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Synthesis, characterization, and cytotoxicity e
of doxorubicin-loaded polycaprolactone
nanocapsules as controlled anti-hepatocellular
carcinoma drug release system
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Abstract

Background: Free doxorubicin (Dox) is used as a chemotherapeutic agent against hepatocellular carcinoma
(HCQ), but it results in cardiotoxicty as a major side effect. Hence, a controlled Dox drug delivery system is extremely
demanded.

Methods: Dox was loaded into the non-toxic biodegradable polycaprolactone (PCL) nanocapsules using the double
emulsion method. Characterization of Dox-PCL nanocapsules was done using transmission electron microscopy and
dynamic light scattering. Encapsulation efficiency and drug loading capacity were quantified using UV-visible spec-
trophotometry. Drug release was investigated in vitro at both normal (7.4) and cancer (4.8) pHs. Cytotoxicity of Dox-
PCL nanocapsules against free Dox was evaluated using the MTT test on normal (Vero) and hepatic cancer (HepG2)
cell lines.

Results: Spherical nanocapsules (212 £ 2 nm) were succeffully prepared with a zeta potential of (-22.3£2 mv)

and a polydisperse index of (0.01940.01) with a narrow size distribution pattern. The encapsulation efficiency was
(73.15 £ 4%) with a drug loading capacity of (16.88 £ 2%). Importantlly, Dox-release from nanocapsules was faster

at cancer pH (98%) than at physiological pH (26%). Moreover, although Dox-PCL nanocapsules were less toxic on
the normal cell line (Gl 50=17.99 £ 8.62 ug/ml) than free Dox (GI 50 =16.53 £ 1.06 ug/ml), the encapsulated Dox
showed higher toxic effect on cancer HepG2 cells compared to that caused by the free drug (GI 50=2.46 £0.49 and
4.2240.04 pg/ml, respectively).

Conclusion: The constructed Dox-PCL nanocapsules constitute a potentially controlled anti-HCC therapy with mini-
mal systemic exposure.
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Globally, liver cancer is considered as the second cause
of death with an annual incidence of ~ 850,000 cases [1].
In Egypt, liver cancer is considered as the most common
type of cancer in males and the second most common
type of cancer in females [2, 3].

Hepatocellular carcinoma (HCC) represents 90% of
all primary liver cases. Worldwide, HCC represents the
seventh most common cancer in females and the fifth in
males [4]. In Egypt, liver cancer constitutes 1.68% of total
cancer cases and HCC accounts for 70.48% of all liver
tumors [5].

Cirrhosis is caused by many factors such as infec-
tion with hepatitis B or hepatitis C viruses, alcoholism,
inherited metabolic diseases, diabetes, smoking as well as
exposure to aflatoxins: a group of mycotoxins produced
by the Aspergillus fungus in foodstuffs like corn and pea-
nuts during storage in warm damp conditions [6].

HCC treatment requires careful screening and selec-
tion of therapies such as radiotherapy, chemotherapy, and
surgery. Although radio- and chemotherapeutic drugs
are capable of shrinking tumor growth for a short time,
they require multiple schedules of treatment. In addition,
chemotherapeutic drugs do not only kill cancerous cells
but also the healthy normal ones, resulting in significant
toxic side effects for the patients [7].

Examples of these cytotoxic chemotherapeutic drugs
are doxorubicin (Dox), mitomycin C, cisplatin, and

cline antibiotic, which is widely used for the treatment
of many types of tumors such as acute leukaemia, liver,
lung, breast, ovarian, stomach, uterine, testicular and
bladder cancers [9].

Several mechanisms have been proposed and subjected
to controversy. One of the most popular explanations is
the ability of Dox to inhibit DNA synthesis through inter-
calating with the DNA topoisomerase II enzyme [10-12].
Dox inhibition of these enzymes causes failure of resolv-
ing the knotting and supercoiling of the DNA double
strands during transcription, recombination, and cellular
replication, which results in the death of the cancer cell
or any other cell by inducing cell apoptosis [13].

However, many adverse events are caused by the
administration of Dox including; anaemia, vomiting,
skin pigmentation, diarrhea, dehydration, gastrointes-
tinal tract bleeding, hyperuricemia and cardiotoxicity
[14]. Cardiotoxicity is considered as the main obstacle of
treatment using Dox [15]. The first case of cardiotoxic-
ity caused by the repeated treatment of doxorubicin was
presented as heart failure in 1967 [16]. The cardiotoxicity
induced by Dox occurs through the accumulation of both
cellular reactive oxygen species (ROS) and mitochondrial
irons, as a result of the binding of Dox molecules to the
cell membranes [17].

Mitochondria are then the most affected intracellu-
lar organelles following cellular exposure to Dox, which
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is accumulated in the mitochondrial membrane mainly
due to its high afinity to bind cardiolipin, a mitochon-
drial membrane phospholipid [18-21]. Cardiolipin is
responsible for maintaining the structure, function, car-
diac energy metabolism of the mitochondria and cell
survival [22, 23]. Binding of cardiolipin to Dox results in
the bloking of the mitochondrial electron transport chain
through the deactivation of complexes I, III, and IV [24,
25]. Moreover, superoxide anion (O,7) is produced upon
the reoxidation of these species via transferring one elec-
tron to molecular oxygen (O,). Furthermore, hydrogen
peroxide (H,0O,) is synthesized by manganese superoxide
dismutase, and can undergo subsequent Fe or Cu medi-
ated conversions into more reactive hydroxyl radicals [26,
27]. Consequently, these reactive species can cause lipid
peroxidation as well as nucleic acid and protein oxida-
tion. Hence, serious destructive effects in mitochnodria
are resulted including damage of mitochondrial DNA
(mtDNA), decrease of ATP concentrations, cardiolipin
peroxidation, and alteration in the permeability of the
inner mitochnondrial membrane [28-30].

In addition, tumor cells exhibited multidrug resist-
ance (MDR), attributed to the presence of P-glycoprotein
(P-gp), which can pump Dox out, resulting in reducing
its intracellular accumulation and therapeutic efficacy.
These drawbacks of Dox efficiency on cancer therapy
resulted in the restriction of its clinical applications and
the need to develop new drug formulations [18].

The advances in nanotechnology and nanomedicine
have led to the use of nanocarriers as drug delivery sys-
tems to deliver a certain chemotherapeutic drug to can-
cer cells [19]. This is actually the main reason why much
effort has been dedicated to the development of pharma-
ceutical and colloidal forms encapsulating this drug, to
reduce its undesirable side effects [22].

The ideal drug delivery system (DDS) should have the
ability to deliver the appropriate therapeutic drug dose
to the target cells and release it in a controlled manner
in the human body in order to maintain its applicable
concentration for a certain period of time. This helps to
diminish the side effects of drugs and maximize their
therapeutic efficacy [24].

Among a range of drug nanoparticles that are synthe-
sized using polymers are Polymeric Nanocapsules, which
have a central core surrounded by a polymeric outer shell.
These are mostly applicable as nanocarriers to deliver
anticancer drugs. Moreover, they are able to incorporate
higher doses of chemotherapeutic drugs, which results in
the enhancement of their therapeutic effects [26, 28].

Recently, many scientists prepared different forms of
Dox-loaded polymeric nanocapsules, using various poly-
mers to minimize its toxic side effects [29].
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In this study, polycaprolactone (PCL) was chosen to
produce polymeric nanocapsules, as it is considered as
an interesting biocompatible and biodegradable synthetic
polymer for the preparation of nanocarriers with poten-
tial therapeutic applications. PCL is approved by the
United States Food and Drug Administration (FDA) and
commonly used to encapsulate a wide range of antican-
cer drugs [32].

The aim of the present study was the synthesis of poly-
meric nanocapsules with an aqueous inner core enclosed
by an organic layer and both are surrounded by an outer
aqueous shell. This double-layer structure can readily
guarantee the incorporation of the anticancer Dox drug
into the nanocapsules cores, whereas the hydrophilic
outer shell can provide stabilization for the nanocapsules
without the need for additional surfactant. The prepared
Dox polymeric nanocapsules are to be highly promising
for safe chemotherapeutic applications by reducing its
cytotoxicity against normal Vero cell line, and increasing
its therapeutic effect against cancer HepG2 cell line.

