, SHMP molecules create NPs mostly by binding onto the outer amine groups 
rather than into their inner core. When higher SHMP concentrations are used, the crosslinking turns out to 
be more uniformly distributed during the NP formation, and the ionic bonds are evenly created along all the 
polymer chains.

FTIR analysis provided further insight into these structural differences. Two stretching peaks at 1,735 
cm–1 and 1,407 cm–1 did not appear in CHS spectra or in the IR spectra related to pure polyphosphates. 
These stretching peaks, therefore, seem to be associated with acetate anion stretching and the ionic 
interactions of the positively charged amine groups on the CHS’s backbones and the negatively charged 
acetate groups [47]. Bhumkar and Pokharkar [48] noted that in the FTIR spectra of TPP-crosslinked CHS 
(freeze-dried particles) the band of amide I at 1,655 cm–1 disappeared and two new peaks at 1,645 cm–1 and 
1,554 cm–1 appeared, which they attributed to the linkage between the phosphoric and ammonium ions; 
however, such features were not observed in the present study. The higher intensity of C–H, N–H, and O–H 
vibrations observed in TPP-crosslinked NPs, particularly CHS-T2, likely reflects closer structural proximity 
between CHS chains, while reduced vibrational intensity at low TPP concentration is attributable to fewer 
ionic interactions.

CUR release

The release profiles of drugs and active agents entrapped in NPs in general and in CUR-loaded CHS-NPs in 
particular [43] have been usually determined using the conventional dialysis bag method [15, 49]. 
However, since any method involving a membrane is dependent on its permeability coefficient for the 
tested drug, a technique allowing improved precision of the permeability coefficient measurement may be 
advantageous over the commonly used dialysis tubing. The use of Franz diffusion cell system for evaluating 
drug release from NPs can provide adequate measures of the membrane’s surface area as well as the 
volumes of the donor and the receiver solutions [35, 36].

As CUR release (and membrane permeation) from TPP-crosslinked CHS-NPs was not dependent on 
TPP concentrations in the given range, the effect of SHMP levels was also examined. The findings were quite 
different from TPP crosslinking, as the cumulative permeation profiles and the release rates of CUR were 
relatively higher.

This interesting finding complemented and supported our previous assessment (see above) that at low 
levels of SHMP, the crosslinking bonds concentrate mainly in the outer shell of the NPs, thus hindering and 
delaying the release of the entrapped CUR. At higher concentrations of SHMP, the crosslinking bonds are 
more uniformly distributed along the polymeric chains, enabling fluent diffusion of CUR outwards after a 
relatively short lag time. Naturally, a lag time appears as more crosslinking bonds are formed, which 
prolong the time to reach a steady state release rate. This aligns well with the ζ potential data (Table 2), 
where SHMP potential increased with concentration from 15.6 ± 1.6 mV to 34.6 ± 1.9 mV at SHMP levels of 
0.068 mmol/mg up to 0.340 mmol/mg, respectively, suggesting a change in surface charge density. The 
other finding that CUR release profiles from TPP-crosslinked CHS-NPs did not have a notable lag time of the 
release can be explained by (a) the small molecular weight of TPP that formed relatively denser NPs and 
decreased the release rate of CUR, (b) the slow rate of the steady-state release of CUR resembled the rate of 
the initial release. The increased permeation and release rates of CUR from SHMP-crosslinked CHS-NPs, 
which are in contrast with the permeation and release of CUR from TPP-crosslinked CHS-NPs, are due to 
the high molecular weight and “bulky” structure of SHMP crosslinker. Although the repeating 
hexametaphosphate units provide more potential negatively charged phosphate sites than the linear 
triphosphate chain of TPP, it has been demonstrated that NPs formed by reaction with SHMP are larger 
than those fabricated with TPP. This finding confirms a previous report by Abdelgawad and Hudson [46], 
with similar NPs also prepared at pH = 5. A quantitative porosity characterization of the NPs was not 
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DDW: double-distilled water

DMSO: dimethyl sulfoxide

EE%: encapsulation (or entrapment) efficiency percentage

FTIR: Fourier transform infrared spectroscopy

HPLC: high-performance liquid chromatography

IR: infrared

NPs: nanoparticles

NTA: nanoparticle tracking analysis

PBS: phosphate buffered saline

PTFE: polytetrafluoroethylene

SHMP: sodium hexametaphosphate

TEM: transmission electron microscopy

TPP: sodium tripolyphosphate

ζ: zeta

Supplementary materials
The supplementary figure for this article is available at: https://www.explorationpub.com/uploads/
Article/file/1008157_sup_1.pdf.

