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A B S T R A C T   

Tegafur is used to treat various malignant lesions, including advanced gastric and colorectal cancers. However, 
its efficacy is limited by its low oral bioavailability, short half-life and serious toxicity. To address these draw-
backs, a nanoformulation of poly(ε-caprolactone) nanoparticles coated with chitosan was developed for the 
delivery of Tegafur. Poly(ε-caprolactone) particles were prepared by an interfacial polymer disposition method, 
while surface functionalization with chitosan followed a coacervation procedure. Transmission electron micro-
scopy and elemental analyses, and electrokinetics of the particles demonstrated that such core/shell nano-
structure was obtained. Compared to unmodified particles, chitosan-coated nanoparticles demonstrated a 
substantially increased stability at both 4 and 25 ◦C over 30 days. Particles showed an encapsulation efficiency of 
≈64% and a pH-dependent behavior in which complete Tegafur release was extended over 168, 48 or 24 h at pH 
7.4 (blood), 6.5 (extracellular microenvironment of tumors) or 5.5 (endosomes/lysosomes of tumor cells), 
respectively. Based on hemocompatibility and cell viability tests, chitosan-coated nanoparticles exhibited 
satisfactory biocompatibility and safety for drug delivery. Furthermore, Tegafur-loaded chitosan-decorated 
particles demonstrated enhanced anticancer efficiency, with half maximal inhibitory concentration values in HT- 
29 and T-84 cells of ≈ 4-fold and ≈3.5-fold less than that of the free drug and drug-loaded unmodified nano-
particles, respectively. In vivo studies are needed to fully assess their efficacy and safety.   

1. Introduction 

Colorectal cancer (CRC) recorded approximately two million new 
cases and around one million deaths (10% of global cancer incidence 
and cancer deaths) worldwide in 2020, making it the third most 
commonly diagnosed cancer and the second leading cause of cancer- 
related death globally [1]. These rising numbers of CRC incidences 
and deaths pose an increasing public health and a heavy financial 
burden worldwide, and is largely thought to be related to the shifting 
toward westernized lifestyle and diet and the associated rise in exposure 
to environmental risk factors [2,3]. 

Recent advances in understanding the progression of CRC and 
broadening the treatment options have helped to improve the overall 
survival [4]. While surgical resection is the standard therapeutic 

procedure in patients in early tumor stages, other treatments including 
radiation therapy and chemotherapy are often indicated. Among these 
chemotherapeutic agents, Tegafur (TGF), a prodrug of 5-Fluorouracil 
that belongs to the group of pyrimidine analogues, has been employed 
for the treatment of a variety cancer lesions including head and neck, 
breast and advanced gastric and colorectal cancers [5–7]. In clinic, TGF 
is often used in combination with other anticancer agents such as 
Gimeracil–Oteracil, or along with Uracil [8]. 

However, the therapeutic efficacy of TGF is limited by its nonuni-
form oral absorption, its short biological half-life and the development 
of multidrug resistance by malignant cells [9]. Subsequently, repeated 
administration of TGF at higher doses may be necessary which concur-
rently lead to serious side effects. To address these drawbacks, the 
formulation of TGF in a nano-based drug delivery system can alter the 
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original characteristics of drug molecules and bring along several 
qualities such as enhancing the drug bioavailability, extending its blood 
circulation time, prolonging its liberation from the nanoformulation as 
well as providing surface functionalization possibilities, resulting in 
enhanced selectivity and therapeutic efficacy and reduced side effects 
[10–15]. 

Among polymers used for the design of drug encapsulating nano-
particles (NPs), poly(ε-caprolactone) (PCL) has recently been under 
intense interest in the field of drug delivery. PCL is a biodegradable and 
non-toxic polymer approved by FDA (US Food and Drug Administration) 
for clinical applications [16]. It has been widely used to formulate NPs 
with high drug encapsulation capacity and enhanced bioavailability and 
targeting abilities [17]. In addition, PCL’s hydrophobic nature and slow 
degradation make it particularly useful for sustained delivery. To 
improve the properties of the hydrophobic negatively charged surface, 
PCL NPs can be coated with a hydrophilic polymer such as chitosan (CS). 
CS is a natural, biodegradable, nontoxic polysaccharide that has been 
extensively used as a NP-surface coating leading to an enhancement in 
mucoadhesion and retention in the intestinal epithelium, stability of the 
loaded drug and cellular uptake, and a prolongation in drug release 
profile [18–20]. 

