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A B S T R A C T   

Colon cancer (CRC) is the second leading cause of death and the third most diagnosed cancer worldwide. 
Although curcumin (CUR) has demonstrated a potent anticancer activity, it is characterized by its poor solubility, 
low bioavailability, and instability. This study is a projection from a previous investigation where CUR and 
succinylated CUR (CUR.SA) were separately encapsulated in mannosylated-chitosan nanoparticles (CM-NPs) to 
form CUR-NPs and CUR.SA-NPs, respectively. Here, we aim to assess the anti-CRC activity of these two nano
formulations. Cytotoxicity studies using CCK-8 assay indicated that both CUR-NPs and CUR.SA-NPs have a dose 
and time-dependent toxicity towards CRC human cell-lines (HCT116 and SW480), and more cytotoxic compared 
to free CUR or CUR-SA in a time-dependent manner. A significant induction of early and late apoptosis in the 
CUR-NPs and CUR.SA-NPs treated CRC cell lines compared to untreated cells was observed. Western blotting 
analyses confirmed the induction of apoptosis through activation of Caspase signaling compared to untreated 
cells. Based on the physicochemical properties of CUR-NPs and CUR.SA-NPs along with the data from the in vitro 
studies, we may conclude these nanoparticle formulations hold very promising attributes, worthy of further 
investigations for its role in the management of CRC.   

1. Introduction 

Cancer is one of the most devastating diseases to plague mankind, 
with increased incidences reported annually [1,2]. Colorectal cancer 
(CRC) like other cancers along the gastrointestinal tract (GIT), manifests 
as uncontrolled growth of cells originating from the epithelia of the 
gastrointestinal tract (GIT) [3]. CRC is the second leading cause of 
deaths and the third most prevalent cancer type [4]. Current treatment 
options include radiotherapy, chemotherapy, immunotherapy or sur
gery [5–7]. These options are either invasive or associated with toxic
ities, side effects, drug resistance or relapse [8,9]. This calls for 
concerted efforts by researchers and clinicians to emerge newer treat
ment strategies that are devoid of the above constraints — a move that 
will ensure better treatment outcomes. One traction that holds the key to 
evolving anticancer agents that manifests fewer side effects is in the use 
of natural anticancer compounds [10–12]. In this regard, curcumin 

(CUR) has received significant attention in the last decade as a possible 
anti CRC agent [13–15]. CUR is found in turmeric (Curcuma longa), 
which is a spice native to India [16]. It is the subject of intense interests 
because of its various biological activities including anti-inflammatory, 
antibacterial, anti-oxidant, wound healing, and anticancer properties 
[17–19]. On the other hand, restricted clinical applications of CUR is 
imposed by its poor solubility in aqueous media, high instability, and 
rapid metabolism by the liver [20–22]. To derive the full potential of 
CUR, some form of formulation intervention is necessary or modification 
to the CUR molecule [23,24]. CUR encapsulated in nanoformulations 
have been found to present better anti-CRC outcomes compared to pure 
CUR [25–28]. CUR has also been chemically modified with various 
moieties in order to effect better solubility [29–31]. The choice of the 
carrier system that encapsulates CUR also plays a crucial role in deter
mining fate of CUR after deployment at tumor site [32]. Chitosan (CS) is 
isolated from the shells of crustaceans and has been successfully used to 
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encapsulate CUR in anticancer studies [28,33,34]. In our previous work, 
we combined chemical modification of CUR with nanoencapsulation to 
evaluate the anti-CRC effects of CUR [35]. The newly synthesized suc
cinylated curcumin (CUR.SA) presented a better solubility than CUR. 
The CUR and CUR-SA conjugate were encapsulated in mannosylated- 
chitosan (CM) nanoparticles via ionic gelation, forming CUR-NPs and 
CUR.SA-NPs, respectively. In the present study, we aim to evaluate the 
anti-CRC properties of the CUR-NPs and CUR.SA-NPs against CRC cell 
lines (SW480 and HCT116), through cytotoxicity, morphological, cell 
cycle and apoptosis using flow cytometry, and protein expression 
evaluations. 