Declarations
Acknowledgments

The authors are grateful for the professional assistance and technical support of the staff at Ilze Katz 
Institute for Nanoscale Science & Technology.

Author contributions

IE: Investigation, Formal analysis, Visualization, Writing—original draft. DY: Investigation, Formal analysis, 
Writing—review & editing. SBS: Conceptualization, Writing—review & editing. ACS: Conceptualization, 
Supervision, Formal analysis, Visualization, Writing—original draft, Writing—review & editing. All authors 
read and approved the submitted version.

Conflicts of interest

Amnon C. Sintov, who is the Editorial Board Member of Exploration of Drug Science, had no involvement in 
the decision-making or review process of this manuscript. The other authors declare that they have no 
known competing financial interests or personal relationships that could have appeared to influence the 
work reported in this paper.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

https://www.explorationpub.com/uploads/Article/file/1008157_sup_1.pdf
https://www.explorationpub.com/uploads/Article/file/1008157_sup_1.pdf
https://www.explorationpub.com/uploads/Article/file/1008157_sup_1.pdf
https://www.explorationpub.com/uploads/Article/file/1008157_sup_1.pdf
https://www.explorationpub.com/uploads/Article/file/1008157_sup_1.pdf


Explor Drug Sci. 2026;4:1008157 | https://doi.org/10.37349/eds.2026.1008157 Page 16

Availability of data and materials

The data that supports the findings of this study are available from the corresponding author upon 
reasonable request.

Funding

This research received funding from B.G. Negev (BGN) (the tech-transfer company of Ben-Gurion University 
of the Negev). The funder had no role in study design, data collection and analysis, decision to publish, or 
preparation of the manuscript.

Copyright

© The Author(s) 2026.

Publisher’s note
Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations 
and maps. All opinions expressed in this article are the personal views of the author(s) and do not 
represent the stance of the editorial team or the publisher.

References
das Neves J, Bahia MF, Amiji MM, Sarmento B. Mucoadhesive nanomedicines: characterization and 
modulation of mucoadhesion at the nanoscale. Expert Opin Drug Deliv. 2011;8:1085–104. [DOI] 
[PubMed]

1.     

Hasnain MS, Nayak AK. Chitosan as mucoadhesive polymer in drug delivery. In: Hasnain MS, Beg S, 
editors. Chitosan in Drug Delivery. Elsevier; 2022. pp. 225–46.

2.     

Ahmad K, Zhang Y, Chen P, Yang X, Hou H. Chitosan interaction with stomach mucin layer to enhances 
gastric retention and mucoadhesive properties. Carbohydr Polym. 2024;333:121926. [DOI] [PubMed]

3.     

Shariatinia Z. Pharmaceutical applications of chitosan. Adv Colloid Interface Sci. 2019;263:131–94. 
[DOI] [PubMed]

4.     

Panda PK, Sadeghi K, Park K, Seo J. Regeneration Approach to Enhance the Antimicrobial and 
Antioxidant Activities of Chitosan for Biomedical Applications. Polymers (Basel). 2022;15:132. [DOI] 
[PubMed] [PMC]

5.     

Zhang X, Liang Y, Huang S, Guo B. Chitosan-based self-healing hydrogel dressing for wound healing. 
Adv Colloid Interface Sci. 2024;332:103267. [DOI] [PubMed]

6.     

Jafernik K, Ładniak A, Blicharska E, Czarnek K, Ekiert H, Wiącek AE, et al. Chitosan-Based 
Nanoparticles as Effective Drug Delivery Systems-A review. Molecules. 2023;28:1963. [DOI] [PubMed] 
[PMC]

7.     

Jha R, Mayanovic RA. A Review of the Preparation, Characterization, and Applications of Chitosan 
Nanoparticles in Nanomedicine. Nanomaterials (Basel). 2023;13:1302. [DOI] [PubMed] [PMC]

8.     

Bashir SM, Ahmed Rather G, Patrício A, Haq Z, Sheikh AA, Shah MZUH, et al. Chitosan Nanoparticles: A 
Versatile Platform for Biomedical Applications. Materials (Basel). 2022;15:6521. [DOI] [PubMed] 
[PMC]

9.     

Luppi B, Bigucci F, Cerchiara T, Zecchi V. Chitosan-based hydrogels for nasal drug delivery: from 
inserts to nanoparticles. Expert Opin Drug Deliv. 2010;7:811–28. [DOI] [PubMed]

10.     