In the current study, we aimed to design and assess CS-surface 
modified PCL NPs encapsulating TGF for the treatment of CRC. Firstly, 
we formulated CS-coated PCL NPs loaded with TGF for colon cancer 
treatment. Secondly, we extensively characterized the obtained NPs in 
terms of diameter, electrophoretic characteristics, short-term stability, 
encapsulation efficiency, in vitro drug release and blood compatibility. 
Finally, we evaluated the NPs in vitro for their ability to improve the 
anticancer activity against colon cancer cells. 

2. Materials and methods 

2.1. Materials 

TGF, low molecular weight (MW) CS (≈50–190 kDa, determined by 
viscosity measurement; polydispersity not determined by the labora-
tory; ≈75–85% deacetylated; 99% purity level), PCL (average MW ≈

14,000 Da determined by gel permeation chromatography), Kolliphor® 
P-188, 3-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl tetrazolium bromide 
(MTT), C6H8O7, NaOH, Dulbecco’s modified eagle’s medium (DMEM), 
phosphate buffered saline (PBS), bovine serum albumin (BSA; heat 
shock fraction, ≥98% purity level), fetal bovine serum (FBS), and 
Penicillin-Streptomycin solution (containing 10,000 U/mL of Penicillin 
and 10 mg/mL of Streptomycin) were purchased from Merck KGaA 
(Gernsheim, Germany). All chemicals used were of analytical quality 
and used as received without further purification. Water used in the 
experiments was deionized and filtered with a Milli-Q® Academic Sys-
tem (Millipore, Spain). 

2.2. Synthesis of nanoparticles 

2.2.1. Synthesis of poly(ε-caprolactone) nanoparticles 
PCL NPs were synthesized using an interfacial polymer disposition 

method [21–23]. Briefly, an organic solution containing 140 mg of PCL 
dissolved in 7 mL of dichloromethane was poured, under mechanical 
stirring (1000 rpm), to 35 mL of an aqueous solution of Kolliphor® 
P-188 (0.5%, w/v). For the preparation of drug-loaded NPs, TGF (at a 
concentration of 10− 5 to 10− 3 M) was incorporated into the aqueous 
medium. The organic solvent was then entirely removed using a Rota-
vapor® (Rotavapor® R II, Büchi, Flawil, Switzerland) and the PCL NPs 
were obtained as an aqueous dispersion. Next, NPs were purified by 
centrifugation at 5000 rpm during 30 min (Centrifuge 5804; Eppendorf 
Ibérica S.L.U., Spain) and re-dispersion in water for several cycles, until 
the conductivity value of the supernatant was ≤10 μS/cm. The obtained 
pellet was re-dispersed in water using ultrasonication. 

2.2.2. Synthesis of chitosan and chitosan-decorated poly(ε-caprolactone) 
nanoparticles 

CS NPs and CS-coated PCL NPs were both prepared by a coacervation 
method [24–26]. An aqueous solution of CS was first prepared by pro-
gressive addition of 110 mg of the polymer to 30 mL acetic acid (2%, 
v/v) containing 0.5% (w/v) Kolliphor® P-188, under mechanical stir-
ring (500 rpm). Then, the pH of this aqueous CS solution was adjusted to 
pH 4 by adding NaOH 1 M. In the case of CS-coated PCL NPs, 75 mg of 
PCL NPs was added to the previous solution and homogeneously 
dispersed under mechanical stirring (500 rpm). Next, 7.5 mL of an 
aqueous solution of Na2SO4 (20%, w/v) was added drop-wise under 
sonication (sonication output of 20%, and sonication time of 10 min; 
Branson Sonifier 450, Emerson Electric Co., USA) to produce the NPs. 
Purification of NPs was carried out by centrifugation at 5000 rpm during 
30 min, and re-dispersion in water for several cycles, until the conduc-
tivity value of the supernatant was ≤10 μS/cm. The obtained pellet was 
re-dispersed in water using ultrasonication. 

2.3. Nanoparticle characterization 

2.3.1. Mean diameter, size distribution and surface electrical charge (zeta 
potential, ζ) 

Mean diameter and size distribution (polydispersity index, PdI), and 
zeta potential (ζ) of the obtained NPs were measured using dynamic 
light scattering and laser Doppler electrophoresis, respectively (Zeta-
sizer Nano-ZS, Malvern Instruments Ltd., Worcestershire, UK) at 25.0 ±
0.5 ◦C. Before measurement, the nanoformulations were properly 
diluted in water (1 mg NP/mL). 