Methods

Materials

Polycaprolactone (Mw. 10 000 Da), polyvinyl alcohol
(PVA) (Mw: 13,000-23,000 Da), potassium phosphate
dibasic, and ethyl acetate were obtained from (Aldrich,
UK).

Doxorubicin.HCI solution was purchased from (Ebewe
Pharma, Australia). Dichloromethane (DCM) was from
(Carlo, UK), Polyethylene glycol (PEG) (Mw: 8000 Da)
was from (Fisher, USA), sodium chloride was from
(Fluka, Germany), potassium chloride was from (Sigma,
Germany), and sodium phosphate monobasic was from
(Biobasic Company, Canada). The normal Vero cell line
and liver cancer HepG2 cell line were purchased from
the tissue culture laboratory of (VACSERA, Egypt). The
3-(4, 5-dimethylthiazol-2-yl)-2 and 5-diphenyltetrazo-
lium bromide (MTT) was from (Sigma, USA), phosphate
buffer saline (PBS) was from (Biowest Nuaille, France),
DMEM Earle’s medium with L-Glutamine, HEPES and
Pen-Strep antibiotics were purchased from (Lonza, Swit-
zerland). Dimethylsulfoxide (DMSO) was purchased
from (Sigma, Germany).

Preparation of Dox—PCL nanocapsules

Dox-PCL nanocapsules were produced by modified dou-
ble emulsion technique (W/O/W) as described by [33].
Briefly, 1.5 ml Dox solution (2 mg/ml) were emulsified
with 10 mg PCL dissolved in 8 ml DCM using a high
speed homogenizer (Tekmar, UK) for 3 min at 5000 rpm
to create the first emulsion phase of water-in-oil (W1/0O).
Then, the first emulsion is transferred to an aqueous solu-
tion containing 35 ml 2% PVA and 5 ml 0.5% PEG and
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are homogenized for 5 min at 8000 rpm to form the sec-
ond emulsion phase (W1/O/W2). The resulting mixture
was left stirred on a magnetic stirrer (C-MAG HS 7, IKA,
China) overnight at room temperature, in the dark. After
evaporation of DCM, the remaining solution was centri-
fuged using an ultracentrifuge (supra25K, Hanil science
industrial, Korea) for 1 h at 13,000 rpm and 10 °C. Finally,
the supernatant was decanted and stored to be used later
on (“Evaluation of Dox encapsulation efficiency and drug
loading” section) and the pellet was resuspended in 2 ml
deionized H,O and directly fed into the freeze dryer
(Edwards Modulyo, UK) to produce a dried powder of
Dox- PCL nanocapsules, which was then collected and
kept at 4 °C.

Evaluation of Dox encapsulation efficiency and drug
loading

The encapsulation efficiency percentage (EE %) and drug
loading content (DL%) of Dox-PCL nanocapsules were
indirectly measured using the supernatant resulted from
the previous step (“Preparation of Dox—PCL nano-
capsules” section), i.e., after centrifugation of the final
nanoemulsion mixture solution produced from the final
phase of the double emulsion procedure used to pre-
pare Dox-PCL nanocapsules at 13,000 rpm for 1 h. The
sample was measured in triplicate using UV-Vis spec-
trophotometer (Model: se6100 UV-Vis double beam,
Abbota Corporation, USA) at 480 nm and the results
were presented as the mean+ SD. Standard calibration
curve of known Dox.HCl concentrations (1, 0.5, 0.25,
0.125, 0.0625, 0.03125, 0.0156, 0.0078, 0.0039, 0.00195,
0.000975 and 0.0000487) mg/ml was constructed [34]. EE
% and DL % were calculated using the following Eq. (A.1)
and Eq. (A.2):

EE(%) = 1 conc of free Dox 100

E conc of total Dox (A1)
M of Dox x EE

DL (%) = x 100 (A.2)

M of Dox + M of Polymer

where, M of Dox and M of polymers are the initial mass
of Dox and PCL, respectively, used in the double emul-
sion technique.

In vitro release study of Dox from PCL nanocapsules

The released amount of Dox from the polymeric nano-
capsules was investigated at two pH values in simulated
dissolution media: pH 4.8 simulating the pH of cancer-
ous cells, and pH 7.4 simulating the environment of the
normal tissues, over a period of 23 days according to [35,
36]. Briefly, 1-mg sample of Dox-PCL nanocapsules was
added to a 5-ml volume of 1X PBS at (pH 7.4) or (pH 4.8)
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and incubated in an orbital shaker stirring at 37 °C and
100 rpm. A 500-pL aliquot of the supernatant was taken
at different time intervals (pH 4.8: 0.5, 1, 2, 4, 6, 12, 24,
48 and 72 h; pH 7.4: 0.5, 1, 2, 4, 6, 12, 24, 48, 72, 96, 168,
216, 264, 336, 384, 432, 504 and 552 h) and supplemented
with a 500-pL fresh 1X PBS solution to maintain the total
volume. The absorbance of released Dox was measured at
480 nm using UV-Vis spectrophotometer. Two standard
calibration curves of known Dox.HCI concentrations (1,
0.5, 0.25, 0.125, 0.0625, 0.03125, 0.0156, 0.0078, 0.0039,
0.00195, 0.000975 and 0.0000487) at the two pH values
(4.8 and 7.4), were separately constructed. Finally, the
cumulative release of Dox from PCL nanocapsules was
calculated using Eq. (B.1).

The cumulative drug release(%)

amount of Dox released
= —— x 100
initial amount of Dox

(B.1)

Morphology of Dox-PCL nanocapsules

The shape of the nanocapsules was determined using a
transmission electron microscope (TEM) (JEM-1400,
Jeol, USA). A small drop of the nanocapsules suspension
was added to the carbon-coated grid, stained with uranyl
acetate, and air-dried before measurement.

Assessment of nanocapsule size and size distribution

The average size and PDI of the nanocapsules were meas-
ured using DLS (Malvern, UK). The sample was diluted
and sonicated for 5 min and then measured at room
temperature.

Zeta potential analysis of the nanocapsules

The surface charges of the obtained nanocapsules
were measured as a function of zeta potential by DLS
(Nanotrac, wave2, UK).

In vitro studies of Dox-PCL nanocapsules on the viability

of normal and cancer cell lines

Normal Vero cell line and liver cancer HepG2 cell line
were chosen to evaluate the cytotoxicity of both free Dox
and Dox-PCL nanocapsules by MTT assay. The cells were
cultured according to the protocol proposed by Ameri-
can Type Culture Collection (ATCC) [37]. HepG2 and
Vero cells were cultured separately in 6-well cell culture
plates at a density of 30000 cells per well for 24 h at 37 °C
in a 5% CO, incubator. Based on the study [38], various
concentration ranges of the free drug, Dox, have been
prepared (42.2 to 0 pg/ml). Equivalent amounts of encap-
sulated drug inside drug-containing PCL nanocapsules
(250 to 0 pg/ml) were adjusted to the same concentra-
tions of the free drug by the corresponding cell culture
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Table 1 The concentrations of Dox and Dox-PCL nanocapsules
used in MTT assay

Dox volume (pl) used Dox conc. Equivalent Dox conc. inside

as a positive control (ng/ml) Dox-PCL nanocapsules (ug/
ml)

21 422 250

10.5 21.1 125

5.26 1 62.5

263 53 31.25

1315 26 15.6

0.657 13 7.8

0329 0.65 3.9

0.164 0.325 2

0 0 0

medium. The MTT assay was done based on the calcula-
tion of the drug loading capacity of anticancer drug, Dox,
inside PCL nanocapsules: Each 1 mg of the nanocapsules
contains 0.1688 mg/ml of Dox. For example, the first con-
centration of Dox-PCL nanocapsules 250 pg/ml contains
42.2 pg/ml of the free Dox as shown in Table 1.

