
Vol.:(0123456789)

Polymer Bulletin (2022) 79:6645–6671
https://doi.org/10.1007/s00289-021-03804-9

1 3

ORIGINAL PAPER

In vitro release and cytotoxicity activity of 5‑fluorouracil 
entrapped polycaprolactone nanoparticles

Moshera Samy1   · Heba M. Abdallah1 · Hanem M. Awad2 · Magdy M. H. Ayoub1

Received: 4 October 2020 / Revised: 24 May 2021 / Accepted: 22 June 2021 /  
Published online: 27 July 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
In this study, 5-fluorouracil (5-FU) entrapped polycaprolactone nanoparticles (5-FU- 
PCNPs) have been prepared using double emulsion method. The different factors 
were examined for assembly to arrive at the best effective formulation of 5-FU-
PCNPs formulation for 5-FU–PCNPs, as polymer concentration, stabilizer concen-
tration. The encapsulation efficiency of PCNPs was in the range of 18.8–45.4%. 
The prepared nanoparticles showed the spherical shape having an average size of 
183–675.5 nm, whereas TEM exhibited the prepared nanoparticles have a spheri-
cal shape. FTIR, XRPD, confirmed successful insertion of drug in prepared PCNPs. 
In vitro release of 5-FU from selected formulations showed sustained release from 
the nanoparticles where slower release was observed when lower PVA concentra-
tion was used. Anticancer activity was examined against cell culture for HCT-116 
(human colorectal carcinoma), MCF-7(human breast adenocarcinoma), HepG2 
(human hepatocellular carcinoma) and A549 (human lung carcinoma) for six formu-
lations 5-FU–PCNPs nanoparticles. The in vitro cytotoxic activity of the prepared 
formulations was tested showing that these formulations appeared as promising 
active anticancer formulations.
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Introduction

Cancer nanotechnology is an interdisciplinary area of research in science, engi-
neering and medicine with a broad applications for molecular imaging, molecular 
diagnosis and targeted therapy [1, 2]. During the past decade, several research 
articles have been published that present smart particle systems for delivering 
nanodrug systems for specific methods to improve tumor treatment and imag-
ing as many reviews have attempted to describe and classify these NPs [3, 4]. 
They all approved to define systems such as nanocomposites capable of incor-
porating drug and contrast agent (s) and could be either nanocarriers or nan-
ovectors [5]. It specifically consisted of a scaffold made primarily of a corona 
of polymers capable of improving the many biopharmaceutical and pharmaco-
logical properties of entrapped drugs. They can also have a binding compound 
on their surfaces that provides aiming for a specific cancer biomarker expressed 
in specific cancer cells [6]. 5-Fluorouracil (5-fluoro -2, 4-pyrimidinedione, 5-FU) 
is pyrimidine antimetabolite. It is used as an anti-tumor agent to treat multiple 
solid tumors in the liver, kidney, ovaries, breast, pancreas, stomach, head, brain 
and neck [7–10]. 5- FU is listed by the World Health Organization (WHO) among 
the most important drugs required in a basic health system [11]. Because of its 
structure, 5-FU can be entrapped into DNA and RNA. It can moreover impede 
the metabolism of nucleosides, which leads to finally cell death and cytotoxic-
ity [12]. The main drawbacks of using 5-FU have lack of specificity leading to 
systemic toxicity, extremely low bioavailability and short plasma half-life. This 
results in the use of high doses, resulting in side effects and thus multiple adverse 
effects such as diarrhea, severe anemia and vomiting [13–15]. The improvement 
of resistance by cancer cells has also greatly limited the clinical applications of 
5-FU [16, 17]. One of the solutions to beat this shortcoming is 5-FU incorpo-
ration into polymeric nanoparticles. These drug delivery carriers have unique 
properties such as the ease of modifying their surface properties, the capability 
to increase drug stability and protect the drug entrapped [18]. The nanoparticles 
are not rapidly cleared and accumulate in the tumor interstitium. This is known 
as enhanced permeability and retention (EPR) effect, a tumor property that Mat-
sumura and Maeda exploited [19] as a mean to goal anticancer agents for solid 
tumors. Biodegradable polymeric nanoparticles can moreover increase drug bio-
availability, provide a controlled pattern of drug release and improve cell and 
tissue selectivity [20]. In recent years, there has been a significant increase in 
interest in investigating in the field of drug delivery. Nanoparticulate drug car-
riers can be formulated using some kinds of polymers. They have the ability to 
include different classes of chemotherapy agents, thus keeping them from protein 
absorption, non-specific absorption of major organs and renal clearance. A selec-
tion of biodegradable polymers has been studied for possible use as drug delivery 
nanocarriers. It is careful to be an effective controlled drug delivery system [21]. 
Biodegradable polymeric nanoparticles (PNPs) are solid carriers described with 
sizes less than 1 μm that have the ability to drug entrapment into their polymeric 
matrix [22, 23]. In addition, some reports have shown that these nanocarriers can 
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modify the in  vitro drug release profile by changing the molecular weight and 
degradation rate of polymers used in their formulation [24, 25]. Polycaprolactone 
(PCL) has been preferred as a valuable biodegradable polymer for the preparation 
of PNPs as it is used in several medicinal applications due to its high degree of 
crystallinity, biodegradability, hydrophobicity, biocompatibility, safe properties 
and its ability to protract drug time at the target locations [26]. PCL nanoparticles 
(PCNPs) were prepared by the double emulsion which is commonly used to load 
both lipophilic and hydrophilic materials into a complex heterogeneous dispersed 
system called "emulsion" [27, 28]. Consequently, the present work aims to study 
the various factors that influence both the formation of 5-FU-loaded PCNPs and 
their efficiency as a 5-FU carrier. The effect of factors as: (1) the effect of the 
PCL concentration of the first emulsion and (2) the concentration of the stabilizer 
concentration of the second emulsion of the emulsification process on the sus-
pension properties of the nanoparticles. Also, the drug encapsulation efficiency 
(EE%) and particle size (PS) were also examined for the prepared particles. Also, 
drug crystallization in 5-FU-PCNPs and the interaction between 5-FU and chi-
tosan were evaluated by XRD, FTIR, TEM and SEM. It was examined and stud-
ied for its cytotoxic activity against HCT-116, MCF-7, HepG2 and A549.