2.3.2. Transmission electron microscopy and elemental analyses 
The CS shell on the NPs was characterized using high resolution 

transmission electron microscopy (HRTEM) (Titan G2 60–300 FEI mi-
croscope, Thermofisher Scientific Inc., USA; accelerating voltage: 300 
kV). A dispersion of the NPs (≈0.1%, w/v) was applied to formvar/ 
carbon-coated copper microgrids and subsequently dried in a convec-
tion oven (25.0 ± 0.5 ◦C) (J P. Selecta, S.A., Spain). Elemental analysis 
was performed during these determinations [Bruker Nano GmbH energy 
dispersive X-ray (EDX) spectrometer, Germany]. 

2.3.3. Studying electrophoretic characteristics as a function of pH and ionic 
strength 

A qualitatively assessment of the CS coating onto the PCL NPs was 
also performed by analyzing the influence of pH and ionic strength on 
theζ of the NPs [27,28]. To examine the effect of pH, a range between pH 
3 and 10 in the presence of 1 mM KNO3 was employed. In addition, the 
impact of ionic strength was examined using different concentrations of 
KNO3 at a constant pH of ≈6 [23,29,30]. 

2.4. Evaluation of short-term stability and interaction with human serum 
proteins 

Short-term stability of an aqueous dispersion of the colloidal for-
mulations (1 mg/mL, pH ≈ 6) was assessed at 4.0 ± 0.5 ◦C or 25.0 ±
0.5 ◦C. Size, PdI and ζvalues of the NPs were recorded and compared 
over 30 days. 

Particle interaction with human serum proteins for potential for-
mation of a protein corona was investigated in vitro. PCL, and CS-coated 
PCL NPs were incubated in PBS containing BSA for 60 min, following a 
previously described procedure [25,31]. Subsequently, the size and PdI 
were determined using dynamic light scattering. 

2.5. Measurement of Tegafur loading capacity 

Determinations of antitumor agent loading capacity in the NPs were 
performed indirectly by measuring free TGF remaining in the superna-
tant after the centrifugation step in the NP fabrication process. Drug 

A. Medina-Moreno et al.                                                                                                                                                                                                                      



Journal of Drug Delivery Science and Technology 86 (2023) 104594

3

concentration was determined by photometric measurements, at a 
wavelength of 271 nm (Lambda™ 25 UV/Vis spectrophotometer, Per-
kinElmer Inc., USA) [32]. 

To avoid possible contributions to the absorbance of sources other 
than TGF, the absorbance of the supernatant of blank NPs was sub-
tracted. Finally, the drug content was expressed as encapsulation effi-
ciency (EE%) and drug loading (DL%) according to Equations (1) and 
(2). 

EE%=
total drug amount − unencapsulated drug amount

total drug amount
× 100 (1)  

DL%=
total drug amount − unencapsulated drug amount

total mass of NPs
× 100 (2)  

2.6. In vitro release of Tegafur from nanoparticles 

Drug release determinations from the CS-decorated PCL NPs was 
observed in buffers at different pH values. C6H8O7–NaOH buffers at pH 
5.5 ± 0.1 (pH of endosomes and lysosomes of tumor cells), pH 6.5 ± 0.1 
(pH of extracellular microenvironment of tumors) and pH 7.4 ± 0.1 
(blood pH) were prepared. The colloidal particles (1.5 g) were dispersed 
in 10 mL of each buffer. Throughout the experiment, dispersions were 
maintained at 37.0 ± 0.5 ◦C and under mechanical stirring (100 rpm). 
Aliquots (1 mL) of the buffer were sampled at selected time intervals, 
centrifuged at 11,000 rpm during 3 min, and the drug release was 
determined. After each sampling, an equal volume of the buffer, main-
tained at the same temperature, was pipetted to maintain the volume of 
the release medium and ensure sink conditions. Finally, the amount of 
released TGF was analyzed by measuring the optical absorbance at 271 
nm. The results were expressed as a cumulative drug release percentage 
(Equation (3)). 