2. Materials and methods 

2.1. Materials 

Curcumin (mixture of curcumin, desmethoxycurcumin, and bisde
methoxycurcumin) and chitosan (MW: 100–300 kDa) were purchased 
from Acros Organics. D-Mannose and ethanol (≥99.8 %) were purchased 
from Honeywell Fluka. Succinic anhydride (≥99 %) and dimethyl sulf
oxide (DMSO) (≥99.9 %) were purchased from Sigma Aldrich. Sodium 
tripolyphosphate (STPP) was purchased from Alfa Aesar. Other organic 
chemical and solvents used were of reagent grade. 

2.2. Formulation of CUR.SA-loaded CM nanoparticles 

CUR-NPs and CUR.SA-NPs were prepared as reported previously by 
Idoudi et al. [35]. Briefly, a 100 μL of STPP (1 mg/mL) solution was 
added dropwise to a 1 mL CM solution (in 2 % acetic acid) and 1 ml of 
CUR/CUR.SA (1 mg/ml in ethanol) was further added. The resulting 
solution was stirred for 30 min, then centrifuged at 4000g for 15 min. 
Finally, the obtained supernatant was transferred to Eppendorf® micro- 
centrifuge tubes and stored for subsequent analyses. Blank mannosy
lated chitosan nanoparticles (CM-NPs) were similarly prepared. 

2.3. Physical characteristics of CUR.SA-NPs and CUR-NPs 

The physical characteristics of the nanoparticles was carried as 
described by Idoudi et al. [35]. In addition, morphological changes of 
the nanoparticles in cell culture media was assessed in 1× Gibco® 
DMEM (Thermo Fisher Scientific, USA), and 1× Gibco® RPMI media 
(Thermo Fisher Scientific, USA). Both media were supplemented with 
10 % Gibco® fetal bovine serum (Thermo Fisher Scientific, USA), 1 % 
PenStrep antibiotic (Thermo Fisher Scientific, USA), and 1 % Gibco® 
GlutaMAX (Thermo Fisher Scientific, USA) [36]. The morphological 
change in the incubated nanoparticles at 37 ◦C and over 48 h in the 
above medium was assessed using atomic force microscopy (AFM), after 
placing drops from the media on mica sheets and air-dried. The canti
lever was operated at a force constant of 0.7 N⋅m− 1, frequency of 150 
kHz, and over a scan area of 5 × 5 μm. 

2.4. In vitro cell evaluation of formulations 

2.4.1. Maintenance of cell culture media 
Human colorectal adenocarcinoma cell lines (HCT116 and SW480) 

were cultivated in RPMI and DMEM medium, respectively, supple
mented with 10 % FBS and 1 % penicillin-streptomycin. Both cell types 
were incubated at 37 ◦C and supplied with 5 % CO2 until 70–80 % 
confluence was reached. The state of the cells was assessed daily under 
optical light microscope at 10× magnification (Nikon Eclipse TS100, 
Japan). 

2.4.2. Cell cytotoxicity 
The cytotoxic effects of CUR-NPs and CUR.SA-NPs on SW480, 

HCT116 CRC cell lines, and non-malignant colon CCD841 CoN cells was 
assessed using a cell counting Kit-8 (CCK8) assay with WST-8 reagent 

(Cat. No: 5015944001, Sigma-Aldrich, USA). These cells were used as 
they express the major mutations in CRC and are among the most 
aggressive CRC cell lines. Cells were cultured in 96 well plates (Thermo 
Fisher Scientific, USA) at 5000 cells/well for 24 h, at 37 ◦C in a CO2 
incubator. The cells were treated with free CUR, CUR.SA conjugate, 
CUR-NPs and CUR.SA-NPs at 1, 10, and 25 μM of CUR or CUR.SA for 24 
and 48 h. Cells in medium alone, DMSO and CM-NPs (50 μM) acted as 
controls. The cell viability was determined at each time point using a 
spectrophotometer (Teccan, Switzerland). 