Experimental

Materials

Polycaprolactone (PCL; C6H10O2; Mw = 14,000  g/mol), polyvinyl alcohol (PVA; 
Mw = 30,000  g/mol; 87–89% hydrolyzed; m.p.200  °C), dichloromethane (DCM) 
and 5-Fluorouracil (5- FU; C4H3FN2O2; 5- Fluoropyrimidine-2, 4-dione, ≥ 99%) 
were delivered from Sigma-Aldrich, Germany. Acetic acid (CH3COOH) was 
obtained from SHAM laboratory chemical; acetic acid is of pure grades. All other 
chemicals —otherwise mentioned were provided from Sigma-Aldrich, Germany, 
and were used as received.

Methods

Preparation of 5‑fluorouracil loaded polycaprolactone nanoparticles (5‑FU‑PCNPs)

The biodegradable nanoparticulate systems were attained by loading the active anti-
cancer drug (5-FU) into PCL (oil phase), which was encapsulated by PVA (water 
phase, W1) acting as the polymer emulsifier (stabilizer) [27, 29].

Preparation of polyvinyl alcohol (PVA) solution  To be used as emulsion stabilizer in 
outer aqueous phase, two PVA stock solutions (0.5% and 1 wt. % stocks A and B) 
were prepared by slowly adding 2.5 mg and 5 mg PVA, respectively, into 500 mL 
distilled water with stirring and heating at 60 °C for 40 min to obtain a clear 0.5% 
PVA solution.
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Preparation of primary emulsion (First step)  In the first step, in order to make the pri-
mary emulsion (W1/O), stock solutions of 1%, 2% and 3 wt.% PCL (stocks A, B and 
C, correspondingly) were prepared by slowly adding of 1.05 g, 2.10 g and 3.15 g PCL, 
respectively, into 100 mL DCM until fully dissolved with stirring till forming a clear 
solution. 10 mg of 5-FU was dissolved in 1 ml of 0.5% acetic acid in order to aid the 
dissolution of 5-FU, and then, 5 ml PCL solution was added. This mixture was properly 
homogenized using digital high speed homogenizer (T-10; model) at 20,000 rpm for 
5 min using to have the first emulsion (W1/O) [31].

Preparation of double emulsion (second step)  In the second step, the primary emulsion 
(W1/O) was added in the outer aqueous phase (W2) containing stocks (A, and B) PVA 
solutions as stabilizer with homogenization to achieve the double emulsion W1/O/W2) 
[29, 30]. This mixture was properly homogenized at 21,000 rpm for 15 min by using 
digital high speed homogenizer (T-10; model). In second step, we used excess of outer 
aqueous phase (W2) in order to facilitate the diffusion of organic solvent from PCL 
particle to outer aqueous phase. The obtained double emulsion (W1/O/W2) was sub-
jected to evaporation under vacuum using rotary evaporator (Heidolph type VV2000, 
type WB2000, Germany) until the whole organic solvent (DCM) was removed [31]. The 
nanoparticles were collected and separated from the free drug in the nanoparticulates’ 
suspension by centrifuge (Ambient centrifuge centurion scientific model: K2015, UK) 
at 6000 rpm for 45 min. Then, the produced nanoparticles’ pellets were washed two 
times with ultra-pure water. The supernatant solution was used for determination of 
the drug encapsulation efficiency. The supernatant solution was used for determination 
of drug encapsulation efficiency. The supernatant was kept for drug assay as described 
later and the precipitate was lyophilized using freeze-dried, and the powder was used 
for further analyses. Drug-free nanoparticles (PCNPs) were prepared by the same way 
using only the 0.5% acetic acid solution.

Method of 5‑fluorouracil (5‑FU) analysis

Determination of λmax of 5‑FU

The spectrophotometric assay adopted for 5-FU analysis by screening of 5-FU in the 
investigated solvent such as 0.5% acetic acid and phosphate buffer solution (PBS) 
using (Shimadzu UV spectrophotometer, 2401/PC, Japan) through a scan range of 
200–400 nm. The 5-FU dissolved in investigate solvent at 10 µg/ml was screened in 
order to determine the λmax of 5-Fluorouracil from UV spectrum, using investigated 
solvent as a blank. This concentration was prepared by dilution from dilution of a stock 
solution of (10 µg/ml) which was prepared by dissolving 10 mg of 5-FU, accurately 
weighed, in 10 ml investigate solvent.

Establishment of the standard curve of 5‑FU

Six concentrations of 5-FU in investigate solvent were prepared by using appropri-
ate dilutions of stock solution previously mentioned, six concentrations of 5-FU, 
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dissolved in investigate solvents such as 0.5% acetic acid and phosphate buffer solu-
tion (PBS), were prepared. The concentrations prepared were 4, 6, 8, 10, 12, 14 and 
16 µg/ml. The absorbance of each of these concentrations was recorded at the λmax 
recorded using investigate solvent as a blank. A linear curve was plotted relating 
concentration of 5-FU and the UV absorbance at the relevant wavelength of maxi-
mum absorption of 5-FU in the investigated solvent.

In vitro anticancer activity

Cell culture of HCT-116 (human colorectal carcinoma), MCF-7 (human breast ade-
nocarcinoma), HepG2 (human hepatocellular carcinoma), A549 (human lung carci-
noma) and RPE-1 (human normal retina pigmented epithelium) cell lines were pur-
chased from the American Type Culture Collection (Rockville, MD) and maintained 
in DMEM medium which was supplemented with 10% heat-inactivated FBS (fetal 
bovine serum), 100  U/ml penicillin and 100  U/ml streptomycin. The cells were 
grown at 37 °C in a humidified atmosphere of 5% CO2.