Cumulative drug release (%)=
amount of TGF released in the medium (mg)

amount of TGF loaded in the NPs (mg)
× 100

(3)  

2.7. Ex vivo blood compatibility 

Blood compatibility of the produced NPs was investigated to assess 
their suitability for in vivo administration. Human blood was obtained 
from healthy donors and poured into tubes containing either ethyl-
eneaminetetraacetic acid (EDTA, used in the hemolysis and platelet 
activation experiments) or sodium citrate (used in the complement 
system activation and plasma recalcification time experiments) and 
treated following a previously established procedure [33–35]. NPs were 
incubated with blood aliquots to evaluate their effect on erythrocyte 
lysis (hemoglobin release), complement activation (C3a release), 
platelet activation (sP-selectin release) and plasma recalcification time 
(T1/2 max). Validated UV–vis spectrophotometric methodologies were 
employed. PBS served as a negative control. 

2.8. In vitro cell culture experiments 

2.8.1. Cell maintenance 
Human cancer HT-29 (human colonic adenocarcinoma cells) and T- 

84 (human colon carcinoma cells) cell lines (American Type Culture 
Collection, ATCC, USA) were cultured in DMEM containing 10% FBS 
and 1% Penicillin-Streptomycin solution, and maintained until use at 
37.0 ± 0.5 ◦C in a humidified 5% CO2 incubator. 

2.8.2. Cell viability assay 
Treatments with various concentrations of TGF formulations dis-

solved/dispersed in the culture medium were added to cells and incu-
bated for 72 h. Next, MTT (20 μL/well; 5 mg/mL in cell culture medium) 

was added and incubation continued for 3 h at 37.0 ± 0.5 ◦C. Conse-
quently, the culture medium was removed and the resulting formazan 
was dissolved with 200 μL of DMSO. Untreated cells and cells treated 
with Triton® X-100 1% served as controls. Finally, the optical density 
(OD) was measured at 570 nm using a Dynatech MR7000 microplate 
reader (Dynatech Laboratories, Inc., USA). The relative cell viability 
(RCV, %) was calculated as in Equation (4). 

RCV (%)=
OD treated cells

OD control (untreated) cells
× 100 (4) 

The half maximal inhibitory concentration (IC50) values were 
calculated from a non-linear regression analysis (GraphPad Prism 9.1.0, 
GraphPad Software Inc., La Jolla, CA, USA) [23,25,34]. 

2.9. Statistical analysis 

All experiments were performed at least in three independent assays. 
The experimental data were expressed as mean value ± standard devi-
ation (SD). The obtained data were subjected to statistical analysis 
performed using the SPSS Statistics 26 statistical package (IBM Corpo-
ration, USA). Groups of two were analyzed with two-tailed (Student’s) t- 
test, whereas groups greater than two with a single variable were 
compared using one-way analysis of variance (ANOVA), with Tukey’s 
post-hoc test. The level of significance was set at p < 0.05. 

3. Results 

3.1. Nanoparticle characterization 

The properties of PCL-based NPs are demonstrated in Table 1 (time 
0). While the mean diameter of PCL NPs was 217.2 ± 5.1 nm, it was 
remarkably increased when NPs were surface coated with CS to 582.9 ±
51.4 nm. In addition, the PdI also increased from 0.232 ± 0.021 to 0.378 
± 0.061 for unmodified and coated NPs, respectively. Furthermore, the 

Table 1 
Mean diameter (nm), PdI, and ζ data (mV) of PCL and CS-decorated PCL par-
ticles as a function of time (days) at 4.0 ± 0.5 ◦C or 25.0 ± 0.5 ◦C. Experimental 
values are indicated as means ± SDs (n = 3).  

Short-term stability assay at 25.0 ± 0.5 ◦C 

Time 
(days) 

PCL NPs CS-decorated PCL NPs 

Size 
(nm) 

PdI ζ (mV) Size 
(nm) 

PdI ζ (mV) 