Elkomy MH, Ali AA, Eid HM. Chitosan on the surface of nanoparticles for enhanced drug delivery: A 
comprehensive review. J Control Release. 2022;351:923–40. [DOI] [PubMed]

11.     

Baek JS, Cho CW. Surface modification of solid lipid nanoparticles for oral delivery of curcumin: 
Improvement of bioavailability through enhanced cellular uptake, and lymphatic uptake. Eur J Pharm 
Biopharm. 2017;117:132–40. [DOI] [PubMed]

12.     

https://dx.doi.org/10.1517/17425247.2011.586334
http://www.ncbi.nlm.nih.gov/pubmed/21599564
https://dx.doi.org/10.1016/j.carbpol.2024.121926
http://www.ncbi.nlm.nih.gov/pubmed/38494203
https://dx.doi.org/10.1016/j.cis.2018.11.008
http://www.ncbi.nlm.nih.gov/pubmed/30530176
https://dx.doi.org/10.3390/polym15010132
http://www.ncbi.nlm.nih.gov/pubmed/36616481
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9824206
https://dx.doi.org/10.1016/j.cis.2024.103267
http://www.ncbi.nlm.nih.gov/pubmed/39121832
https://dx.doi.org/10.3390/molecules28041963
http://www.ncbi.nlm.nih.gov/pubmed/36838951
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9959713
https://dx.doi.org/10.3390/nano13081302
http://www.ncbi.nlm.nih.gov/pubmed/37110887
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10140956
https://dx.doi.org/10.3390/ma15196521
http://www.ncbi.nlm.nih.gov/pubmed/36233864
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9570720
https://dx.doi.org/10.1517/17425247.2010.495981
http://www.ncbi.nlm.nih.gov/pubmed/20560778
https://dx.doi.org/10.1016/j.jconrel.2022.10.005
http://www.ncbi.nlm.nih.gov/pubmed/36216174
https://dx.doi.org/10.1016/j.ejpb.2017.04.013
http://www.ncbi.nlm.nih.gov/pubmed/28412471


Explor Drug Sci. 2026;4:1008157 | https://doi.org/10.37349/eds.2026.1008157 Page 17

Grenha A. Chitosan nanoparticles: a survey of preparation methods. J Drug Target. 2012;20:291–300. 
[DOI] [PubMed]

13.     

Yanat M, Schroën K. Preparation methods and applications of chitosan nanoparticles; with an outlook 
toward reinforcement of biodegradable packaging. React Funct Polym. 2021;161:104849. [DOI]

14.     

Tian XX, Groves MJ. Formulation and biological activity of antineoplastic proteoglycans derived from 
Mycobacterium vaccae in chitosan nanoparticles. J Pharm Pharmacol. 1999;51:151–7. [DOI] [PubMed]

15.     

Zoe LH, David SR, Rajabalaya R. Chitosan nanoparticle toxicity: A comprehensive literature review of 
in vivo and in vitro assessments for medical applications. Toxicol Rep. 2023;11:83–106. [DOI] 
[PubMed] [PMC]

16.     

Aibani N, Rai R, Patel P, Cuddihy G, Wasan EK. Chitosan Nanoparticles at the Biological Interface: 
Implications for Drug Delivery. Pharmaceutics. 2021;13:1686. [DOI] [PubMed] [PMC]

17.     

Jhaveri J, Raichura Z, Khan T, Momin M, Omri A. Chitosan Nanoparticles-Insight into Properties, 
Functionalization and Applications in Drug Delivery and Theranostics. Molecules. 2021;26:272. [DOI] 
[PubMed] [PMC]

18.     

Sarmento B, Ribeiro A, Veiga F, Sampaio P, Neufeld R, Ferreira D. Alginate/chitosan nanoparticles are 
effective for oral insulin delivery. Pharm Res. 2007;24:2198–206. [DOI] [PubMed]

19.     

Calvo P, Remuñán-López C, Vila-Jato JL, Alonso MJ. Novel hydrophilic chitosan-polyethylene oxide 
nanoparticles as protein carriers. J Appl Polym Sci. 1997;63:125–32. [DOI]

20.     

Sang Z, Qian J, Han J, Deng X, Shen J, Li G, et al. Comparison of three water-soluble polyphosphate 
tripolyphosphate, phytic acid, and sodium hexametaphosphate as crosslinking agents in chitosan 
nanoparticle formulation. Carbohydr Polym. 2020;230:115577. [DOI] [PubMed]

21.     