2.4.3. Cell cycle analysis 
Cellular distribution at the different phases of cell cycle was assessed 

using flow cytometry after treatment of SW480 and HCT116 cell lines. 
For this purpose, the cells were seeded in T-75 flasks for 24 h to allow 
adherence, then they were treated with 10 μM and 25 μM of CUR-NPs 
and CUR.SA-NPs. Untreated cells served as a control. After treatment 
for 24 h, the cells were trypsinized and centrifuged at 1300 rpm for 5 
min. Further, 1 × 106 cells were collected, centrifuged at 300g for 5 min, 
and re-suspended in 300 μL PBS. 700 μL of 100 % ethanol was added 
drop by drop while vortex mixing for cell fixation, then the cells were 
kept at 4 ◦C overnight. The next day, the cells were washed and 
centrifuged at 500g for 5 min, re-suspended in 250 μL propidium iodide 
(PI)/RNase staining solution (Cat. No. 550825), incubated at room 
temperature for 15 min, centrifuged at 500g for 5 min, and the cells 
pellet was re-suspended in 250 μl PBS. Finally, cell cycle analysis was 
performed using BD LSR Fortessa flow cytometer. The data was analyzed 
using BD FACS DIVA software. 

2.4.4. Cell apoptosis analysis 
Cells were seeded in T-75 flasks for 24 h then treated with 10 μM and 

25 μM of CUR-NPs and CUR.SA-NPs. Untreated cells were considered as 
control. After 24 h, cells were trypsinized, and 5 × 105 cells were 
collected and centrifuged at 1300 rpm for 5 min. The cellular pellet was 
suspended in 94 μl Annexin Binding Buffer (Cat. No. 556454), 5 μl FITC- 
Annexin V (Cat. No. 556419) and 1 μL PI (Cat. No. 556463). Further, 
cells were incubated for 30 min in the dark at 25 ◦C, washed with 250 μl 
PBS, and finally analyzed using BD LSR Fortessa flow cytometer. The 
data was analyzed using BD FACS DIVA software. 

2.4.5. Western blotting 
For the Western blotting analyses, cells were seeded using T75 flasks 

and each treated separately with 10 and 25 μM of CUR-NPs and CUR.SA- 
NPs equivalent to the weights of CUR and CUR.SA, respectively. After 
incubation for 24 h, 50 μg proteins were collected and quantified using 
Rapid Gold bicinchoninic acid (BCA) Protein assay kit (Thermo Scien
tific, USA). Proteins were separated using sodium-dodecyl sulfate 
polyacrylamide gel electrophoresis, then transferred to polyvinylidene 
difluoride (PVDF) membrane. Membranes were added to primary anti
bodies: (i) cleaved poly adenosine diphosphate-ribose polymerase 
(PARP) (9542S, 1:1000, Cell Signaling Technology, USA); and (ii) 
cleaved Caspase 8 (9496S, 1:1000, Cell Signaling Technology, USA), and 
β-actin (1:1000, 4970 L, Cell Signaling Technology, USA) was used as a 
loading control. The obtained membranes were incubated at 4 ◦C 
overnight. Subsequently, the membrane was washed with tris buffer 
saline-tween (TBST) washing buffer and incubated in horseradish 
peroxidase-conjugated goat anti-rabbit polyclonal immunoglobulin G 
secondary antibody (Cat. No. sc-2004, 1:2000, Santa Cruz Biotech
nology) for 1 h. The bands were further detected using enhanced 
chemiluminescence solution (Broaddus) and visualized using a Chem
iDoc™ MP imaging system (BioRad, USA). The densitometric analysis of 
proteins was performed using image J software. 

2.5. Statistical analyses 

All presented data are expressed as average of mean ± SD of at least 
three independent replicates (n = 3). Statistical significance of the data 
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was determined using a one-way ANOVA and Student’s t-test, as 
required, using GraphPad Prism 9 software. The difference was 
considered statistically significant at p-values < 0.05. 