0 217.2 
± 5.1 

0.232 ±
0.021 

− 15.13 
± 0.21 

582.9 ±
51.4 

0.378 ±
0.061 

17.49 
± 0.24 

1 196.1 
± 4.6 

0.188 ±
0.011 

− 13.81 
± 0.15 

582.2 ±
41.6 

0.389 ±
0.021 

16.94 
± 0.73 

7 453.6 
± 35.7 

0.499 ±
0.021 

− 6.92 ±
1.31 

652.9 ±
97.3 

0.491 ±
0.071 

14.18 
± 0.88 

14 439.5 
± 58.1 

0.483 ±
0.061 

− 6.43 ±
0.85 

645.1 ±
109.1 

0.515 ±
0.031 

14.88 
± 1.24 

30 566.6 
± 48.5 

0.555 ±
0.131 

− 4.51 ±
0.18 

707.3 ±
22.1 

0.511 ±
0.131 

13.64 
± 0.13  

Short-term stability assay at 4.0 ± 0.5 ◦C 

Time 
(days) 

PCL NPs CS-decorated PCL NPs 

Size (nm) PdI ζ (mV) Size 
(nm) 

PdI ζ (mV) 

0 217.2 ±
5.1 

0.232 
± 0.021 

− 15.13 
± 0.21 

582.9 
± 51.4 

0.378 
± 0.061 

17.49 
± 0.24 

1 231.4 ±
5.2 

0.251 
± 0.031 

− 16.06 
± 0.71 

601.5 
± 12.7 

0.417 
± 0.021 

15.26 
± 0.79 

7 627.8 ±
173.1 

0.609 
± 0.031 

− 7.01 ±
0.81 

632.7 
± 66.2 

0.457 
± 0.081 

15.13 
± 0.62 

14 731.9 ±
79.1 

0.588 
± 0.211 

− 7.34 ±
1.63 

684.5 
± 31.1 

0.611 
± 0.031 

14.25 
± 1.02 

30 1229.1 
± 153.3 

0.508 
± 0.021 

− 3.66 ±
1.33 

628.3 
± 99.1 

0.651 
± 0.061 

15.39 
± 1.21  
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negative ζ of PCL NPs (- 15.1 ± 0.2 mV) was reversed to positive by 
coating with CS (+17.5 ± 0.2 mV). This change in ζ confirms that CS 
successfully coated the PCL NP surface and effectively shielded its 
negative charge, conferring a positive surface charge owing to its amine 
groups. 

HRTEM characterization revealed the coating of PCL particles with a 
CS shell (Fig. 1a). Additionally, the EDX N element mapping of these 
core/shell particles suggested a uniform distribution of CS onto the PCL 
NPs (Fig. 1b). It should be noted that the particle aggregation observed 
in the Figure may have resulted from the sample preparation procedure 
for HRTEM observations, particularly during the drying process [24]. 

3.2. Studying electrophoretic characteristics as a function of pH and ionic 
strength 

Variations in the electrophoretic characteristics of unmodified and 
CS-coated PCL NPs as a function of pH and ionic strength (KNO3molar 
concentration) can be also employed to determine the efficiency of the 
method used for surface coating of the NPs (Fig. 2). 

PCL NPs showed a slightly positive ζ at pH 3, which gradually 
decreased with an increase in pH, reaching approximately − 30 mV at 
pH ≈ 9. However, when the concentration of KNO3 was increased (at pH 
≈ 6), the ζ of PCL NPs from around − 20 mV at a concentration of 10− 5 M 
to nearly a neutral value at a concentration of 10− 2 M. On the other 
hand, CS-coated PCL NPs showed a positive ζ across the studied pH 
range (pH 3 to 9) (Fig. 2a), which was similar to that of CS NPs but 
relatively lower. While their ζ value was relatively stable at acidic pHs, 
lower values were measured at pH > 7. In addition, CS-coated PCL NPs 
were found to have a lower dependence on the ionic strength compared 
to PCL NPs, showing a similar trend to the control CS NPs (Fig. 2b). 

3.3. Short-term stability and interaction with human serum proteins 

Short-term stability at both 4 ◦C and 25 ◦C demonstrated a sub-
stantial improvement in the stability of NPs via the CS-surface modifi-
cation (Table 1). Over the 30-day period of the experiment, unmodified 
NPs grew in size by ≈ 2.6-fold and ≈5.7-fold at 4 ◦C and 25 ◦C, 
respectively. Whereas, in the case of CS-coated NPs the changes were 
significantly lower with no more than ≈1.2-fold size increase at both 
conditions (p < 0.05). A similar trend was also observed with the PdI 
values. Furthermore, compared to the ζ of unmodified NPs which was 
increased by more than 10 mV at both conditions studied, the ζ of CS- 
decorated NPs was effectively maintained and only reduced by ≈ 3 
mV over 30 days. 