Briefly, cells were then treated for 72 h with Dox-PCL
nanocapsules solution at concentrations of (250, 125,
62.5, 31.25, 15.6, 7.8, 3.9, 2, 1 and 0) pg/ml. Free Dox
drug was used as a positive control at concentrations of
(42.2, 21.1, 11, 5.3, 2.6, 1.3, 0.65, 0.325, 0) pg/ml. Then,
20 ul of MTT reagent (5 mg/ml) was added to each well
and the plates were incubated for 3 h at 37 °C in a 5%
CO, incubator. Finally, the media with MTT solution
was carefully aspirated and replaced with 150 pl DMSO
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by a multichannel micropipette, the plates were covered
with aluminum foil, and agitated on an orbital shaker for
15 min. Absorbance at A 570 nm was measured using a
microplate reader. The cell viability is expressed as a per-
centage of viability using Eq. (C.1):

ATreated — ABlzmk

Viable cells (%) =
Control — ABlank

(C.1)

where, Ar...q iS the average absorbance in wells con-
taining cells treated with a defined concentration of free
Dox or Dox-PCL nanocapsules, Ay, is the absorbance
of blank (DMSO), and A, is the absorbance of the
untreated cells that were used as negative control [39,
40].

In parallel, the cytotoxic effect of empty PCL nanocap-
sules (0 to 250 pg/ml) was also studied as a blank control.

For inhibitory concentration (GI 50) calculation of free
Dox and Dox-loaded PCL, an excel sheet was used after
calculating the inhibition percentage at various concen-
trations of both Dox forms and the results are expressed
as mean £ SD.

Statistical analysis

The data were presented as the mean=+SD of at least
three replicates. The test of significance was performed
by GraphPad Prism 7 (San Diego, California, USA). Two-
tailed multiple T-test was employed to determine the sig-
nificance of differences between normal and cancer cells.
The p-value<0.05 was considered to indicate a statisti-
cally significant difference.e.
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Fig. 1 Calibration curve of known concentrations of Dox vs absorbance
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Results

Calculation of EE % and DL % of Dox-PCL nanocapsules
Firstly, a calibration curve of known drug concentrations
vs absorbance at A 480 nm was constructed as shown in
Fig. 1.

Dox-PCL nanocapsules were successfully prepared by
the double emulsion technique. Encapsulation efficiency
(EE %) and drug loading (DL %) were 73.15%+4 and
16.88 +2%, respectively.
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Characterization of Dox-PCL nanocapsules

A TEM image revealed that Dox-PCL nanocapsules
prepared by double emulsion were spherical as shown
in Fig. 2. The nanocapsules appeared as bright spheri-
cal entities surrounded by a dark stain. It was apparent
that Dox was assembled in the nanocapsule core sur-
rounded by the hydrophobic PCL part and the aqueous
phase of PVA was exposed to the outer shell. The particle
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Fig. 2 TEM image of Dox-PCL nanocapsules
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Fig. 3 Particle size distribution of Dox-PCL nanocapsules
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size and PDI are illustrated in Fig. 3. The average size of
nanocapsules determined by DLS was 212 nm =2, the
zeta potential was -22.3 +2 mv, and PDI was 0.0194+0.01
with a narrow monodispersed unimodal size distribution
pattern.

Cumulative release of Dox from PCL nanocapsules

at normal and cancer pHs

Two calibration curves of known drug concentrations vs
absorbance at A 480 nm were constructed at 2different
pHs (normal 7.4; cancer 4.8) as shown in Figs. 4 and 5.

The profile of Dox-release indicated only one phase
of release as shown in Fig. 6. Approximately 97.45%
of Dox was released within 72 h at pH 4.8 (cancer pH).
Whereas, the rate of Dox release at pH 7.4 (normal pH)
was approximately 99.67% over 23 days, which is notably
slower than that at the cancer pH.

In vitro cytotoxicity evaluation of free Dox, blank PCL

and Dox-PCL nanocapsules by MTT assay

Results shown in Fig. 7 illustrated that after 72 h treat-
ment with free Dox (42.2-0 pg/ml), normal Vero cells
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showed a viability percentage of 34.77-100%, while
cancer HepG2 cells had a viability percentage of
15.31-100%. Application of empty blank PCL nano-
capsules (250—0 pg/ml) resulted in vialbility percent-
ages of ~97-100% and ~93-100% in Vero and HepG2
cell lines respectively (Fig. 8). On the other hand, Dox-
PCL nanocapsules (250-0 pg/ml) containing equiva-
lent amounts of the drug (Table 1) caused normal Vero
cells to show a viability percentage of 35.72-100%
while cancer HepG2 cells showed a viability percent-
age of 11.06-100% (Fig. 9). Statistical analysis using
Multiple T-test showed a high significance between
normal and cancer cells at all tested concentra-
tions of Dox, blank PCL and Dox-PCL nanocapsules
(p-value <0.001).

The GI 50 (inhibitory concentration to cause
growth inhibition by 50%) of free Dox and Dox-PCL

nanocapsules was also studied as shown in Fig. 10. For
normal Vero cells, the results indicated that GI 50 of
Dox-PCL was 17.99+8.62 pg/ml after 72 h as com-
pared with free Dox that had GI 50 of 16.53 +1.06 pg/
ml. On the other hand, the GI 50 of both 72 h treat-
ments with free Dox and Dox-PCL on HepG2 cells
were 4.22+0.04 and 2.46+£0.49 pg/ml, respectively,
Statistical analysis showed that there was a statistical
significance between free Dox and Dox-PCL nanocap-
sules (p-value =0.0034).

Discussion

Dox is a chemotherapeutic drug extremely used in the
treatment of many types of cancer. Its mechanism of
action is based on binding to the DNA strands to inhibit
its macromolecular synthesis. The disadvantages of Dox-
based cancer therapy include the fact that Dox has toxic
side effects on both cancer and healthy cells causing
heart failure. In addition, tumor cells exhibited multid-
rug resistance, attributed to the presence of P-glycopro-
tein, which can pump Dox out, resulting in reducing its
intracellular accumulation and decreasing its therapeutic
efficacy. These are the major drawbacks of Dox efficiency
against cancer therapy which results in restriction of its
clinical applications and the need to develop new drug
formulations [41]. These requirements have resulted in
a trend towards miniaturization, which has challenged
scientists from multidisciplinary fields to engineer novel
drug delivery systems. Furthermore, several drug mol-
ecules cannot be formulated or administered by con-
ventional techniques as they exhibit poor encapsulation
efficiency of hydrophilic anticancer drugs such as Dox or
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suffer from limited sustained release in a complex envi-
ronment such as the human body [42].

The ideal drug delivery system (DDS) should be capa-
ble of delivering a wide range of anticancer drugs for a
sustained period of time into the target sites in a slow
release manner. This provides an enhanced antitumor
efficacy with reduced systemic side effects. Moreover,
these DDS can protect drugs against their rapid metabo-
lism and clearance by the liver, kidneys, and reticuloen-
dothelial system, which then enhance drug stability and
target specificity [22, 43, 44].