MTT anticancer assay

The anticancer activities against HCT-116, A549, HepG2 and MCF-7 human can-
cer cell lines as well as on RPE-1 human normal cells were estimated using the 
3-[4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay, 
which is based on the reduction of the tetrazolium salt by mitochondrial dehydro-
genases in viable cells [32–34]. Cells were dispensed in a 96-well sterile microplate 
(5 × 104 cells/well) and incubated at 37  °C with series of different concentrations, 
in DMSO, of each tested compound or doxorubicin (positive control) for 48 h in a 
serum-free medium prior to the MTT assay. After incubation, media were carefully 
removed, 40 µL of MTT (2.5 mg/mL) was added to each well and then incubated for 
an additional 4 h. The purple formazan dye crystals were solubilized by the addition 
of 200 µL of DMSO. The absorbance was measured at 570 nm using a Spectra Max 
Paradigm Multi-Mode microplate reader. The relative cell viability was expressed 
as the mean percentage of viable cells compared to the untreated control cells. All 
experiments were conducted in triplicate and repeated on three different days. All 
the values were represented as mean ± SD. IC50s were determined by probit analysis 
by SPSS Incprobit analysis (IBM Corp., Armonk, NY, the USA).

Characterization of 5‑FU‑loaded PCNPs

Determination of encapsulation efficiency  In order to determine the EE% of 5-FU in 
the prepared nanoparticles, the combined washings after centrifugation were appro-
priately diluted using 0.5% acetic acid. The amount of free, unencapsulated 5-FU was 
measured spectrophotometrically at 265.2 nm using the regression equation of the 
standard calibration curve plotted employing suitable concentrations of 5-FU [35]. 
The amount of encapsulated 5-FU was determined by difference between the amount 
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of free, unencapsulated 5-FU in the combined washings and the initial amount used 
in preparation of PCNPs where the following equation was employed [36, 37]:

Determination of particle size (PS)  The PS for the prepared nanoparticles was meas-
ured by means of photon correlation spectroscopy (PCS) using a Zeta-sizer (Nano 
ZS, Malvern Instruments Ltd., Malvern, the UK). Samples were suitably diluted with 
distilled water and measured at ambient temperature using quartz cuvettes.

Fourier transform infrared spectroscopy  FTIR spectroscopy was used to study the 
chemical composition of PCL, 5-FU, PVA as well as the selected 5-FU-loaded 
PCNPs. The spectra were recorded using FTIR spectrometer (Jasco, FT/IR 6100, 
Japan). The KBr pellet method was employed where the powdered samples were 
ground and mixed with KBr then compressed into disks. To collect the data for each 
spectrum, 32 scans were performed in the mid-infrared range 4000–400 cm−1.

X‑ray powder diffraction (XRPD)  The physical state of 5-FU, PCL, PVA and selected 
5-FU-loaded PCNPs formulations was evaluated using XRPD. Measurements were 
acquired with X-ray diffractometer (Bruker AXS, D8 Advance, Germany) which was 
operated at 40 kV and 40 mA using CuKα as a radiation source where λ = 1.54 A°. 
The diffractograms were recorded in the diffraction angle (2θ) range between 4° and 
50°, and the process parameters were set at scan step size of 0.020° and scan step 
time of 0.4 s.

Thermal analysis (TA)  Thermal analysis is useful for evaluating thermal properties 
and drug–polymer interactions to assess the influence of recipients and micro- or 
nano-encapsulation process on the physicochemical characteristics of the pharma-
ceutical materials. Differential scanning calorimetry (DSC) and thermal gravimetric 
analysis (TGA) are the most frequently used thermo-analytical techniques [38].

Differential scanning calorimetry (DSC). Thermal stability of freeze-dried 
5-FU–PCNPs was investigated through DSC using thermal analyzer DSC–SDT 
(Simultaneous DSC-TGA) Q600 V20.9 Build 20, the USA, in the range from room 
temperature to 500 °C at a heating rate of 10 °C/min under inert nitrogen atmosphere 
(N2) using reference alumina. The samples weight was between 2.5 and 12 mg.

Thermal gravimetric analysis (TGA) Thermal behavior for freeze-dried 
5-FU– PCNPs samples was recorded using thermal analyzer TGA–SDT Q600 
V20.9 Build 20, (USA) in the range from room temperature to 700 °C at a heating 
rate of 10 °C/min under inert nitrogen atmosphere (N2) using reference alumina.

Transmission electron microscopy  The morphology of a selected 5-FU-loaded 
PCNPs formulation and their dimensions in nanometer range was confirmed by trans-
mission electron microscopy. The TEM (JEOL Co., JEM-2100, Japan) was adjusted 
at a high tension electricity of 200 kV. One drop of the appropriately diluted sample 

(1)EE% =
Freedrug − Totaldrug

Totaldrug
× 100
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was placed onto a carbon-coated copper grid, negatively stained with 1% phospho-
tungstic acid and left to dry at ambient temperature before being examined at suitable 
magnifications.

Scanning electron microscopy (SEM)  The morphology of the prepared freeze-dried 
nanoparticles was investigated by scanning electron microscopy (SEM) using Quanta 
FEG 250 (FEI Company, Holland) device. Freeze-dried nanoparticles were deposited 
on a flat aluminum holder and were dried at room temperature. The concerned sam-
ple in each case was finally coated under vacuum by cathodes puttering with gold for 
3 min.

In vitro drug release study

The in vitro release of 5-FU, in free form and from selected prepared PCNPs, was 
evaluated employing the dialysis bag technique [39] employing a dialysis tubing cel-
lulose membrane (Visking®, SERVA Electrophoresis GmbH, Germany; Molecular 
weight cutoff 12.000–14.000). An amount equivalent to 2 mg of 5-FU was instilled 
in the dialysis bag, sealed at both ends to prevent leakage and placed in screw-
capped glass containers filled with 100  ml phosphate buffer (pH 7.4). The entire 
system was kept at 37 ± 0.5 °C at 100 rpm using a shaking water bath. At predeter-
mined time intervals (1, 2, 3, 4, 6, 8, 24 and 48 h), 5 ml of the release medium was 
withdrawn and replaced with 5 ml of fresh buffer solution. The samples were ade-
quately diluted and analyzed for 5-FU content spectrophotometrically at 266.4 nm 
[40]. The cumulative percentage of drug released was determined as the ratio of the 
amount of released 5-FU to the amount of 5-FU initially inserted into the dialysis 
bag. All measurements were performed in triplicates.