With reference to the interaction of the NPs with BSA, notable ag-
gregation was observed for the unmodified PCL particles, resulting in a 
final diameter of 1313.6 ± 347.8 nm (PdI: 0.677 ± 0.037). In contrast, 
no significant effect on size was observed for the CS-coated NPs, with 
final particle size and PdI values of 591.3 ± 48.2 nm and 0.373 ± 0.046, 
respectively. 

3.4. Tegafur loading capacity 

The EE (%) and DL (%) of TGF encapsulated in the CS-coated PCL 
NPs are collected in Table 2. As the drug concentration used in NP 
preparation was increased from 10− 5 to 10− 3 M, the EE (%) and DL (%) 
values increased substantially from around 11% and 0.0005% up to 
approximately 64% and 3%, respectively (p < 0.05). 

3.5. In vitro release of Tegafur 

The results of TGF release from CS-coated PCL NPs are plotted in 
Fig. 3. At pH 7.4, a clear biphasic profile was observed, where a rapid 
burst release of ≈30% of the TGF occurred within the first 6 h, while the 
remaining drug was released at a slower rate during the next 168 h. 
However, a substantially faster rate of drug release (≈1.7-fold and ≈ 2- 

Fig. 1. (a) HRTEM of the CS-decorated PCL particles; and, (b) EDX mapping 
analysis of the N element in sample (a). Bar length: 100 nm. 

Fig. 2. Zeta potential (ζ, mV) of the PCL (●), CS (■), and CS-decorated PCL (○) 
particles as a function of: (a) pH in the presence of 1 mM KNO; and, (b) the 
KNO3 molar concentration at pH ≈ 6. Data is given as mean value ± SD (n = 9). 

Table 2 
Loading of Tegafur (EE and DL, %) to the CS-decorated PCL particles. Experi-
mental values are indicated as means ± SDs (n = 3).  

[Tegafur] (M) EE (%) DL (%) 

10− 5 11.42 ± 1.17 0.0005 ± 0.0001 
5 × 10− 5 17.32 ± 2.21 0.7578 ± 0.0967 
10− 4 26.41 ± 2.04 1.1555 ± 0.0892 
5 × 10− 4 42.19 ± 3.09 1.8459 ± 0.1352 
10− 3 64.04 ± 2.36 2.8019 ± 0.1033  
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fold) was observed at pH 6.5 and 5.5 with 100% drug release achieved 
within only 48 and 24 h, respectively (p < 0.05). 

3.6. Blood compatibility 

Results of hemocompatibility tests performed on blank NPs (unloa-
ded with drug) are presented in Table 3. CS-decorated NPs produced a 
negligible erythrolytic effect even after incubation for 24 h (only 
approximately 2%). In addition, the analysis of complement system 
activation, platelet activation plasma and clotting times demonstrated 
that the developed NPs did not significantly affect the levels of C3a and 
sP-selectin and T1/2 max. 

3.7. In vitro cytotoxicity 

As shown in Fig. 4, a negligible cytotoxicity by blank (drug-unloa-
ded) CS-coated PCL NPs was produced in normal (CCD-18) and tumor 
(HT-29 and T-84) human cell lines over a wide range of concentrations. 

Fig. 5, however, displays the cytotoxic effect of free TGF and drug- 
loaded NPs in HT-29 and T-84 cells following incubation for 72 h. 
These formulations inhibited cell proliferation in a dose-dependent 
manner. In both cell lines, the IC50 values of TGF-loaded CS-coated 
PCL NPs were ≈ 4-fold and ≈3.5-fold less than that of the free drug and 
drug-loaded unmodified NPs, respectively (p < 0.05). Whereas, effects 

Fig. 3. Release of Tegafur (%) from the CS-decorated PCL particles as a func-
tion of the incubation time (h) at 37.0 ± 0.5 ◦C and pH of the bloodstream (pH 
7.4 ± 0.1, ■), acidic extracellular microenvironment of tumors (pH 6.5 ± 0.1, 
▾), or acidic environment in the endosomes and lysosomes of tumor cells (pH 
5.5 ± 0.1, ◆). Data is presented as mean value ± SD (n = 3). 

Table 3 
Effects of the CS-decorated PCL particles NPs on hemolysis (%), complement 
activation (C3a release: C3a desArg, ng/mL), platelet activation (sP-selectin 
release, ng/mL), and plasma recalcification time (T1/2 max, min). Data is 
expressed as means ± SDs (n = 3).   