Due to their exceptional properties compared with
bulk materials, nanoparticles applications are now found
in various practical fields. In this regard, a combination
of pharmacology and nanotechnology has contributed
to produce more effective anticancer agents by decreas-
ing the resistance of cancer cells. There are many types
of metallic nanoparticles with several physicochemical
properties such as selenium, silver, gold, titanium diox-
ide, zinc oxide, copper oxide, platinum, and magnesium
oxide, which have been well known as anticancer car-
riers [45]. However, metallic drug nanocarriers result
in raising issues of toxicity to humans and the environ-
ment. The insoluble metallic nanoparticles are likely to
be accumulated in sensitive organs such as the heart,
liver, spleen, kidney, and brain after inhalation, inges-
tion, and skin contact. Also, in vitro and in vivo studies
had provided that the exposure to metallic nanoparticles
could induce the production of reactive oxygen species
(ROS), which is a predominant mechanism leading to
organ toixicity [46]. Thus, efforts are focusing on using
biocompatible proteins and polymers such as albumin
nanoparticles [47]. But, the major obstacles associ-
ated with using albumin as DDS are; low stability, poor
batch-to-batch reproducibility, difficulty in sterilization,
only used with hydrophobic drugs, and low drug load-
ing capacity. Therefore, albumin is not suitable to encap-
sulate the highly hydrophilic anticancer Dox.HCl drug
[48]. As the selection of a suitable polymer is a crucial
step, polycaprolactone (PCL) was chosen in our study to
produce polymeric nanocapsules. PCL is a biodegrad-
able and biocompatible synthetic aliphatic polyester
approved by FDA. PCL and its derivatives are nontoxic
and have high permeability to a lot of drugs. Properties
of PCL like thermal responsiveness, drug entrapment,
degradation kinetics, mechanistic properties, fabrication
easiness, and controlled release nature make it a prom-
ising polymer for colloidal drug delivery applications.
Most importantly, PCL is a very hydrophobic crystalline
polymer, which is broken down by hydrolysis of its ester
bonds under the normal physiological conditions in the
human body and has minimal or no toxicity. Therefore,
it has taken the attention of researchers as an applicant
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of choice for use in drug delivery applications and long-
term implantable devices for both lipophilic and hydro-
philic drugs [49]. In this study, the biocompatible and
nontoxic PCL polymeric nanocapsules were success-
fully loaded with Dox by a modified double emulsion
technique (W/O/W) according to Katata et al. [33]. The
double emulsion technique was chosen to encapsulate
the hydrophilic Dox.HCl inside the first (inner) aqueous
phase of the core—shell nanocapsules to provide a high
drug loading content (16.68+2%) as well as a specific
and sustained release of the anticancer drug at the cancer
cells only. This leads to the reduction of its damaging side
effects on normal cells, and then enhances its therapeu-
tic applications [50]. According to [33], the hydrophilic
Dox.HCl, a toxic chemotherapeutic drug model, was
loaded into PCL nanocapsules using the double emul-
sion (W1/0O/W2) method. The compatibility between
Dox and PCL were approved, whereas the ability of the
inner core to encapsulate Dox is largely dependent upon
the compatibility between the hydrophobic polymer and
the drug molecule [51]. Furthermore, our results are in
line with [52, 53], who selected the double emulsion tech-
nique due to its advantageous capability to encapsulate
both hydrophilic and hydrophobic drugs using PCL.

For intravenous administration, nanomedicines with
high drug loading content of more than 10% are favora-
ble for cancer therapy, to reduce the drawbacks associ-
ated with nanocarrier materials having low drug content
[54]. The prepared Dox-PCL nanocapsules were analyzed
using DLS and were found to have a size of 21242 nm,
a charge (ZP) of -22.3+2 mv, and PDI of 0.0194+0.01
with a narrow monodispersed unimodal size distribu-
tion pattern. TEM imaging revealed that the prepared
nanocapsules were spherical as shown in Fig. 2. Previous
studies have shown that the shape of nanoparticles plays
an important role in the delivery of the anticancer drug,
especially in biological practices, including internaliza-
tion by passage through the blood circulation system and
directing to the sites of cancer [55]. Transport of spheri-
cal nanoparticles is expected to be much easier because
of their characteristic symmetry, whereas nonspheri-
cal nanoparticles may align or tumble in the presence of
flow [56]. The size of nanoparticles used in drug delivery
systems should be in the range of (10-250) nm, which is
large enough to prevent their rapid leakage from blood
capillaries but small enough to escape capture by fixed
macrophages that are lodged in the reticuloendothelial
system (RES), such as the spleen and liver [22, 57]. More-
over, zeta potential (ZP) is an important parameter to
predict the storage stability of the nanoparticles colloidal
suspension. High values of ZP, either positive or negative,
are required to confirm stability and avoid aggregation of
the particles by electrostatic repulsive forces [58, 59]. ZP
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of more than 13 mV indicates stable nanoparticles [60].
PDI is a numerical value that represents the homogene-
ity of the sample. If PDI is below 0.4, the particles of the
sample are considered homogenous (i.e., similar size). If
PDI is higher than 0.4, the sample is less homogenous. If
PDI is more than 1, the sample is completely heterogene-
ous [61]. In this study, a pH of 4.8 was selected to mimic
the pH of cancer cells, while a pH of 7.4 was selected
to mimic the pH of the healthy cells. It was observed
that the Dox release from the polymeric nanocapsules
was faster (~97% within 72 h) at pH 4.8 than at pH 7.4
(~97% over 23 days), which is an excellent indicator of
the selectivity of Dox-PCL nanocapsules to be released at
the cancer site (pH 4.8), while Dox was hardly released
at the normal site (pH 7.4). According to [62], a free Dox
solution was used as a positive control, and showed a rel-
atively fast release of Dox, reaching 100% release of the
total theoretical amount of Dox at 2 h and 35 min at pH
7.4. Also in the study of [63], compared with the free Dox
that released to the extent of 92% within 2 h, the Dox-
loaded PLA-PEG-FA SPIONSs showed sustained release
at a steady rate of Dox by diffusing through the polymeric
matrix for 120 h. In our study, the pH 4.8 was selected to
mimic pH of cancer cells, while pH 7.4 was selected to
mimic pH of the healthy cells. It could be observed that
Dox release from Dox-PCL was faster at pH 4.8 than at
pH 7.4. This was obvious also when the color of incuba-
tion media was changed after 12 h of incubation. Dur-
ing the releasing process, Dox was first released inside
the hydrophobic core region of the polymeric nanocap-
sules, then diffused out from the hydrophilic outer shell
of the nanocapsules, and eventually into the incubation
medium. This delay of drug release indicates the nano-
particle applicability as a powerful drug carrier that mini-
mizes the exposure of healthy tissues while increasing
the accumulation of therapeutic drug in the tumor site
resulting no more Dox-repeated treatment which was the
main reason of cardiotoxicity.

Moreover, our results are significant to the study done
by [64], which reported that in the in vitro release rate
of Dox from Thermo/pH-responsive targeted polymeric
nanocapsules  (p(NIPA-co-AAc-co-GAA)), fabricated
through double emulsion solvent evaporation tech-
nique with drug loading content of 24.31%, was much
higher under acidic pH 3.0 than under physiological pH
7.4. Moreover, our results are advantageous over that
from [65], in which magnetic nanoparticles were pre-
pared based on cyclodextrin dendritic-graphene oxide
as nanocarriers for Dox, with a drug loading capacity of
only 9.8%, while our Dox-PCL nanocapsules showed a
higher drug loading capacity reaching 16.88%. Moreo-
ver, our results are significant to [66], showing that the
in vitro release rate of Dox from selenium nanoparticles
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(SeNPs) decorated with hyaluronic acid (HA), HA-SeNPs
nanoparticles, was up to 76.9% at 30 h. Nevertheless, the
release rate of Dox in PBS at pH 7.4 was about 53.5%.
Our results are advantageous over that of [67], who
prepared a magnetic iron oxide nanoparticles (IONPs)
stabilized with trimethoxysilylpropyl-ethylenediamine
triacetic acid (EDT) were developed as a nanocarrier for
anticancer drug doxorubicin, with drug loading capac-
ity of only 540.05%, while our dox-PCL nanocapsules
showed a higher drug loading capacity reaching 16.88%.
Also, our results are advantageous over that from [68], in
which Dox-PLGA-lecithin PEG biotin NPs were synthez-
ised with drug loading content of only 7.21%, after trans-
formation of hydrophilic Dox.HClI into hydrophobic Dox.
The in vitro release studies showed that more than 50% of
Dox were released from PLPB-NPs after 96 h of incuba-
tion at pH 7.4.