3. Results and discussion 

3.1. Physical integrity of nanoparticles in culture media 

To assess the physical integrity of the CM-NPs, CUR-NPs, and CUR. 
SA-NPs under typical cell growing conditions, these were incubated in 
DMEM and RPMI and the changes in morphology over time were 
assessed using AFM. Fig. 1 shows that there was a slight increase in size 
of the CUR-NPs and CUR.SA-NPs after 48 h of incubation, as opposed to 
CM-NPs, which remained largely unchanged. This size increase is ex
pected since proteins in the culture media can react with the nano
particles and cause charge condensation. This will cause the particles to 
aggregate as observed in the drug-loaded nanoparticles [37]. We recall 
that the CM-NPs had a zeta potential of 41.2 mV; whilst CUR-NPs and 
CUR.SA-NPs had zeta potentials of 11.0 and 13.6 mV respectively [35]. 
Since the composition of DMEM and RPMI are different, we also expect 
that the interactions between media and nanoparticles will differ. 
Nanoparticle aggregation in cell culture media is common, and may 
compromise on the ability of the particles to be taken-up efficiently by 
tumor due to size build-up. In this regard, Ozturk et al. proposed that 
nanoparticles should be decanted after sufficient incubation period and 
adequate cellular uptake from cell media in order to avoid their aggre
gation [38]. 

If the nanoparticles are taken-up rapidly, aggregation will not be a 
constraint to their deployment in cells. We believe that due to the size of 
the nanoparticles employed in the present study and the presence of the 
mannose moieties, the particles would be taken-up sooner than aggre
gation ensues, however this hypothesis has not been tested. 

3.2. In vitro anti-CRC evaluation of nanoformulations 

3.2.1. Cell cytotoxicity 
Fig. 2 illustrates the viability percentage of SW480 cells in response 

to treatment with free CUR, CUR.SA conjugate, CM-NPs, CUR-NPs, and 
CUR.SA-NPs. In Fig. 2A, we observe a decrease in the cell viability with 
increase in CUR-NPs concentrations during 24 h of exposure. A signifi
cant difference in dose response was observed after treatment with CUR- 
NPs compared to free CUR at 10 and 25 μM (p < 0.05). A similar 
observation was made (p < 0.05) with CUR.SA-NPs treatment at 10 and 
25 μM compared to free CUR.SA conjugate. Furthermore, there was a 
significant difference in cell viability at 48 h following treatment with 
CUR-NPs and CUR.SA-NPs compared to free CUR (Fig. 2B) (p < 0.05). 
Similarly, in HCT116 cell line, (Fig. 3A) a significant decrease in cell 

viability was observed upon CUR-NPs treatment (10 μM) compared to 
free CUR (p < 0.05) after 24 h, and after CUR.SA-NPs treatment (1 μM) 
as compared to CUR.SA conjugate (p < 0.05). As in HCT116 cells, 48 h 
treatment (Fig. 3B) with CUR-NPs or CUR.SA-NPs on SW480 induced a 
higher level of cytotoxicity (p < 0.05) compared to free CUR treated 
cells. Crucially, no cytotoxic effect was observed (Fig. 4) in SW480 and 
HCT116 cells during 48 h of treatment with free succinic anhydride (SA) 
(10 and 100 μM), noting that SA was conjugated to CUR for improving 
its solubility. Thus, CUR and CUR.SA are both more cytotoxic encap
sulated in the CM carrier than when administered as free drug. 
Furthermore, the cytotoxic effect of CUR was retained after conjugation 
to SA, and potentiated after encapsulation in CM. Equally important is 
the fact that the blank nanoparticles or CM showed no cytotoxic effects 
on the cells, as observed by Ma et al. on CRC cells [39]. Both CUR-NPs 
and CUR.SA-NPs appear to possess identical level of cytotoxicity on 
SW480 and HCT116 cell lines and significantly higher than free CUR. In 
concert with the current study, Sorasitthiyanukarn et al. developed CS- 
alginate nanoparticles containing CUR diethyl disuccinate that showed 
an enhanced anticancer effect compared to free CUR [28]. According to 
Fig. 5, treatment of non-malignant CCD841 CoN cells showed no cyto
toxic effect over 24 and 48 h of cell treatment, illustrating the safe 
profile of the prepared CUR-NPs and CUR.SA-NPs against normal cells 
and their potential application for cancer therapy. 

The IC50 of CUR-NPs and CUR.SA-NPs on SW480 and HCT116 cell 
lines are displayed in Table 1. Treatment of SW480 and HCT116 with 
CUR-NPs or CUR.SA-NPs for 48 displayed lower IC50 values compared to 
free CUR and CUR.SA respectively, which illustrates that nanoparticles 
possess a dose and time-dependent anti-CRC effect on the cells, probably 
potentiated due to the mucoadhesive properties of the nanoparticles 
[33]. It could also be a result of the mannose moieties on CM, mannose is 
reported to attenuate colitis-associated tumorigenesis via targeting 
tumor-associated macrophages (TAM) [40]. 