Saeed RM, Dmour I, Taha MO. Stable Chitosan-Based Nanoparticles Using Polyphosphoric Acid or 
Hexametaphosphate for Tandem Ionotropic/Covalent Crosslinking and Subsequent Investigation as 
Novel Vehicles for Drug Delivery. Front Bioeng Biotechnol. 2020;8:4. [DOI] [PubMed] [PMC]

22.     

Thandapani G, P SP, P N S, Sukumaran A. Size optimization and in vitro biocompatibility studies of 
chitosan nanoparticles. Int J Biol Macromol. 2017;104:1794–806. [DOI] [PubMed]

23.     

Hu Q, Luo Y. Chitosan-based nanocarriers for encapsulation and delivery of curcumin: A review. Int J 
Biol Macromol. 2021;179:125–35. [DOI] [PubMed]

24.     

Yu Y, Shen Q, Lai Y, Park SY, Ou X, Lin D, et al. Anti-inflammatory Effects of Curcumin in Microglial 
Cells. Front Pharmacol. 2018;9:386. [DOI] [PubMed] [PMC]

25.     

Yu X, Chen L, Tang M, Yang Z, Fu A, Wang Z, et al. Revealing the Effects of Curcumin on SH-SY5Y 
Neuronal Cells: A Combined Study from Cellular Viability, Morphology, and Biomechanics. J Agric 
Food Chem. 2019;67:4273–9. [DOI] [PubMed]

26.     

Liu S, Liu J, He L, Liu L, Cheng B, Zhou F, et al. A Comprehensive Review on the Benefits and Problems 
of Curcumin with Respect to Human Health. Molecules. 2022;27:4400. [DOI] [PubMed] [PMC]

27.     

Quispe C, Herrera-Bravo J, Javed Z, Khan K, Raza S, Gulsunoglu-Konuskan Z, et al. Therapeutic 
Applications of Curcumin in Diabetes: A Review and Perspective. Biomed Res Int. 2022;2022:
1375892. [DOI] [PubMed] [PMC]

28.     

Patel SS, Acharya A, Ray RS, Agrawal R, Raghuwanshi R, Jain P. Cellular and molecular mechanisms of 
curcumin in prevention and treatment of disease. Crit Rev Food Sci Nutr. 2020;60:887–939. [DOI] 
[PubMed]

29.     

Xu H, Ma Q, Qiu C, Wang J, Jin Z, Hu Y. Encapsulation and controlled delivery of curcumin by self-
assembled cyclodextrin succinate/chitosan nanoparticles. Food Hydrocolloids. 2024;157:110465. 
[DOI]

30.     

Mishra B, Yadav AS, Malhotra D, Mitra T, Sinsinwar S, Radharani NNV, et al. Chitosan Nanoparticle-
Mediated Delivery of Curcumin Suppresses Tumor Growth in Breast Cancer. Nanomaterials (Basel). 
2024;14:1294. [DOI] [PubMed] [PMC]

31.     

https://dx.doi.org/10.3109/1061186x.2011.654121
http://www.ncbi.nlm.nih.gov/pubmed/22296336
https://dx.doi.org/10.1016/j.reactfunctpolym.2021.104849
https://dx.doi.org/10.1211/0022357991772268
http://www.ncbi.nlm.nih.gov/pubmed/10217313
https://dx.doi.org/10.1016/j.toxrep.2023.06.012
http://www.ncbi.nlm.nih.gov/pubmed/38187113
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10767636
https://dx.doi.org/10.3390/pharmaceutics13101686
http://www.ncbi.nlm.nih.gov/pubmed/34683979
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8540112
https://dx.doi.org/10.3390/molecules26020272
http://www.ncbi.nlm.nih.gov/pubmed/33430478
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7827344
https://dx.doi.org/10.1007/s11095-007-9367-4
http://www.ncbi.nlm.nih.gov/pubmed/17577641
https://dx.doi.org/10.1002/(sici)1097-4628(19970103)63:1<125::aid-app13>3.0.co;2-4
https://dx.doi.org/10.1016/j.carbpol.2019.115577
http://www.ncbi.nlm.nih.gov/pubmed/31887915
https://dx.doi.org/10.3389/fbioe.2020.00004
http://www.ncbi.nlm.nih.gov/pubmed/32039190
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6993129
https://dx.doi.org/10.1016/j.ijbiomac.2017.08.057
http://www.ncbi.nlm.nih.gov/pubmed/28807691
https://dx.doi.org/10.1016/j.ijbiomac.2021.02.216
http://www.ncbi.nlm.nih.gov/pubmed/33667554
https://dx.doi.org/10.3389/fphar.2018.00386
http://www.ncbi.nlm.nih.gov/pubmed/29731715
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5922181
https://dx.doi.org/10.1021/acs.jafc.9b00314
http://www.ncbi.nlm.nih.gov/pubmed/30929442
https://dx.doi.org/10.3390/molecules27144400
http://www.ncbi.nlm.nih.gov/pubmed/35889273
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9319031
https://dx.doi.org/10.1155/2022/1375892
http://www.ncbi.nlm.nih.gov/pubmed/35155670
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8828342
https://dx.doi.org/10.1080/10408398.2018.1552244
http://www.ncbi.nlm.nih.gov/pubmed/30632782
https://dx.doi.org/10.1016/j.foodhyd.2024.110465
https://dx.doi.org/10.3390/nano14151294
http://www.ncbi.nlm.nih.gov/pubmed/39120399
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11314098