Statistical analysis

Results are presented as mean ± SD. Statistical analysis was performed by means of 
one-way analysis of variance (ANOVA). All experiments were repeated at least three 
times. All data were expressed as means ± standard deviations of sample means. The 
statistical significance of the differences was evaluated by one-way analysis of vari-
ance and P < 0.05 was considered to indicate a statistically significant difference.

Results and discussion

Preparation of PCNPs and 5‑FU–PCNPs

PCNPs and 5-FU–PCNPs were synthesized by double emulsification method. 
Various factors were studied such as different concentrations of PCL (1%, 2%, and 
3%) according to the literature [31, 41], respectively, and different concentrations 
of PVA (0.5% and 1%) for second emulsion were investigated. Double emulsion 
was prepared by two-step emulsification process using polyvinyl alcohol as stabi-
lizer where PVA is the most widely used stabilizer due to good solubility in water, 
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its availability in a wide range of molecular weights and low toxicity [42]. Also, a 
stable double emulsion was obtained using homogenization speeds of 20,000 rpm 
at 5 min for the first emulsion and 21,000 rpm at 15 min for the second emulsion 
selected to prepare the PCNPs providing the lowest particle size [29]. In the second 
emulsion step, excess external aqueous phase (W2) was used to facilitate diffusion 
of dichloromethane from the PCL particles to the external aqueous phase. The effect 
of different factors on the properties of the nanoparticles prepared by double emul-
sification was studied by keeping constant the PCL concentrations (1%, 2%, 3%) at 
a 5 min stirring time at the stirring speed of 20,000 rpm for the first emulsion where 
two different concentrations of PVA were tested as being (0.5% and 1%) stirring 
time is 15 min at 21,000 rpm as constant stirring speed of the second emulsion as 
shown in Table 1.

The assay of 5‑fluorouracil (5‑FU)

The assay of 5-FU wavelength of maximum absorption (λmax) started by screening 
of 5-FU in two solvents such as 0.5% acetic acid and phosphate buffer saline (PBS).

Method of 5‑FU analysis in 0.5% acetic acid

Determination of λmax of 5‑FU  The determination of 5-FU λmax wavelength started by 
screening of 5-FU in 0.5% acetic acid through a scan range of 200–400 nm where the 
λmax. The UV spectrum of 5-FU in 0.5% acetic acid is shown in Fig. 1. The concentra-
tion used for this spectrum was 10 µg/ml.

Table 1   EE% and PS values of investigated of 5-FU–PCNPs formulations

FB is the prepared polymeric nanoparticles free from 5-FU at concentration of PCL for first emulsion–1 
wt. %, and concentration of PVA for second emulsion–1 wt. %.
*All samples were prepared using 10 mg/ml of 5-FU at 20,000 rpm as homogenization speed for the first 
(for 5 min) and at 210,000 rpm second emulsion (for 15 min), respectively
**Samples containing first numbers 1–3 refer to a concentration of PCL for first emulsion as 1%, 2% and 
3 wt. %, respectively
***Samples containing second numbers 0.5–1 refer to a concentration of stabilizer PVA for second 
emulsion as 0.5% and 1%, respectively

Formulations* First emulsion factors Second emulsion factors EE% ± SD PS (nm) ± SD
PCL Conc. (%) ** PVA Conc. (%) ***

F 15 1 0.5 34 ± 9.41 239.4 ± 28.3
F 11 1 20.5 ± 11.32 675.5 ± 62.4
FB 1178 ± 232.5
F 25 2 0.5 45.4 ± 0.93 509.2 ± 82.4
F 21 1 29 ± 0.64 465.6 ± 76.1
F 35 3 0.5 18.8 ± 7.65 485.6 ± 65.5
F 31 1 40.7 ± 6.81 183 ± 23.7
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Establishment of  the standard curve of 5‑FU  Five concentrations of 5-FU in 0.5% 
acetic acid were prepared by dilution of stock solution of 10 µg/ml. These concentra-
tions were 4, 6, 8, 10 and 12 µg/ml. The absorbance of each of these concentrations 
was recorded at the wavelength of maximum absorption λmax 265.2 nm previously 
recorded using 0.5% acetic acid as a blank [35, 40]. Standard curve was plotted Fig. 2 
shows that a linear relationship was established between concentration of 5-FU and 
UV absorbance where regression equations (y = 0.0523x + 0.0022) and the linear 
regression with correlation coefficient (R2 = 0.9997) proving the efficacy and reli-
ability of assay for determination of 5-FU concentration. The slope was calculated 
and was found to be 0.0523.

Method of 5‑ fluorouracil analysis in phosphate buffer saline (PBS)

The determination of wavelength of maximum absorption (λmax) of 5-FU started by 
screening of 5-FU in PBS at PH 7.4 through a scan range of 200–400 nm where the 

Fig. 1   UV spectrum of 5-FU in 0.5% acetic acid at λmax = 265.2 nm

Fig. 2   Standard curve of 5-FU in 0.5% acetic acid
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λmax was determined. Six concentrations of 5-FU were prepared, and the absorbance 
of each of these concentrations was recorded at the λmax relevant to the used solvent 
Fig. 3.

Determination of λmax of 5‑ FU in PBS  The determination of 5-FU λmax wavelength 
started by screening of 5-FU in PBS at PH 7.4 through a scan range of 200–400 nm 
where the λmax. The UV spectrum of 5-FU in PBS at PH 7.4 is shown in Fig. 3. The 
concentration used for this spectrum was 10 µg/ml.

Establishment of the standard curve of 5‑ FU in PBS  Six concentrations of 5-FU in 
PBS at PH 7.4 were prepared by dilution of stock solution of 10 µg/ml. These concen-
trations were 4, 6, 8, 10, 12 and 14 µg/ml. The absorbance of each of these concen-
trations was recorded at the λmax 266.4 nm previously recorded using PBS at PH 7.4 
as a blank [40]. Standard curve was plotted (Fig. 4) and shows that a linear relation-
ship was established between concentration of 5-FU and UV absorbance where the 
regression equations (y = 0.0451x + 0.003) and the linear regression with correlation 
coefficient R2 = 0.998 proving the efficacy and reliability of assay for determination 
of 5-FU concentration. The slope was calculated and was found to be 0.0451.