3.2.2. Morphology of CRC cell lines after treatment 
A phase-contrast inverted microscope was used to observe morpho

logical changes in SW480 and HCT116 cells prior to and after treatment 
with free CUR, CUR.SA conjugate, CUR-NPs, and CUR.SA-NPs. Prior to 
treatment, the SW480 cells appeared flattened and attached to the sur
face of the culture flask (Fig. 6A). Upon treatment with 10 μM of free 
CUR, CUR.SA, CUR-NPs, and CUR.SA-NPs, the cells became spherical, 
with cytoplasmic shrinkage. Several cells appear dead and floating in the 
media with whitened cytoplasm (blue arrows). Cell detachment and 
departure was observed upon treatment with 25 μM of free CUR, CUR. 
SA, CUR-NPs, and CUR.SA-NPs. In the case of HCT116 cells, a similar 
observation was made upon increasing concentrations of treatment 
(Fig. 6B). 

3.2.3. Cell cycle 
Cell proliferation at the different cell cycle stages was assessed after 

treatment of SW480 and HCT116 with CUR-NPs and CUR.SA-NPs 
(Fig. 7). In the SW480 cell line (Fig. 7A), treatment with 10 μM and 
25 μM of CUR-NPs and CUR.SA-NPs caused a significant alteration in the 
distribution of cells in the different cell cycle phases. A 45.8 ± 10.9 % 
and 54.1 ± 0.7 % of cell accumulation in G2/M phase was observed after 
treating cells with 10 μM and 25 μM CUR-NPs respectively, compared to 
untreated cells (33.2 ± 3.0 %). This was followed by a decrease in cell 
number in the G0/G1 phase in treated cells (39.4 ± 0.3 % at 10 μM, and 
24.6 ± 4.0 % at 25 μM of CUR-NPs) compared to untreated cells. A 
similar profile was observed with 10 μM and 25 μM CUR.SA-NPs 
(Fig. 7A) showing cell accumulation in the G2/M phase, followed by a 
decrease in the G0/G1 phase. Similarly, the HCT116 cell lines (Fig. 7B) 
exhibited a significantly altered distribution following treatment with 
10 μM or 25 μM of CUR-NPs and CUR.SA-NPs, with cell accumulation in 
the G2/M and a decrease in cell number in the G0/G1 phases. In a recent 
study, similar outcomes were observed with a cetuximab-conjugated 
modified citrus pectin-chitosan nanoparticles entrapping CUR, where 

Fig. 1. Change in morphology of nanoparticles after incubation in DMEM: (A) 
and RPMI: (B) culturing media for 48 h. 
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the nanoparticles induced Caco-2 cells accumulation in the G2/M phase 
and cell death [33]. In related study, a 75 μM of a mucoadhesive CUR 
nanoparticles also induced cell cycle arrest at G2/M phase after a 24-h 
treatment [41]. It is noteworthy that accumulation of cells in G2/M 
phase suggests that CUR inhibits cellular proliferation in both SW480 

and HCT116 cells, which advances to apoptosis, as discussed below. In 
the present study, the molecular mechanisms of CUR-SA-NPs -induced 
G2/M phase arrest in HCT116 and SW480 cells might be associated with 
upregulation of p21 level and downregulation of the levels of CDK1 and 
cyclin B as reported by others studies [42]. Moreover, a study by Guo 

Fig. 2. SW480 cell viability after 24-h treatment using CCK-8 assay: (A) and after 48 h: (B). Data expressed as percentage of untreated cells (control). Cell viability 
levels <75 % indicative of cytotoxicity. Error bars = SD with n = 3. Statistical significance was calculated using 1-way ANOVA and Šidák test (ns: not significant; *p 
< 0.05, **p < 0.01; ***p < 0.001, ****p < 0.0001 indicates statistical significance). 