https://dx.doi.org/10.1016/j.ijbiomac.2024.138836
http://www.ncbi.nlm.nih.gov/pubmed/39694349
https://dx.doi.org/10.1007/s00289-022-04095-4
https://dx.doi.org/10.1016/j.bioactmat.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29744415
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5935044
https://dx.doi.org/10.1080/03639045.2016.1239730
http://www.ncbi.nlm.nih.gov/pubmed/27648681
https://dx.doi.org/10.1007/s11095-022-03410-y
http://www.ncbi.nlm.nih.gov/pubmed/36229583
https://dx.doi.org/10.1016/j.molstruc.2021.132129
https://dx.doi.org/10.1016/s0168-3659(01)00294-2
http://www.ncbi.nlm.nih.gov/pubmed/11516503
https://dx.doi.org/10.3390/polym14040662
http://www.ncbi.nlm.nih.gov/pubmed/35215574
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8876194
https://dx.doi.org/10.1016/j.carbpol.2009.01.016
https://dx.doi.org/10.1007/s10311-017-0670-y
https://dx.doi.org/10.5455/JRCM.20250414033247
https://dx.doi.org/10.1208/s12249-018-1279-6
http://www.ncbi.nlm.nih.gov/pubmed/30631984
https://dx.doi.org/10.1038/s41598-023-37152-7
http://www.ncbi.nlm.nih.gov/pubmed/37355723
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10290721
https://dx.doi.org/10.1002/jps.2600760211
http://www.ncbi.nlm.nih.gov/pubmed/3572752
https://dx.doi.org/10.1016/j.ijbiomac.2019.06.062
http://www.ncbi.nlm.nih.gov/pubmed/31199974
https://dx.doi.org/10.1208/s12249-011-9620-3
http://www.ncbi.nlm.nih.gov/pubmed/21560022
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3134675
https://dx.doi.org/10.1208/pt070250
http://www.ncbi.nlm.nih.gov/pubmed/16796367
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2750277
https://dx.doi.org/10.1016/j.heliyon.2021.e08674
http://www.ncbi.nlm.nih.gov/pubmed/35028457
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8741465
https://dx.doi.org/10.1007/s13399-024-05400-z


Explor Drug Sci. 2026;4:1008157 | https://doi.org/10.37349/eds.2026.1008157 Page 19

Warsito MF, Agustiani F. A review on factors affecting chitosan nanoparticles formation. IOP Conf Ser 
Mater Sci Eng. 2021;1011:012027.

51.     

Rostami E. Progresses in targeted drug delivery systems using chitosan nanoparticles in cancer 
therapy: A mini-review. J Drug Deliv Sci Technol. 2020;58:101813. [DOI]

52.     

https://dx.doi.org/10.1016/j.jddst.2020.101813

	Abstract
	Keywords
	Introduction
	Materials and methods
	Materials
	Preparation of CHS-NPs
	Determination of CUR content in NPs
	NP tracking analysis (NTA)
	Zeta (ζ) potential
	Transmission electron microscopy (TEM)
	Fourier transform infrared spectroscopy (FTIR)
	In-vitro release study
	Permeation of CUR solution
	CUR release from NPs and permeation through the membrane
	Calculation of CUR permeation through the membrane
	Calculation of the membrane permeability coefficient (P)
	Calculation of the drug release rate

	Statistical analysis

	Results
	NP characterization
	CUR release from CHS-based NPs

	Discussion
	Characterization
	CUR release

	Abbreviations
	Supplementary materials
	Declarations
	Acknowledgments
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