Encapsulation efficiency (EE%)

EE% means that the amount of 5-FU administered in the particles at the end of 
the procedure. Therefore, EE% depends on several factors associated with poly-
mer concentration, drug, [43, 44], stabilizer concentration, emulsion technique 
(i.e., stirring speed and time) and additives in the inner and outer water phase [44]. 
Table 1 shows the amount of EE%, PS of 5-FU-PCNPs prepared using a different 
PCL concentrations of the first emulsification step. The obtained results indicated 
that all the obtained formulations showed EE% values ranged from 18.8 to 45.4%. 
Table 1 shows that increasing the PCL concentration of the first emulsion (1–2%), 
with a constant concentration of stabilizer (PVA, 1%) and with keeping the other 
parameters constant for the first and second emulsion (F11; F21; F31), there was a 
general increase in the efficiency of the observed the EE% values with increasing 

Fig. 3   UV spectrum of 5-FU in PBS at PH 7.4
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PCL concentration (from 20.5% for F11 to 29% for F21, and to 40.7% for F3: 1). 
Similar results were recorded by increasing the PCL concentration of the first emul-
sion (1–2%), at constant concentration of stabilizer (PVA, 0.5%) such as (F15–F25), 
there was a general increase in EE% values, observed with increasing PCL concen-
tration (from 34%; F15 to 45.4; F2: 0.5), respectively. It was found that decrease in 
EE% values was observed with increasing stabilizer (PVA) concentration of second 
emulsion at constant concentration of PCL of first emulsion (1%), keeping the other 
factors constant for the first and second emulsion (F15; F11) (i.e., from 34%; F15 
to 20.5%; F11). A clear increase in the encapsulation efficiency (EE %) values was 
observed with increasing concentration of PVA (from 20.5%; F11 to 23.1%; F12). 
Similarly, increasing the stabilizer PVA concentration of second emulsion at con-
stant concentration of PCL of first emulsion (2%), keeping the other factors constant 
for the first and second emulsion (F20.5–F21) has led to increase in EE% values 
observed with increasing concentration of PVA (from 29%; F20.5 to 45.4%; F21). In 
conclusion, the encapsulation efficiency increased with increasing PVA concentra-
tion. EE% is presented in Fig. 5.

Particle size (PS)

PS is an important factor, which influences the pharmaceutical characteristic of 
the carrier. Hence, the particles size is evaluated as a function of formulation fac-
tors. Accordingly, the particles sizes for the prepared nanoparticulates formula-
tions were determined as shown in Table 1. The PS of PCNPs having an average 
size of 183–675.5  nm. An increase in the particles size of the formulations with 
increasing the concentration of PCL of first emulsion, keeping both the concentra-
tion of PVA for second emulsion (0.5%), and the other factors constant for the first 
and second emulsion (F15; F25). Particle size values of the prepared (5-FU-PCNPs) 
observed until concentration of PCL (from 239 nm; F15 to 509.5 nm; for F25). A 
clear decrease in the values of particle size of the prepared (5- FU-PCNPs) was 
observed with increasing concentration of PCL (from 509.5; for F25 to 485.6 nm; 
for F35). A clear decrease in the particle size values was observed with increasing 

Fig. 4   Standard curve of 5-FU in PBS at PH 7.4
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PCL concentration (from 509; F25 to 239 nm; F21).The particles size of the pre-
pared 5-FU-PCNPs increased. According to Ortiz et  al. [45], by increasing con-
centration of PCL of first emulsion. This was in fine agreement with our findings 
where, for example, it was found that by increasing concentration of PCL for first 
emulsion, a remarkable decrease in the particle size value was observed. However, 
at higher concentration of PCL of the first emulsion (i.e., 2% and 3%), the particle 
size increased which could be attributed to possible particle aggregations. We find 
that the particles size decreased with increased the PVA concentrations of second 
emulsification from 0.5 to 1%, at constant the other factors constant including the 
factors in case of F2:0.5–F2:1, a particles size of 509.2 nm at 0.5% PVA, whereas in 
case of F25, the particle size was reduced to 239 nm in case of F21. A decrease in 
particles size agrees with the results obtained by Ozturk et al. [46]. However, a very 
slight increase was observed in particle size at concentration of PVA (3%), and the 
particles size increased which due to possible collections of obtained particles. The 
results reported were agreed with the literature as the stabilizer concentration is a 
major factor in determining the particle size prepared by double emulsion method 
[30, 46] whereby increasing the stabilizer concentration in the second emulsion, the 
particles size was reduced. While polyvinyl alcohol has a high molecular weight 
polymer, the presence of PVA in most of the outer phase of the water can increase 
the viscosity of the diffusion phase, making it more difficult to reduce the emulsion 
particles to a smaller size [30]. Also, it was found that the particles size of the pre-
pared PCNPs without 5-FU (FB; 1178 nm) is high as compared with the prepared 
5-FU-PCNPs (F31; 500.5 nm) which were prepared at 3% concentration of PCL of 
first emulsion and 1% of PVA of second emulsion. That means that the drug entrap-
ment of 5-FU into the prepared PCNPs will affect the particles size.