Fig. 3. HCT116 cell viability after 24-h treatment using CCK-8 assay: (A) and after 48 h: (B). Data expressed as percentage of untreated cells (control). Cell viability 
levels <75 % indicative of cytotoxicity. Error bars = SD with n = 3. Statistical significance was calculated using 1-way ANOVA and Šidák test (ns: not significant; *p 
< 0.05, **p < 0.01; ***p < 0.001, ****p < 0.0001 indicates statistical significance). 
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et al. showed that the release of curcumin promotes p53 signaling by 
increasing p53 expression, which results apoptosis in colon cancer cell 
lines [43]. 

3.2.4. Cell apoptosis 
Investigation on the apoptotic propensity of CUR-NPs and CUR.SA- 

NPs was determined after treatment with 10 and 25 μM of each on 
SW480 and HCT cells (Figs. 8 & 9, respectively) using flow cytometry. In 
SW480 cells (Fig. 8), the population of total apoptotic cells was 5.3 ±
0.2 % for untreated cells, and 8.2 ± 1.7 % for CUR-NPs (10 μM). When 
the treatment dose was increased to 25 μM of CUR-NPs, total apoptotic 
cells accounted for 25.4 ± 1.2 % of cell population. A similar dose- 
response profile was obtained for CUR.SA-NP at 10 μM (8.0 ± 1.2 %) 
and 25 μM (26.2 ± 1.2 %). In HCT116 cell line (Fig. 9), an increase in 
total apoptotic cells was also noticed after cell treatment with CUR-NPs 
(10 and 25 μM) and CUR.SA-NPs (10 and 25 μM), compared to untreated 
cells. Thus, both CUR-NPs and CUR.SA-NPs appear to stimulate 
apoptosis of both cell types in a dose-dependent manner (p < 0.05), with 
comparable apoptotic propensities between CUR-NPs and CUR.SA-NPs 
at 10 and 25 μM. A key point noteworthy is that although CUR.SA is 
more soluble than CUR [44], we did not observe superior apoptotic ef
fect of CUR.SA in encapsulated nanoparticles on CRC cells. However, an 
increased accumulation of cells in G2/M phase is indicative of enhanced 
cytotoxic effect in CRC cells [45], which affirms the in vitro cytotoxicity 
of CUR-NPs and CUR.SA-NPs against SW480 and HCT116 cell lines. 
Notwithstanding, more studies are needed to ascertain impact of solu
bility of the drug cargo on apoptosis. It was previously reported by 
Peihua et al. that CUR induced CRC cancer cell apoptosis [46]. Similarly, 
Bolat et al. reported that CUR-piperine emulsomes inhibited cell 

Fig. 4. Cell viability of SW480: (A) and HCT116: (B) treated with free SA (10 
and 100 μM), after 24 and 48 h using CCK-8 assay. Data expressed as per
centage of untreated (control). Viable cell levels <75 % taken to indicate 
cytotoxic induction. Error bars = SD with n = 3. Statistical significance 
calculated using 1-way ANOVA and Dunnett’s test (ns: not significant; *p <
0.05, **p < 0.01; ***p < 0.001, ****p < 0.0001 indicate statistical 
significance). 

Fig. 5. Cell viability of non-malignant CCD841 CoN cells after 24-h treatment 
using CCK-8 assay: (A) and after 48 h: (B) using CUR-NPs and CUR.SA-NPs, and 
with free SA (10 and 100 μM): (C). Data expressed as percentage of untreated 
cells (control). Cell viability levels <75 % indicative of cytotoxicity. Error bars 
= SD with n = 3. Statistical significance was calculated using 1-way ANOVA 
and Šidák test (ns: not significant; *p < 0.05, **p < 0.01; ***p < 0.001, ****p <
0.0001 indicate statistical significance). 

Table 1 
IC50 of CUR-NPs and CUR.SA-NPs on SW480 and HCT116. Each value is a mean 
of three readings (n = 3).   

24 h 48 h 

SW480 HCT116 SW480 HCT116 

Free CUR (μM) 73.38 ±
3.96 

31.01 ±
3.63 

21.53 ±
2.77 

20.85 ±
3.74 

CUR-NPs (μM) 28.75 ±
2.74 

31.42 ±
1.44 

10.92 ±
3.22 

15.92 ±
2.71 

Free CUR.SA 
(μM) 

51.28 ±
1.10 

28.80 ±
2.12 

17.17 ±
0.24 

19.50 ±
2.54 

CUR.SA-NPs 
(μM) 

27.27 ±
4.56 

31.42 ±
1.44 

10.81 ±
0.30 

17.93 ±
2.92  

Fig. 6. Representative microscopic images of cells showing morphological 
changes in SW480 (A) and HCT116 (B) cells after different treatments for 24 h. 
Morphological features were observed under an inverted microscope with 
objective lens ×20. 
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proliferation, and induced apoptosis [47]. 