CS-decorated PCL 
NPs 

Control (PBS 
solution) 

Hemolisis 
(%) 

Incubation time: 2 
h 

2.1 ± 0.4 0 

Incubation time: 6 
h 

1.9 ± 0.5 0 

Incubation time: 
12 h 

2.3 ± 0.4 0 

Incubation time: 
24 h 

2.4 ± 0.3 0 

C3a desArg (ng/mL) 303 ± 4 296 ± 5 
sP-selectin release (ng/mL) 108 ± 7 99 ± 6 
T1/2 max (min) 13.6 ± 1.8 11.7 ± 1.4  

Fig. 4. In vitro cytotoxicity of the CS-decorated PCL NPs in CCD-18 human 
colon fibroblast cells, and HT-29 and T-84 human colon cancer cells, after 72 h 
of exposure to a wide range of NP concentrations: 0.1 μM (grey column), 50 μM 
(light grey column), 100 μM (black column), and 200 μM (white column). The 
values are the mean ± standard deviation (SD) (n = 4). Cells without treatment 
were used as control to calculate the relative cell viability (%). 

Fig. 5. Cytotoxicity of free Tegafur (grey column), Tegafur-loaded PCL NPs 
(light grey column), and Tegafur-loaded CS-decorated PCL NPs (black column) 
in HT-29 (a) and T-84 (b) human colon cancer cells, after 72 h of exposure to a 
wide range of NP concentrations (up to 10 μg/mL equivalent drug concentra-
tion). The values are the mean ± standard deviation (SD) (n = 4). Cells without 
treatment were used as control to calculate the relative cell viability (%). Inset: 
IC50 values (μM) of the Tegafur-based formulations. 
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of unmodified PCL NPs on cell viability were similar to those of the free 
antitumor agent at the concentrations used in both cell lines. 

4. Discussion 

In the current work, the formulation of PCL NPs surface functional-
ized with CS is described. The NPs loaded with the chemotherapeutic 
TGF were extensively characterized and examined in vitro for their 
suitability as a drug delivery system for the management of CRC. 

The introduction of a cationic CS coat on PCL NPs brings about 
substantial changes to their surface charge and nature. This is man-
ifested in the induced positive electrical charge to the NPs as well as 
their remarkably improved stability, as evidenced by the 30-day sta-
bility study at both 4 ◦C and 25 ◦C (Table 1). In vitro experiments 
examining the interaction of the NPs with BSA also indicated the pro-
tective effect of the hydrophilic CS coating onto the PCL particles, which 
could minimize protein corona formation and NP aggregation [25,36]. 
Incorporating CS during the process of NP preparation [37] or adding it 
to the surface of previously fabricated PCL NPs [38,39] are two strate-
gies commonly utilized to perform the CS coat. In the latter, which was 
the chosen strategy, CS tends to adsorb to the surface of 
negatively-charged NPs driven by its cationic charge and the NP’s high 
surface energy. This leads to the formation of a multi-layered coating 
[40]. 

The positive surface charge imparted by the CS prevents particles 
from aggregating due to the electrostatic repulsion created by this 
charge. This, in turn, helps maintain their physical stability when in 
aqueous dispersion. In biological settings, positively charged NPs show 
ability to interact with the negatively charged mucus and cells, leading 
to improved permeation, absorption and bioavailability of the NPs and 
their cargo. In addition, the mucoadhesive properties demonstrated by 
CS-coated NPs provide a longer residence time at the site, leading to an 
extended drug action. Finally, CS-coated PCL NPs demonstrated a rela-
tively high entrapment efficiency of more than 60% (Table 2), indicating 
their efficacy in the encapsulation of TGF. Comparable loading capacity 
values have been previously described for PCL NPs loaded with various 
active ingredients [19,21–23,39]. 

In the electrophoretic characteristics study (Fig. 2), unmodified PCL 
NPs presented negative ζ due to the dissociation of the free acrylic 
groups (pKa 4.25) of the polymer, which occurs at higher extent with 
increasing pH values. In addition, the increased ζ associated with 
increasing the concentration of the electrolyte typically results from the 
classical double-layer compression mechanism, which is due to the 
increased ionic strength [35]. On the other hand, CS-coated NPs showed 
a similar behavior to the control CS NPs: a lower dependence on the 
ionic strength compared to PCL NPs and a positive charge which was 
reduced at pH > 7. This is because the cationic amine groups of CS have 
a pKa of 6.5, and therefor they become less protonated at basic pH 
values. These data suggest that PCL NPs were successfully coated with 
CS, which is further supported by the findings from transmission elec-
tron microscopy and elemental analyses (Fig. 1). 