FTIR characterization

The FTIR spectra were represented as in Fig.  6 and Table  2. Table  2 indicated 
the specific peaks of PVA, 5-FU, PCL and 5-FU– PCNPs formulations (F11, 
F21 and F31), respectively. Specific peaks for PCL appeared at 1636.3 and 
1729.8  cm−1 which were reported in the expansion carbonyl vibration of bonds 

Fig. 5   Encapsulation efficiency (EE, %) of 5-FU–PCNPs formulations. The error bars correspond to 
standard deviations of triplicate formulation
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[47]. The specific bands of pure 5-FU appeared in 1725.01, 1426, 1245.7, 809.9 
and 546.7 cm−1 due to imide vibration (amide II and amide III) and the aromatic 
ring, 1348  cm−1 related to the pyrimidine ring vibration, 1179.2  cm−1 due to 
C=O, and 1245.7 cm−1 related to vibrations of CN [48]. Broad spectrum between 
3500 and 3000  cm−1 is noticed, which is associated with the stretching of the 
–NH vibration. Whereas the spectra of 5-FU-PCNPs formulations have presented 
speaks at 1632.4 and 1729.8  cm−1 were due to the absorption of the carbonyl 
and residual acetate groups. The weak peak at 1467.5 cm−1 showed the presence 
of CH2. The FTIR spectra presented the specific mid and weak peaks of 5-FU-
PCNPs at 2947.6 and 2867.6 cm−1 that were associated with vibration of asym-
metric and C-H, respectively. A weak peak of 1470.4 cm −1 was indicated to the 
bending CH2 band. That peak presented a physical interaction between 5-FU and 
PCL as well as the spectrum of the 5-FU-PCNPs formulations that maintained 
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Fig. 6   FTIR spectra of PVA, pure 5-FU, PCL and 5-FU-PCNPs for (F11, F21 and F31), respectively
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the highest specific peaks for 5-FU with a slight shift and confirmed drug entrap-
ment by PCNPs.

XRPD

The XRPD patterns of PVA, 5-FU and pure PCL samples are represented in 
Fig.  7. PCL showed two sharp peaks that were mentioned to scattering from 
crystalline phase [45]. Pure 5-FU displays multiple sharp peaks representing the 
highly crystalline nature of the 5-FU [45]. PVA showed two diffuse reflections 
and several low intensity reflections revealing its amorphous nature. Figure  7 
represents the XRPD patterns for the three 5-FU-loaded PCNPs formulations as 
shown in Table 1 by making the first and second emulsion at different concentra-
tions of PCL. Two peaks due to the crystalline phase of PCL, while the well-
known specific peaks of 5-FU disappeared indicate that 5-FU molecules were dis-
tributed at the molecular level in the matrix PCL as reported in the literature [49, 
50].

Thermal analyses

Both TGA and DSC techniques usually provide qualitative and quantitative infor-
mation about the thermal properties of the nanoparticles.

Table 2   FTIR peak assignments for pure 5-FU, PCL and 5-FU-PCNPs

Type of polymer Wave number (cm−1) Vibration type Abbreviation

PCL 1729.8 Carbonyl stretching vibration υas(C=O)
5-FU 1725.01 Carbonyl stretching vibration υas(C=O)

1725.01, 1426, 
1245.7, 809.9, and 
546.7 cm−1

Imide vibration (amide II and 
amide III)

 
1348 Pyrimidine ring vibration

 
1179.2 Carbonyl vibration C=O
1245.7 CF stretching band CF
3000–3500 –NH stretching vibration –NH
1632.4 Carbonyl vibration C=O

5-FU-PCNPs 1729.8 cm−1 Residual acetate vibration
1467.5 CH2 vibration CH2
2947.6 Asymmetric C–H stretching C–H
2867.6 Symmetric C–H stretching C–H
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DSC

Differential scanning calorimetry is essentially used to measure enthalpy changes 
according to the changes in the thermal properties of the material as a func-
tion of time or temperature. The final melting temperatures and enthalpy changes 
were elucidated from DSC thermograms as indicated in Fig. 8. Pure PCL showed 
Tm = 60.66 °C, while Tm of PVA recorded at 290.52 °C. The DSC curve of 5-FU 
exhibits endothermic peak at the temperature of 282.80  °C corresponding to its 
melting point [51]. The recorded Tm of PCL was nearly similar to the reported theo-
retical value [51] which confirmed that the crystallization and the melting behavior 
of PCL were not changed by the double emulsion method [52]. DSC thermograms 
of different samples of 5-FU–PCNPs as shown in Fig.  8 revealed disappearance 
of the distinguished endothermic peak for 5-FU at Tm = 282.80  °C. Therefore, 
5-FU–PCNPs demonstrated molecularly dispersed drug in the nanoparticles as pre-
viously mentioned in the literature [53].

TGA​

Thermal gravimetric analysis normally provides information on mass loss as a 
function of temperature. TGA thermograms of pure PCL, PVA, 5-FU and 5-FU-
PCNPs (F11, F21 and F31) were represented as shown in Fig. 8. PCL was thermally 

Fig. 7   XRPD patterns of PVA, 
5-FU, PCL and 5-FU-PCNPs 
formulation (F11, F21 and F31), 
respectively

5 10 15 20 25 30 35 40 45 50 55 60

2- Theta (degree)

PVA

5-FU

In
ten

sit
y (

a.u
.)

PCL

F11

F21

F31



6660	 Polymer Bulletin (2022) 79:6645–6671

1 3

stable until 270 °C where the thermal decomposition occurred in two steps at 250 
and 380  °C with weight loss of 20 and 60%, respectively. Thermal degradation 
of PVA decomposed at 275 °C due to the rupture of the polyester chains via ester 
pyrolysis reaction with the release of CO2, H2O, and formation of carboxylic acid 
groups according to Fukushima et al. [52]. On the other hands, thermal decomposi-
tion of 5-FU occurred in two steps. The degradation step takes place in the range of 
280–340 °C with weight loss of 10, 86%, respectively, due to the loss of water. Also, 
it was noticed that all formulations of 5-FU-PCNPs (F11, F21 and F31) decomposed 
at 315–320 °C instead of 280 °C for pure 5-FU which was attributed to the presence 
of PCL that increased the thermal stability of 5-FU–PCNPs compared to pure 5-FU 
and PCNPs [54]. Both of PCNPs and 5-FU– PCNPs showed low thermal stability 
compared to pure PCL which was referred to the fact that the nanoparticles have a 
greater superficial area with higher reactivity than the polymer which led to faster 
thermal decomposition. A similar observation was noted in the literature [52] which 
confirmed the results obtained from XRD.