3.2.5. Western blotting 
To confirm the induction of apoptosis by CUR-NPs and CUR.SA-NPs 

treatment on SW480 and HCT116 cell lines, the expression of total PARP 

and Cleaved Caspase 8, which are proapoptotic markers in CRC cells was 
studied using Western blotting (Fig. 10). In both cell lines (Fig. 11), a 
significant activation of Caspase 8 and PARP was observed upon treat
ment of cells with doses of CUR-NPs and CUR.SA-NPs compared to un
treated cells (p < 0.05), thus confirming apoptosis induction. In a study 

Fig. 7. Cell cycle population in SW480 cells: (A) and HCT116 cells: (B) after treatment with CUR-NPs (10 and 25 μM), CUR.SA-NPs (10 and 25 μM), and untreated 
cells for 24 h. Characteristic histogram data of Annexin V-FITC/PI flow cytometry evaluation and cell cycle distribution percentages are represented. Results are 
expressed as percentage of total cells mean ± SD (n = 3). 

Fig. 8. Total apoptotic cell death of SW480 
cells after treatment with CUR-NPs (10 and 
25 μM), CUR.SA-NPs (10 and 25 μM), and 
untreated cells for 24 h. Characteristic histo
gram data of Annexin V-FITC/PI flow cy
tometer evaluation, and total apoptotic cell 
percentages are represented as mean ± SD (n 
= 3). Statistical significance was calculated 
using 1-way ANOVA and Dunnett’s test (ns: 
not significant; *p < 0.05, **p < 0.01; ***p <
0.001, ****p < 0.0001 indicates statistical 
significance).   

S. Idoudi et al.                                                                                                                                                                                                                                   



International Journal of Biological Macromolecules 235 (2023) 123827

7

by Shakibaei et al., 20 μM combination of CUR with 5-FU induced 
apoptosis in HCT116 via Caspase 8 and PARP overexpression [48], with 
identical biological activity as observed in the present work. No statis
tical difference was observed in the degree of apoptosis or the expression 
of relevant proteins after treatment with CUR-NPs and CUR.SA-NPs in 
either cell lines. Initiation of apoptosis requires the Caspase family 
activation. In the present study, both CUR-NPs and CUR.SA-NPs induced 
activation of Caspase-8 into Cleaved Caspase-8 (Fig. 10) and the cleav
age of the PARP protein into 110 kDa (pro-form) and 89 kDa (cleaved 
form) fragments due the Caspase-3 activation (Fig. 10). After treatment 
using both CUR-NPs and CUR.SA-NPs, PARP and the cleaved PARP 
levels were about 2 times overexpressed compared to the control group 
(p < 0.05; Fig. 11A). Since the formulations yield caspase 8, 3 and PARP 
fragments, it is possible that the mechanism of apoptosis is a combina
tion of mitochondrial-dependent as well as mitochondrial-independent 
pathway for the execution of apoptotic cell death. 

4. Conclusion 

CUR has undoubted anti-cancer properties, but it is poorly soluble 
and has low bioavailability following oral administration. It is believed 

that this is the main constraint that limits its effectiveness as a potential 
antitumor agent. Our research team attempted to develop mannosylated 
chitosan nanoformulations of CUR and a more soluble version of CUR, 
which is CUR.SA. When loaded inside mannosylated chitosan nano
particles, both CUR-NPs and CUR.SA-NPs have presented significant 
anti-tumor effect against CRC cell lines compared to free CUR, with no 
significant effect against non-malignant cell lines, illustrating the safe 
profile of CUR-NPs and CUR.SA-NPs towards normal cells. Clearly, our 
novel nanoformulations CUR-NPs and CUR.SA-NPs could be a promising 
strategy to treat other types of cancer. 
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