The effects of free Dox and Dox-loaded PCL nanocap-
sules on the viability of different cell lines, but not Vero
and HepG2, were examined by the MTT assays, to evalu-
ate their cytotoxicity and pharmaceutical efficacy. In our
study, blank PCL nanocapsules have been studided in
parallel and results showed that the empty vehicles were
safe on normal Vero cells (97-100% viability) and had
a negligible cytotoxic effect on HepG2 cells (93—-100%
viability). Which agrees with [69, 70], approving that the
blank PCL nanocapsules have almost no cytotoxic effect
on the normal Vero cell line. Also, according to [71], the
PCL showed in vitro antiproliferative and antioxidant
effects against HepG2 cancer cells while causing opposite
action on healthy hepatocytes by increasing their sur-
vival until 4 weeks in culture. Hence, the effect of empty
PCL nanocapsules could be neglected in our study for
both the normal Vero and cancer HepG2 cell lines. Our
results from MTT test reported that in comparison to
free drug, Dox-PCL nanocapsules had a more therapeu-
tic effect against the viability of HepG2 cancer cells but a
less cytotoxic effect on normal Vero cells. In which, can-
cer cells were significantly more sensitive to encapsulated
than free drug resulting in cell viability percentages of
(11.06 to 100%) and (15.31 to 100%), respectively. In con-
trast, the viability of normal Vero cells was significantly
increased after drug encapsulation (free Dox: 34.77 to
100%; Dox-PCL: 35.72 to 100%). These differences in
cytotoxicity between free Dox and Dox-loaded nanocap-
sules could be attributed to the different cellular uptake
mechanisms of the drug, in which the cellular uptake
of free Dox occurs through a passive diffusion mecha-
nism. This is reasonable since Dox could move freely
through both the plasma membrane and nuclear mem-
brane, which may result in the trapping of the drug at
the P-gap junction counteractive effects in healthy cells.
However, in the case of Dox-loaded nanocapsules, the
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Fig. 11 Graphical Abstract; Polycaprolactone (PCL)-based nanocapsules loaded with the antitumor agent doxorubicin (Dox) were prepared using
the double emulsion technique. The promising nanocarriers (212 nm) were defined to have a narrow monodispersed unimodal size distribution
with ZP of -22.3 mv, PDI of 0.019, and DL capacity of 16.88 %. The safety of the little cargo was ensured by having an enhanced drug release rate
reaching 98 % at the cancer acidic medium (pH 4.8) compared to only 26 % at the physiological medium (pH 7.4), meaning less drug exposure

to normal cells. Moreover, nanoencapsulation has effectively reduced Dox-cytotoxicity on normal Vero cells, while notably increasing the drug
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drug is released in a time-dependent manner from the
nanocapsules before applying its effect on the cells, thus
drug release increases with time which results in increas-
ing the concentration and inhibiting the cell growth [72,
73]. The mechanism of Dox release from the nanocap-
sules could be attributed to the acidic environment at the
tumor cells resulting in the dissociation of Dox-loaded
nanoparticles and rapid release of the Dox. As a small
molecule, the uptake of free Dox is a dynamic process
and it can freely escape from the cells, while the cellular
uptake of the larger Dox-loaded nanocapsules is done
through a non-specific endocytosis, which may lead to a
reduced effect of cytosolic free Dox on the P-glycopro-
tein (P-gp) pumping action. Likely, the prolonged circula-
tion and passive tumor targeting delivery process caused
by the EPR effect could enhance the delivery of Dox into
the tumor cells, and once the nanocapsules were inter-
nalized, it is not easy for them to escape from the cells.
P-gp can recognize and eject the anticancer drug Dox
from the tumor cells only when it is located in the plasma
membrane, and not in the cytoplasm or lysosomes after
endocytosis [74].

Our data also confirmed that after 72-h incubation,
the GI 50 of Dox-PCL on normal Vero cells was higher
than that of Dox used alone (Dox-PCL: 17.99+8.62 ug/

ml vs free Dox:16.53+1.06 pg/ml). On the other hand,
a higher cytotoxic effect (i.e., lower GI 50) against the
hepatic cancer line was achieved in favour of the pre-
pared nanocapsules compared to the free Dox (Dox-PCL:
2.46 £0.49 pg/ml vs free Dox: 4.22 £ 0.04 pug/ml).

Conclusions
Nontoxic polymeric Dox-loaded PCL nanocapsules were
successfully developed by double emulsion technique
(Fig. 11) with a high drug loading content of 16.18 4-2%.
A stable colloidal suspension of spherical Dox-PCL
nanocapsules (particle size: 212 +2 nm; ZP: -22.3+ 2 myv;
PDI: 0.019+0.01) with a narrow size distribution pat-
tern was characterized. MTT test and GI 50 results con-
firmed that in comparison to equivalent amounts of free
Dox, the prepared encapsulated drug exhibited a higher
in vitro therapeutic cytotoxicity on cancer HepG2 cell
line, while being less toxic on normal Vero cells. The Dox
was released from Dox-PCL nanocapsules at pH 4.8 (can-
cer pH) faster than at pH 7.4 (healthy pH); 98%

and 26 over 72 h, respectively. Finally, the polymeric
based drug delivery system offers a successful and prom-
ising potential application for many therapeutic agents
with more confidence in Dox for the clinical treatment of
hepatocellular carcinoma.
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Recommendations

Further in vivo studies as well as fabrication of Dox-PCL
nanocapsules with both targeting (folic acid) and labe-
ling (rhodamine) agents would be of useful importance
in evaluating the potency and pharmacokinetics of these
promising biocompatible Dox nanocarriers.

Abbreviations

DCM: Dichloromethane; DDS: Drug delivery system; DE: Double emulsion;
DL: Drug loading; DLS: Dynamic light scattering; Dox: Doxorubicin; Dox-PCL:
Doxorubicin loaded polycaprolactone; EE: Encapsulation efficiency; FDA:
United States food and drug administration; HCC: Hepatocellular carcinoma;
Gl 50: Inhibitory concentration to cause growth inhibition by 50%; MDR: Mul-
tidrug resistance; MTT: 3-(4, 5-Dimethylthiazol-2-yl)-2, 5- diphenyltetrazolium
bromide test; RES: Reticuloendothelial system; ROS: Reactive oxygen species;
PBS: Phosphate buffer saline; PCL: Polycaprolactone; PDI: Polydisperse index;
PEG: Polyethylene glycol; P-gp: P-glycoprotein; PVA: Polyvinyl alcohol; TEM:
Transmission electron microscopy; ZP: Zeta potential.

Acknowledgements
Not applicable.

Author contributions

According to the relevant CRediT roles, the authors' contributions are listed as
follows: AF: Conceptualization, methodology, investigation, validation, writ-
ing—review & editing, and supervision. MAR: Conceptualization, methodol-
ogy, investigation, validation, writing—review & editing, visualization, and
supervision. OM: Methodology, investigation, formal analysis, data curation,
visualization, and writing—original draft. MA.S: Conceptualization, methodol-
ogy, investigation, validation, resources, funding acquisition, writing-reviewing
and editing, and supervision. All authors read and approved the final
manuscript.

Funding

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB). This work was funded by the Egyptian Ministry of Scientific Research
(Grant No. 17-2-120).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

1Chemistry Department, Faculty of Science, Cairo University, Giza 12613,
Egypt. 2Biochemistry and Molecular Biology Department, Theodor Bilharz
Research Institute, Giza 12411, Egypt.

Received: 20 April 2022 Accepted: 29 October 2022
Published online: 12 November 2022

References
1. Moreno MG, Gomez JA, Landeros SL, Santos A, Ramirez HC, Borunda JA.
Liver cancer: therapeutic challenges and the importance of experimental

20.

22.

Page 13 of 15

models. Can J Gastroenterol Hepatol. 2021. https://doi.org/10.1155/2021/
8837811,

NCRPE. The National Cancer Registry Program of Egypt Reports and Sta-
tistics: Aswan, Damietta, and El-Minia. 2018. http: //www. cancerregistry.
gov. eg/reports.aspx. Accessed 4 Nov 2018.

Poustchi H, Sepanlou S, Esmaili S, Mehrabi N, Ansarymoghadam A. Hepa-
tocellular carcinoma in the world and the Middle East. Middle East J Dig
Dis. 2010;2(1):31-41.

Bosetti C, Turati F, La Vecchia C. Hepatocellular carcinoma epidemiology.
Best Pract Res Clin Gastroenterol. 2014;28(5):753-70. https://doi.org/10.
1016/j.bpg.2014.08.007.

Rashed WM, Kandeil MAM, Mahmoud MO, Ezzat S. Hepatocellular Carci-
noma (HCC) in Egypt: A comprehensive overview. J Egypt Natl Canc Inst.
2020;32(1):5. https://doi.org/10.1186/543046-020-0016-x.