TEM

TEM images of the prepared nanoparticle formulations (F11, F21 and F31) are 
shown in Fig. 9, which reveals shape and size of the nanoparticles. It is clear from 
the TEM images that F31 nanoparticles have smaller size and spherical shape than 
that of F21 and F11. Figure  9 shows that F31 nanoparticles are spherical in the 
shape and appear well dispersed without agglomeration. However, the size of F21 
nanoparticles is not spherical shape which may be due to aggregation of nanoparti-
cles. Also, Fig. 9 shows that F11 nanoparticles have large size of F11 nanoparticles 
may be due to the loading of 5-FU into PCL shell nanoparticles expands the size of 

Fig. 8   DSC and TGA thermograms of a: PVA, b:5-FU, c: PCL and d, e and f:5-FU-PCNPs formulation 
(F11, F21 and F31), respectively
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nanoparticles. It was observed that the encapsulation of 5-FU as a faint thin layer 
visible at the inner core of the nanoparticles.

SEM

SEM was used to determine the surface morphology of some samples of 
5-FU– PCNPs as F35, F31, F21 and blank PCNPs (FB) (PCNPs without using of 
5-FU) as presented in Fig.  10. SEM images presented that all nanoparticles have 
smooth a spherical surfaces with and absolutely thin distribution size. The parti-
cles were slightly smaller, and some particles had pores on their surfaces due to the 
shrinkage expected by drying during the dichloromethane evaporation. Some of 
the particles were also bound together due to the surface tension of water on the 
particles during dehydration, as determined by Wu and Clark [55]. So the contact 
between the particles is attributed to the presence of traces of PVA, which were 
not easily removed due to the adhesive nature of PVA [41]. These images show 
that all the particles have a spherical shape. From the interpretations of the SEM 
images, it was found that the particles obtained with a concentration of 3% PCL 
(F31) had a narrow size distribution and a more ordered shape compared to the par-
ticles obtained from the concentration of 2% PCL (F21) as shown in Fig. 10. This 
corresponds to, moreover, the polymer concentration contains an important factor 
affecting the properties of PCNPs prepared according to the double emulsification 
technique according to the literature [31]. Moreover, two samples were prepared 
with PVA concentration of 0.5% and 1% in the external water phase and its effect on 
morphology was studied with SEM. From the SEM images, it was evident that the 
particles prepared with 0.5% PVA (F35) showed good morphology with a smooth, 
ordered shape compared to the particles prepared with 1% PVA (F31), which were 
grouped together as shown in Fig. 10. This clumping may be due to excessive PVA 
which leads to macromolecule adhesion through dehydration.

Fig. 9   TEM images of F11, F21 and F31 nanoparticle formulations
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DLS comparative study of nanoparticles

Aqueous solutions of the studied samples were not molecularly dispersed. There 
were two types of particles with hydrodynamic radii Rm (middle mode) and Rs (slow 
mode). It may be assumed that the scattering objects responsible for the middle and 
slow modes are micelle-like structures and large aggregates. The hydrodynamic radii 
decreased with dilution (Fig. 11) that possibly caused by as a minimum two reasons. 
Firstly, this can be explained by the concentration need of the diffusion coefficient 
D0. Second, with the increase in concentration, we can imagine a growth in the 
real size of the micelles and collections. Extrapolations of the Rm and Rs values to 
zero concentrations give close values for samples with different compositions: The 
hydrodynamic radius of micelles is Rm = (24 ± 3), nm and the hydrodynamic radius 

Fig. 10   SEM images of samples blank PCNPs (drug free, FB), 5-FU-PCNPs for F21, F31, F35 at magni-
fication of 6000x



6663

1 3

Polymer Bulletin (2022) 79:6645–6671	

of aggregates is Rs = (120 ± 10) nm. Thus, the sample composition does not affect 
the size of the supramolecular structures formed in solutions. For all the solutions 
studied, the contribution of micelle-like structures Sm to the total light scattering is 
small; it is much smaller than the contribution Ss of large aggregates in (Tables 3, 
4, 5). However, the actual ratio of different types of particles in solutions is differ-
ent. The relative weight fractions of micelles cm and aggregates cs in solutions were 
estimated using experimental values of Rm, Rs, Sm and Ss. According to the static 
light scattering theory, the intensity I is proportional to both the molar mass M and 
concentration c of particles, i.e., I∼cM. The particle radius R is related to its molar 
mass as M ∼Rx, where parameter x depends on the particle shape: x = 2 for coil and 
x = 3 for rigid sphere. The values of cm and cs obtained with models coil (micelle)/
coil (aggregate) and sphere (micelle)/coil (aggregate) are presented in Tables 3, 4, 5. 
One can see that micelle-like structures prevail in investigated solutions. The most 
important is that the composition of the dissolved particles does not change at pas-
sage transition from sample to sample. Aqueous solutions of the studied samples 

Fig. 11   Concentration dependences of hydrodynamic radii of scattering objects

Table 3   DLS results for the dilute aqueous solutions of F11 nanoparticle formulation

F11

c Rm, nm Rs, nm Sm Ss cm cs cm cs

1 19 151 1 99 0.61 0.39 0.97 0.03
0.3 16 116 1 99 0.65 0.35 0.97 0.03
0.1 17 138 2 98 0.43 0.57 0.93 0.07
0.01 24 120 2 98 0.66 0.34 0.98 0.02
average 0.59 0.96
used molecular model coil/coil sphere/coil
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were not molecularly dispersed; there were two types of particles, namely micelle-
like structures and large aggregates. The sample composition does not affect the 
size of the supramolecular structures formed in aqueous solutions under study. The 
composition of the scattering objects does not depend on the component ratio in the 
sample.