TGF release profile from CS-coated PCL NPs showed a biphasic 
behavior, which is characteristic of PCL NPs (Fig. 3) [21,41]. The initial 
burst of drug release is typically attributed to the instantaneous diffusion 
of molecules with weaker binding to the NP’s surface. Subsequently, as 
polymer degradation/erosion progresses, mainly by hydrolysis, the drug 
embedded in the NP matrix continues to be released but at a slower rate. 
In addition, the CS coat may impose an additional limiting barrier for 
drug release, which is governed by factors such as the coat’s thickness, 
the swelling and ionization of the polymer and drug diffusion through 
the polymeric matrix [19,42–44]. By examining release profiles at 
different pH values, it could be concluded that pH plays a crucial role in 
the release of TFG from CS-decorated PCL NPs. One significant advan-
tage of this pH-dependent behavior is that the slow release observed at 
the physiological pH (pH 7.4) may reduce the presence of free drug in 
the bloodstream, hence, preventing its rapid clearance and non-specific 

distribution. In contrast, the faster release rate observed at the pH of the 
extracellular microenvironment of tumors (pH 6.5) and the pH of 
endosomes and lysosomes of tumor cells (pH 5.5) is of particular interest 
for cancer treatment. It suggests that the nanosystem can facilitate the 
release of the drug at the tumor interstitium and to a larger extent upon 
internalization by tumor cells. These results are consistent with a pre-
vious study describing pH-responsive drug release features by 
non-coated PCL NPs loaded with Gemcitabine [23]. Another factor that 
may also contribute to this pH-dependent release is the role of the hy-
drophilic CS coat. CS (pKa 6.5) has its amine groups ionized in acidic 
solutions and, thus, it is more soluble at lower pH which in return can 
increase the wettability of the PCL matrix and result in an increase in 
drug diffusion and liberation [45,46]. 

Based on the data generated from blood compatibility tests (see 
Section 3.6.) and in vitro cell viability (see Section 3.7.) concerning the 
unloaded (drug free) CS-coated PCL NPs, it can be concluded that these 
polymeric nanocarriers exhibit satisfactory biocompatibility and safety 
for drug delivery purposes. Data showed a greater cytotoxicity against 
cancer cells with coated drug-loaded NPs compared to unmodified NPs 
and free drug. The superior results demonstrated by the CS-coated NPs 
are consistent with previous studies [19,38,47]. These studies found that 
the enhanced anticancer efficiency is associated with increased uptake 
of NPs by cancer cells. This increased uptake is believed to be facilitated 
by the improved interactions between the positively charged 
CS-decorated PCL particles and the negatively charged cellular 
membrane. 

In addition to their potential use via various routes of administration, 
the developed CS-coated PCL NPs may also be useful for the oral route. 
Their relatively large size could facilitate passage through the gastro-
intestinal tract, while the CS coating could promote adhesion of the NPs 
to the mucus surface. Additionally, the enzymatic glycosidic linkage 
cleavage mediated by the colonic microflora may favor higher release at 
the colon [48]. 

5. Conclusions 

In this work, it is described a reproducible procedure to prepare TFG- 
loaded CS-coated PCL-based NPs with a relatively high loading capacity. 
These NPs were examined in vitro and demonstrated improved stability, 
extended pH-dependent drug release profile, good biocompatibility and 
an enhanced anticancer efficiency against colorectal cells. While the 
developed NPs have shown promising results in in vitro studies using cell 
cultures, further research is needed to understand how these NPs will 
interact with the human body and affect treatments. In vivo studies are 
essential to fully assess the efficacy of this nanoformulation and ensure 
its safety. 
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[24] F. Fernández-Álvarez, C. Caro, G. García-García, M.L. García-Martín, J.L. Arias, 
Engineering of stealth (maghemite/PLGA)/chitosan (core/shell)/shell 
nanocomposites with potential applications for combined MRI and hyperthermia 
against cancer, J. Mater. Chem. B 9 (2021) 4963–4980. 
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