Chuang SC, La Vecchia C, Boffetta P. Liver cancer: descriptive epidemiol-
ogy and risk factors other than HBV and HCV infection. Cancer Lett.
2009;286(1):9-14. https://doi.org/10.1016/j.canlet.2008.10.040.

Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R, Langer R. Nanocar-
riers as an emerging platform for cancer therapy. Nat Nanotechnol.
2007;2(12):751-60. https://doi.org/10.1038/nnano.2007.387.

Dhand C, Prabhakaran MP, Beuerman RW, Lakshminarayanan R, Dwivedid
N, Ramakrishna S. Role of size of drug delivery carriers for pulmonary and
intravenous administration with emphasis on cancer therapeutics and
lung-targeted drug delivery. RSC Adv. 2014;4:32673-89.

Cummings J, Smyth JF. DNA topoisomerase | and Il as targets for rational
design of new anticancer drugs. Ann Oncol. 1993;4(7):533-43. https://doi.
org/10.1093/oxfordjournals.annonc.a058584.

. Fornari FA, Randolph JK, Yalowich JC, Ritke MK, Gewirtz DA. Interference

by doxorubicin with DNA unwinding in MCF-7 breast tumor cells. Mol
Pharmacol. 1994:45(4):649-56.

. Momparler RL, Karon M, Siegel SE, Avila F. Effect of adriamycin on DNA,

RNA, and protein synthesis in cell-free systems and intact cells. Cancer
Res. 1976;36(8):2891-5.

. Tacar O, Sriamornsak P, Dass CR. Doxorubicin: an update on anticancer

molecular action, toxicity and novel drug delivery systems. J Pharm
Pharmacol. 2013;65(2):157-70. https://doi.org/10.1111/j.2042-7158.2012.
01567 .x.

. Wadler S, Schwartz EL. Antineoplastic activity of the combination of inter-

feron and cytotoxic agents against experimental and human malignan-
cies: a review. Cancer Res. 1990;50(12):3473-86.

. Upadhyay S, Gupta KB, Mantha AK, Dhiman M. A short review: Doxoru-

bicin and its effect on cardiac proteins. J Cell Biochem. 2021;122(2):153-
65. https://doi.org/10.1002/jcb.29840.

. AlKuraishy HM, Mohammed KJ, Khaleel MA. Significant attenuation and

amelioration effects of labetalol in doxorubicin induced cardiotoxicity: An
animal model study. J Cardiovasc Surg. 2015;3(2):25-9.

. Ichikawa Y, Ghanefar M, Bayeva M, Wu R, Khechaduri A, Naga Prasad

SV, Mutharasan RK, Naik TJ, Ardehali H. Cardiotoxicity of doxorubicin
is mediated through mitochondrial iron accumulation. J Clin Invest.
2014;124(2):617-30. https://doi.org/10.1172/JCI72931.

. Gao Z, Han X, Zhu, Zhang H, Tian R, Wang Z, Cui Y, Wang Z, Niu R, Zhang

F. Drug-resistant cancer cell-derived exosomal EphA2 promotes breast
cancer metastasis via the EphA2-Ephrin A1 reverse signaling. Cell Death
Dis. 2021;12(5):414. https://doi.org/10.1038/541419-021-03692-x.

. Haque N, Khalel RR, Parvez N, Yadav S, Hwisa N, Al-Sharif MS, Awen BZ,

Molvi K. Nanotechnology in cancer therapy: a review. J chem Pharm Res.
2010;2(5):161-8.

. Goormaghtigh E, Huart P, Brasseur R, Ruysschaert JM. Mechanism of inhi-

bition of mitochondrial enzymatic complex I-lll by adriamycin derivatives.
Biochim Biophys Acta. 1986;861:83-94.

Goormaghtigh E, Huart P, Praet M, Brasseur R, Ruysschaert JM. Structure
of the adriamycin-cardiolipin complex: role in mitochondrial toxicity.
Biophys Chem. 1990;35:247-57.

. Desai SA, Manjappa A, Khulbe P. Drug delivery nanocarriers and recent

advances ventured to improve therapeutic efficacy against osteosar-
coma: an overview. J Egypt Natl Canc Inst. 2021;33(1):4. https://doi.org/
10.1186/543046-021-00059-3.

Schlame M, Rua D, Greenberg ML. The biosynthesis and functional role of
cardiolipin. Prog Lipid Res. 2000,39:257-88.


https://doi.org/10.1155/2021/8837811
https://doi.org/10.1155/2021/8837811
https://doi.org/10.1016/j.bpg.2014.08.007
https://doi.org/10.1016/j.bpg.2014.08.007
https://doi.org/10.1186/s43046-020-0016-x
https://doi.org/10.1016/j.canlet.2008.10.040
https://doi.org/10.1038/nnano.2007.387
https://doi.org/10.1093/oxfordjournals.annonc.a058584
https://doi.org/10.1093/oxfordjournals.annonc.a058584
https://doi.org/10.1111/j.2042-7158.2012.01567.x
https://doi.org/10.1111/j.2042-7158.2012.01567.x
https://doi.org/10.1002/jcb.29840
https://doi.org/10.1172/JCI72931
https://doi.org/10.1038/s41419-021-03692-x
https://doi.org/10.1186/s43046-021-00059-3
https://doi.org/10.1186/s43046-021-00059-3

Fahmi et al. BMC Chemistry

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

(2022) 16:95

He X, Liang F, Wang F, Zou L, Wang J, Tang C, Zhao K, Wei D. Targeted
delivery and thermo/pH-controlled release of doxorubicin by novel
nanocapsules. J Mater Sci. 2018;53:2326-36.

Minotti G, Menna P, Salvatorelli E, Cairo G, Gianni L. Anthracyclines:
molecular advances and pharmacologic developments in antitumor
activity and cardiotoxicity. Pharmacol Rev. 2004;56:185-229.

Haladjova E, Toncheva-Moncheva N, Apostolova MD, Trzebicka B, Dworak
A, Petrov P, Dimitrov |, Rangelov S, Tsvetanov CB. Polymeric nanoparticle
engineering: from temperature-responsive polymer mesoglobules to
gene delivery systems. Biomacromol. 2014;15(12):4377-95. https://doi.
0rg/10.1021/bm501194g.

Delemasure S, Vergely C, Zeller M, Cottin Y, Rochette L. Preventing the
cardiotoxic effects of anthracyclins: from basic concepts to clinical data.
Ann Cardiol Angeiol (Paris). 2006;55:104-12.

Chang YW, Silas JA, Ugaz VM. A direct probe of the interplay between
bilayer morphology and surface reactivity in polymersomes. Langmuir.
2010;26(14):12132-9. https://doi.org/10.1021/1a1016438.

Zhao J,Yang H, Li J, Wang Y, Wang X. Fabrication of pH-responsive
PLGA(UCNPs/DOX) nanocapsules with upconversion luminescence

for drug delivery. Sci Rep. 2017;7(1):18014. https://doi.org/10.1038/
541598-017-16948-4.

Mizutani H, Tada-Oikawa S, Hiraku Y, Kojima M, Kawanishi S. Mechanism
of apoptosis induced by doxorubicin through the generation of hydro-
gen peroxide. Life Sci. 2005;76:1439-53.

Tokarska-Schlattner M, Zaugg M, Zuppinger C, Wallimann T, Schlattner
U. New insights into doxorubicin-induced cardiotoxicity:the critical role
of cellular energetics. J Moll Cell Cardiol. 2006. https://doi.org/10.1016/j.
yjmcc.2006.06.009.

Pohlmann AR, Fonseca FN, Paese K, Detoni CB, Coradini K, Beck RC,
Guterres SS. Poly(e-caprolactone) microcapsules and nanocapsules in
drug delivery. Expert Opin Drug Deliv. 2013;10(5):623-38. https://doi.org/
10.1517/17425247.2013.769956.

Katata L, Tshweu L, Naidoo S, Kalombo L, Swai H. Design and formula-
tion of nano-sized spray dried Efavirenz-Part I: influence of formulation
parameters. J Nanopart Res. 2012;2012(14):1247. https://doi.org/10.1007/
s11051-012-1247-0.