Drug release behavior

The percentage of released 5-FU from the samples was investigated by UV–Vis 
spectrophotometer. Maximum absorbance of the 5-FU in PBS was obtained at 
266.4 nm by spectrophotometer [40]. Figure 12 displays in vitro drug release in vitro 
release profile for 5-FU from three selected PCNPs; F11, F21 and F31 compared 
to the free 5-FU suspension. The three formulations (i.e., F11, F21, and F31) have 
high EE% values of 30.5, 29 and 40.7%, respectively. All three PCNPs demonstrated 
a sustained release profile in which the 5-FU percentage released after 48  h was 
34.17%, 25.51% and 20.01% for F11, F21 and F31, respectively. On the other hands, 
the 5-FU suspension showed a very fast release, reaching 91.32% after just six hours. 
The release profiles of the examined PCNPs showed biphasic behavior, with an early 
rapid release detected within the first hour. This was followed by a slow and sus-
tained release that lasted up to 48 h. The slow release behavior of 5-FU from PCL 

Table 4   DLS results for the dilute aqueous solutions of F21 nanoparticle formulation

F21

c Rm, nm Rs, nm Sm Ss cm cs cm cs

1 17.5 210 1 99 0.41 0.59 0.92 0.08
0.3 23 147 0.5 99.5 0.83 0.17 0.99 0.01
0.1 20 136 1 99 0.68 0.32 0.98 0.02
0.01 20 125 1 99 0.72 0.28 0.98 0.02
average 0.66 0.97
used molecular model coil/coil sphere/coil

Table 5   DLS results for the dilute aqueous solutions of F31 nanoparticle formulation

F31

c Rm, nm Rs, nm Sm Ss cm cs cm cs

1 27 210 1 99 0.62 0.38 0.98 0.02
0.3 28 147 1 99 0.78 0.22 0.99 0.01
0.1 27 142 1.5 98.5 0.70 0.30 0.98 0.02
0.01 30 128 4.8 95.2 0.52 0.48 0.97 0.03
average 0.66 0.98
used molecular model coil/coil sphere/coil
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as carriers [45, 56] was previously reported and could be due to the strong hydro-
gen bond between 5-FU molecules and PCL delaying 5-FU diffusion in the release 
medium. Another important note is that after 48 h, the percentage of drug released 
was significantly increased (Pb 0.05) as the PCL concentration increased, and the 
percentage of drug released at a colonic pH of 7.4 decreased. Indeed, increasing 
the PCL concentration from 1 to 3% reduced the fraction of the released drug at 
pH 7.4 from 60.3 to 40.9% after 28 h. This may be the amorphous nature of PCL 
(seen in both formulations as F11, F21 and F31 from Fig. 12), which would acceler-
ate decomposition. The used PCL Mw = 14,000 g/mol, it is a very clearly observed 
phenomenon that the release mechanism can easily be modulated by the weight of 
used polymer as higher molecular weight polymer shows slower release of the drugs 
[57]. It has been observed that at the same amount of polymer in the microspherical 
system, the polymers of higher viscosity are difficult to dissolve. The main reason 
behind this phenomenon is the requirement of higher energy to pull the chain of pol-
ymers of higher viscosity from their matrix and formation of thicker gel layer after 
the hydration. The viscosity effect is mainly due to the differences in the molecular 
weight of the polymers. The following equation has been derived to explain the rela-
tion between the polymer molecular weight and disentanglement concentration [58]:

Anticancer screening

Six different preparations were investigated in vitro for their behavior on human can-
cer cells as HCT-116, MCF-7, HepG2 and A549 in addition to on human normal 
cells RPE-1 using the MTT assay. The percentages of intact cells were calculated 
and compared with those in the control. The effect of these preparations against four 
cancer cell strains lines compared with the activity of doxorubicin in addition to its 
activity on normal cells. All preparations suppressed the five human cells in a dose-
dependent manner (Figs. 13, 14, 15, 16, 17). In order to study the efficacy and safety 

Fig. 12   In vitro release profiles of free 5-FU and PCNPs formulations (F11, F21 and F31) in phosphate 
buffer, pH 7.4
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of the six preparations, the cytotoxic effect of all formulation was related to the cyto-
toxicity of the reference drug (doxorubicin) as follows. In case of HCT-116, MCF-7, 
HepG2, A549 and RPE-1, both Figs. 13, 14, 15, 16, 17 and Table 6 show that all six 
formulations are significantly less cytotoxic compared to doxorubicin. All the six 
preparations considered safe to be used on both cancer and normal human cells. In 
conclusion, due to the safety effect, these six preparations could be used as effective 
drug carriers to deliver drugs without any toxic effect on the healthy cells.

Conclusion

5-FU–PCNPs were prepared by double emulsion method in which a number of fac-
tors affecting particle size such as the PCL concentration for first emulsion and con-
centration PVA for second emulsion were examined. An increase in observed of the 
EE% values with increasing concentration of PCL from 1 to 3%. Also, increase in 

Fig. 13   Dose dependent cytotoxic activities of six preparations against HCT-116 cancer cells using MTT 
assay

Fig. 14   Dose-dependent cytotoxic activities of six preparations against A549 cancer cells using MTT 
assay
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Fig. 15   Dose-dependent cytotoxic activities of six preparations against MCF-7 cancer cells using MTT 
assay

Fig. 16   Dose-dependent cytotoxic activities of six preparations against HepG2 cancer cells using MTT 
assay

Fig. 17   Dose-dependent cytotoxic activities of six preparations against RPE-1 normal cells using MTT 
assay
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EE% values was observed with increasing concentration of PVA of second emulsion 
from 1 to 3% at constant concentration of PCL of first emulsion. PCL concentration 
has an important effect on particle size, that is, the particle size increases relatively 
when the amount of PCL is increased, while at low PVA concentration, a smaller 
particle size could be achieved than at higher concentration. From the SEM images, 
it was representing that the surface morphology of the obtained nanoparticles has 
a smooth surface with spherical shape. The XRD study revealed the molecularly 
dispersed 5-FU in nanoparticles in the case of 5-FU-loaded nanoparticles. Finally, 
correlations between structural and morphological factors and preparation condi-
tions (composition, concentration of stabilizer) were evaluated. Estimation of the 
efficacy of 5-FU drug encapsulation in the polymer matrix showed that the prepared 
polycaprolactone nanoparticles be used effectively for the preparation of controlled 
release matrices for anticancer drug. All six formulations were significantly less 
cytotoxic than the reference drug (doxorubicin). All six formulations are safe to use 
on both cancer cells and normal human cells.
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