Zhang T, Wang H, Ye Y, Zhang X, Wu B. Micellar emulsions composed of
mPEG-PCL/MCT as novel nanocarriers for systemic delivery of genistein:
a comparative study with micelles. Int J Nanomed. 2015;1(10):6175-84.
https://doi.org/10.2147/1IN.S91348.

Kamba SA, Ismail M, Hussein-Al-Ali SH, lbrahim TA, Zakaria ZA. In vitro
delivery and controlled release of Doxorubicin for targeting osteosar-
coma bone cancer. Molecules. 2013;18(9):10580-98. https://doi.org/10.
3390/molecules180910580.

Heshmatnezhad F, Nazar AR, Aghaei H, Varshosaz J. Production of
doxorubicin-loaded PCL nanoparticles through a flow-focusing micro-
fluidic device: encapsulation efficacy and drug release. Royal Soc Chem.
2021;17:10675-82.

ATCC. American Type Culture Collection. 2018. https://www.lgcstandar
ds-atcc.org/?geo_country=eg. Accessed 20 Dec 2018.

Wang Z, Chui WK, Paul C. Design of a multifunctional PLGA nano-
particulate drug delivery system: evaluation of its physicochemical
properties and anticancer activity to malignant cancer cells. Pharm Res.
2009;26(5):1162. https://doi.org/10.1007/511095-009-9837-y.

Cory AH, Owen TC, Barltrop JA, Cory JG. Use of an aqueous soluble tetra-
zolium/formazan assay for cell growth assays in culture. Cancer Commun.
1991;3(7):207-12. https://doi.org/10.3727/095535491820873191.

Morsi EA, Ahmed HO, Abdel-Hady H, El-Sayed M, Shemis MA. GC-analysis,
and antioxidant, anti-inflammatory, and anticancer activities of some
extracts and fractions of Linum usitatissimum. CBC. 2020;16(19):1306-18.
Prados J, Melguizo C, Ortiz R, Vélez C, Alvarez PJ, Arias JL, Ruiz MA, Gal-
lardo V, Aranega A. Doxorubicin-loaded nanoparticles: new advances in
breast cancer therapy. Anticancer Agents Med Chem. 2012;12:1058-70.
Devulapally R, Paulmurugan R. Polymer nanoparticles for drug and small
silencing RNA delivery to treat cancers of different phenotype. Wiley
Interdiscip Rev Nanomed Nanobiotechnol. 2014. https://doi.org/10.1002/
wnan.1242.

Chen KJ, Tang L, Garcia MA, Wang H, Lu H, Lin WY, Hou S, Yin Q, Shen CK,
Cheng J, Tseng HR. The therapeutic efficacy of camptothecin-encap-
sulated supramolecular nanoparticles. Biomaterials. 2012;33(4):1162-9.
https://doi.org/10.1016/j.biomaterials.2011.10.044.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 14 of 15

LiuY, Zhang N. Gadolinium loaded nanoparticles in theranostic magnetic
resonance imaging. Biomaterials. 2012;33(21):5363-75. https://doi.org/10.
1016/j.biomaterials.2012.03.084.

Alavi M, Mahendra Rai M, Martinez F, Kahrizi D, Khan H, Alencar de Men-
ezes IR, Coutinho HD, Costa JG. The efficiency of metal, metal oxide, and
metalloid nanoparticles against cancer cells and bacterial pathogens:
different mechanisms of action. Cell Mol Biomed Rep. 2022;2(1):10-21.
Sengul AB, Asmatulu E. Toxicity of metal and metal oxide nanoparticles: a
review. Environ Chem Lett. 2020;18:1659-83.

Alavi M, Martinez F, Delgado DR, Tinjaca DA. 2022. Anticancer and anti-
bacterial activities of embelin: micro and nano aspects. Micro Nano Bio
Aspects. 1(1) 30:37.

Kianfar E. Protein nanoparticles in drug delivery: animal protein, plant
proteins and proteincages, albumin nanoparticles. J Nanobiotechnol.
2021;19:159.

Kurakula M., Rao K and Yadav k S. Fabrication and characterization of
polycaprolactone-based green materials for drug delivery. In book: Appli-
cations of Advanced Green Materials (pp.395-423).2021.

Khayataa N, Abdelwaheda W, Chehnaa MF, Charcosset C, Fessi H. Prepara-
tion of vitamin E loaded nanocapsules by the nanoprecipitation method:
from laboratory scale to large scale using a membrane contactor. Phar-
maceutics. 2012;423:419-27.

Youlden DR, Cramb SM, Dunn NA, Muller JM, Pyke CM, Baade PD.The
descriptive epidemiology of female breast cancer: an international com-
parison ofscreening, incidence, survival and mortality. Cancer Epidemiol.
2012;36(3):237-48.

Ganassin R, Merker C, Rodrigues M, uimaréaes NF, Sodré CS, Ferreira QS,

da Silva SW, Ombredane AS, Joanitti GA, Py-Daniel KR, Zhang J, Jiang C,
Paulo César de Morais, Ewa Mosiniewicz-Szablewska, Piotr Suchocki, Jodo
Paulo Figueird Longo, Jan Meijer, Irina Estrela-Lopis, Ricardo Bentes de
Azevedo & Luis Alexandre Muehlmann. Nanocapsules for the co-delivery
of selol and doxorubicin to breast adenocarcinoma 4T1 cells in vitro. Artif
Cells Nanomedicine Biotechnol. 2017.

Khaledian M, Nourbakhsh MS, Saber R, Hashemzadeh H, Darvishi MH.
Preparation and Evaluation of Doxorubicin-Loaded PLA-PEG-FA Copoly-
mer Containing Superparamagnetic Iron Oxide Nanoparticles (SPIONs)
for Cancer Treatment: Combination Therapy with Hyperthermia and
Chemotherapy. Int J Nanomed. 2020. https://doi.org/10.2147/1IN.S2616
38.

Tshweu L, Katata L, Kalombo L. Enhanced oral bioavailability of the
antiretroviral efavirenz encapsulated in poly(epsilon-caprolactone) nano-
particles by as pray-drying method. Nanomedicine. 2013. https://doi.org/
10.2217/nnm.13.167.

Norouzi M, Yathindranath V, Thliveris JA, Kopec MB, Siahaan TJ, Miller DW.
Doxorubicin-loaded iron oxide nanoparticles for glioblastoma therapy: a
combinational approach for enhanced delivery of nanoparticles. Nature.
2020. https://doi.org/10.1038/541598-020-68017-y.

Tshweu L, Katata L, Kalombo L, Swai H. Nanoencapsulation of water-sol-
uble drug, lamivudine, using a double emulsion spray-drying technique
for improving HIV treatment. Nanoparticle Res. 2017. https://doi.org/10.
1007/511051-013-2040-4.

Shen S, Wu'Y, Liu Y, Wu D. High drug-loading nanomedicines: progress,
current status, and prospects. Int J Nanomed. 2017;31(12):4085-109.
https://doi.org/10.2147/1JN.S132780.

Fasolino |, Guarino V, Marrese M, Cirillo V, Vallifuoco M, Tamma ML, Vassallo
V, Bracco A, Calise F, Ambrosio L. HepG2 and human healthy hepatocyte
in vitro culture and coculture in PCL electrospun platforms. Biomed
Mater. 2018;13:015-7.

Gratton SE, Ropp PA, Pohlhaus PD, Luft JC, Madden VJ, Napier ME,
DeSimone JM. The effect of particle design on cellular internalization
pathways. Proc Natl Acad Sci USA. 2008;105(33):11613-8. https://doi.org/
10.1073/pNnas.0801763105.

Chenthamara D, Subramaniam S, Ramakrishnan SG, Krishnaswamy S, Essa
MM, Lin FH, Qoronfleh MW. Therapeutic efficacy of nanoparticles and
routes of administration. Biomater Res. 2019;21(23):20. https://doi.org/10.
1186/540824-019-0166-x.

Gref R, Lick M, Quellec P, Marchand M, Dellacherie E, Harnisch S, Blunk

T, Mller RH. “Stealth” corona-core nanoparticles surface modified by
polyethylene glycol (PEG): influences of the corona (PEG chain length
and surface density) and of the core composition on phagocytic uptake


https://doi.org/10.1021/bm501194g
https://doi.org/10.1021/bm501194g
https://doi.org/10.1021/la1016438
https://doi.org/10.1038/s41598-017-16948-4
https://doi.org/10.1038/s41598-017-16948-4
https://doi.org/10.1016/j.yjmcc.2006.06.009
https://doi.org/10.1016/j.yjmcc.2006.06.009
https://doi.org/10.1517/17425247.2013.769956
https://doi.org/10.1517/17425247.2013.769956
https://doi.org/10.1007/s11051-012-1247-0
https://doi.org/10.1007/s11051-012-1247-0
https://doi.org/10.2147/IJN.S91348
https://doi.org/10.3390/molecules180910580
https://doi.org/10.3390/molecules180910580
https://www.lgcstandards-atcc.org/?geo_country=eg
https://www.lgcstandards-atcc.org/?geo_country=eg
https://doi.org/10.1007/s11095-009-9837-y
https://doi.org/10.3727/095535491820873191
https://doi.org/10.1002/wnan.1242
https://doi.org/10.1002/wnan.1242
https://doi.org/10.1016/j.biomaterials.2011.10.044
https://doi.org/10.1016/j.biomaterials.2012.03.084
https://doi.org/10.1016/j.biomaterials.2012.03.084
https://doi.org/10.2147/IJN.S261638
https://doi.org/10.2147/IJN.S261638
https://doi.org/10.2217/nnm.13.167
https://doi.org/10.2217/nnm.13.167
https://doi.org/10.1038/s41598-020-68017-y
https://doi.org/10.1007/s11051-013-2040-4
https://doi.org/10.1007/s11051-013-2040-4
https://doi.org/10.2147/IJN.S132780
https://doi.org/10.1073/pnas.0801763105
https://doi.org/10.1073/pnas.0801763105
https://doi.org/10.1186/s40824-019-0166-x
https://doi.org/10.1186/s40824-019-0166-x

Fahmi et al. BMC Chemistry

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

(2022) 16:95

and plasma protein adsorption. Colloids Surf B Biointerfaces. 2000;18(3-
4):301-13. https://doi.org/10.1016/50927-7765(99)00156-3.

Dash TK, Konkimalla VB. Poly-e-caprolactone based formulations for
drug delivery and tissue engineering: a review. J Control Release.
2012;158(1):15-33. https://doi.org/10.1016/j,jconrel.2011.09.064.
Midekessa G, Godakumara K, Ord J, Viil J, Lattekivi F, Dissanayake K,
Kopanchuk S, Rinken A, Andronowska A, Bhattacharjee S, Rinken T,
Fazeli A. Zeta potential of extracellular vesicles: toward understand-

ing the attributes that determine colloidal stability. ACS Omega.
2020;5(27):16701-10. https://doi.org/10.1021/acsomega.0c01582.

He X, Li L, SuH, Zhou D, Song H, Wang L, Jiang X. Poly(ethylene glycol)-
block-poly(e-caprolactone)-and phospholipid-based stealth nanopar-
ticles with enhanced therapeutic efficacy on murine breast cancer by
improved intracellular drug delivery. Int J Nanomed. 2015;5(10):1791—
804. https://doi.org/10.2147/1JN.S75186.

Tshweu L, Katata L, Kalombo L, Swai H. Nanoencapsulation of water-sol-
uble drug, lamivudine, using a double emulsion spray-drying technique
for improving HIV treatment. J Nanopart Res. 2013;15:2040.

He X, Liang F, Wang F, Zou L, Wang J, Tang C, Zhao K, Wei D. Targeted
delivery and thermo/pH-controlled release of doxorubicin by novel
nanocapsules. Mater Sci. 2018;53:2326-36.

Mihanfar A, Targhazeh N, Sadighparvar S, Darband SG, Majidinia M,
Yousefi B. Doxorubicin loaded magnetism nanoparticles based on
cyclodextrin dendritic-graphene oxide inhibited MCF-7 cell proliferation.
BioMol Concepts. 2021;12:8-15.

Xia 'Y, Xiao M, Zhao M, Xu T, Guo M, Wang C, Li Y, Zhu B, Liu H. Doxo-
rubicin-loaded functionalized selenium nanoparticles for enhanced
antitumor efficacy in cervical carcinoma therapy. Mater Sci Eng.
2020;106:110-100.

DaiY, Xing H, Song F, Yang Y, Qiu Z, Lu X, Liu Q Ren S, Chen X, Li N.
BiotinConjugated Multilayer Poly [D, L-lactide-co-glycolide]-Lecithin-
Polyethylene Glycol Nanoparticles for Targeted Delivery of Doxorubici.
Pharm Sci. 2016;2016(105):2949-58.

Tshwue LL, Shemis MA, Abdelghany A, Gouda A, Pilcher LA, Sibuyi NRS,
Mervin MM, Admire DA, Balogun MO. Synthesis, physicochemical char-
acterization, toxicity and efficacy of a PEG conjugate and a hybrid PEG
conjugate nanoparticle formulation of the antibiotic moxifloxacin. Royal
Soc Chem. 2020;10:19770-80.

Abdelghany A, El-Desouky MA, Shemis M. Synthesis and characterization
of amoxicillin-loaded polymeric nanocapsules as a drug delivery system
targeting Helicobacter pylori. Arab J Gastroenterol. 2021. https://doi.org/
10.1016/}.2j9.2021.06.002.

Manaspon C, Viravaidya-Pasuwat K, Pimpha N. Preparation of fo latecon-
jugated pluronic F127/chitosan core-shell nanoparticles encapsulating
doxorubicin for breast cancer treatment. Nanomater. 2012. https://doi.
org/10.1155/2012/593878.

Liang P, Zhao D, Wang CQ, Zong JY, Zhuo RX, Cheng SX. Facile prepara-
tion of heparin/CaCO3/CaP hybrid nano-carriers with controllable

size for anticancer drug delivery. Colloids Surface B Biointerfaces.
2013;102:783-8.

Kolosenko |, Avnet S, Baldini N, Viklund J, De Milito A. Therapeutic implica-
tions of tumor interstitial acidification. Semin Cancer Biol. 2017;43:119-33.
https://doi.org/10.1016/j.semcancer.2017.01.008.

Huang HY, Chen LQ, Sun W, Du HH, Dong S, Ahmed AMQ, Cao D, Cui

JH, Zhang Y, Cao QR. Collagenase IV and clusterin-modified polycaprol-
actone-polyethylene glycol nanoparticles for penetrating dense tumor
tissues. Theranostics. 2021;11(2):906-24. https://doi.org/10.7150/thno.
47446.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 15 of 15

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/s0927-7765(99)00156-3
https://doi.org/10.1016/j.jconrel.2011.09.064
https://doi.org/10.1021/acsomega.0c01582
https://doi.org/10.2147/IJN.S75186
https://doi.org/10.1016/j.ajg.2021.06.002
https://doi.org/10.1016/j.ajg.2021.06.002
https://doi.org/10.1155/2012/593878
https://doi.org/10.1155/2012/593878
https://doi.org/10.1016/j.semcancer.2017.01.008
https://doi.org/10.7150/thno.47446
https://doi.org/10.7150/thno.47446

	Synthesis, characterization, and cytotoxicity of doxorubicin-loaded polycaprolactone nanocapsules as controlled anti-hepatocellular carcinoma drug release system
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Materials
	Preparation of Dox—PCL nanocapsules
	Evaluation of Dox encapsulation efficiency and drug loading
	In vitro release study of Dox from PCL nanocapsules
	Morphology of Dox-PCL nanocapsules
	Assessment of nanocapsule size and size distribution
	Zeta potential analysis of the nanocapsules
	In vitro studies of Dox-PCL nanocapsules on the viability of normal and cancer cell lines
	Statistical analysis

	Results
	Calculation of EE % and DL % of Dox-PCL nanocapsules
	Characterization of Dox-PCL nanocapsules
	Cumulative release of Dox from PCL nanocapsules at normal and cancer pHs
	In vitro cytotoxicity evaluation of free Dox, blank PCL and Dox-PCL nanocapsules by MTT assay

	Discussion
	Conclusions
	Recommendations
	Acknowledgements
	References




