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Curcumin encapsulated colloidal amphiphilic
block co-polymeric nanocapsules: colloidal
nanocapsules enhance photodynamic and
anticancer activities of curcumin
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Curcumin-based novel colloidal nanocapsules were prepared from amphiphilic poly(ethylene oxide)-

block-poly(propylene oxide)-block-poly(ethylene oxide) (F108). These colloidal nanocapsules appeared

as spherical particles with size ranging between 270 and 310 nm. Curcumin fluorescence spectra exhibi-

ted an aggregation-induced 23 nm red-shift of the emission maximum in addition to the enhancement of

the fluorescence quantum yield in these nanocapsules. The cytotoxicity of curcumin and colloidal nano-

capsules was assessed using human derived immortalized cell lines (A549 and A375 cells) in the presence

and absence of light irradiation. The nanocapsules exhibited a >30-fold decrease in IC50, suggesting

enhanced anticancer activity associated with curcumin encapsulation. Higher toxicity was also reported in

the presence of light irradiation (as shown by the IC50 data), indicating their potential for future application

in photodynamic therapy. Finally, A375 cells treated with curcumin and the nanocapsules showed a sig-

nificant increase in single- and/or double-strand DNA breaks upon exposure to light, indicating promising

biological effects.

Introduction

Cancer is a major “killer” in modern societies, with significant
impacts on global health. According to the Centers for Disease
Control and Prevention more than 14.1 million new cancer
cases were identified in 2012 1 with an expected increase to
19.3 million by 2025.2 Cancer is characterized by abnormal
cell proliferation and growth often associated with gene
mutations.3 The conventional methods for cancer treatment
consist mainly of surgery, chemotherapy and radiotherapy.
These approaches have various serious side effects on cancer-
ous and healthy tissues alike, in addition to low cure and high
recurrence rates. Distant metastasis in cancer patients has
been a challenging issue in clinical treatment due to its associ-
ated high mortality rate.4 During metastasis, various organs
such as the brain, liver, bone, lungs, and others are invaded by
cancerous cells. Chemotherapy, radiotherapy and surgical
interventions risk the formation of metastatic lesions resulting
from these conventional therapies.5 The therapeutic potential

of light has been reported since ancient times. However, in
modern medicine phototherapy gained popularity after Niels
Ryberg Finsen successfully used it in the treatment of lupus
vulgaris.6 Photodynamic therapy (PDT) has recently been
widely applied for cancer control, especially malignant dis-
eases.7 In PDT, a molecule, known as a photosensitizer, is
excited after absorption of light of a specific wavelength
leading to a reaction with oxygen which leads to the formation
of reactive oxygen species (ROS) such as radicals and singlet
oxygen in the targeted tissues that leads to cell death.8

Therefore, PDT is already being applied to treat certain types
of diseases such as actinic keratoses, prostate cancer etc. over
the last few years.

Curcumin or 1,7-bis(4-hydroxy-3 methoxyphenyl)-1,6-hepta-
diene-3,5-dione is a β-diketo structure which tautomerizes
between an enol and keto structure under physiological con-
ditions (Fig. 1). It is a major constituent of turmeric extract
and has many therapeutic uses including anti-inflammatory,
anti-oxidant,9 and anti-cancer activities.10

A prominent factor correlated with the advancement of all
types of cancer is inflammation.11 Curcumin has been demon-
strated to have anti-inflammatory therapeutic effects. In
addition, curcumin is a well-established anti-cancer agent due
to its ability to suppress the growth of various tumor cell lines
by targeting several pathways implicated in carcinogenesis.12
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To date, the anti-cancer activity of curcumin has been the
focus of numerous reports and review articles.13 Several in vitro
and in vivo studies have reported curcumin’s potential in inhi-
biting the growth of various cells derived from blood,14

colon,15 brain,16 breast,17 pancreatic,18 prostate,19 and skin
cancers.20 Therefore, curcumin combined with PDT showed
great potential for cancer treatment.

However, Wang et al.21 have studied the stability of curcu-
min focusing on its degradation in buffer solution, and they
reported better stability in acidic than basic media due to its
conjugated diene structure. In addition, the photodegradation
of curcumin into products such as vanillin and p-hydroxy-
benzaldehyde has been widely reported.21 The limited avail-
ability of curcumin is due to its low oral bioavailability mainly
attributed to poor water-solubility, fast elimination, and high
rate of metabolism.22,30 Therefore, different methods have
been devised to overcome these limitations.23 Such methods
included developing different formulations, such as lipo-
somes, phospholipid complexes, nanocapsules or polymeric
micelles. In our earlier work we have shown that curcumin in
poly(allyl amine)hydrochloride was effective against colon
cancer cells and this effectiveness was further improved in the
presence of piperine.24

Block copolymers, known as pluronics, are an example of
water-soluble non-ionic triblock copolymers. They exhibit an
amphiphilic assembly: a hydrophobic polypropylene oxide
(PPO) chain terminated by two hydrophilic polyethylene oxide
(PEO) chains; hence, the general structure is an A–B–A struc-
ture: PEO–PPO–PEO (Fig. 2).25

The chemical dissimilarity between the two blocks of pluro-
nics renders them amphiphilic molecules with surface-active
properties. The segregation in the polarity of the water-soluble
PEO and water-insoluble PPO blocks gives rise to self-assemble
micelles in the form of nanostructures. Another important
feature of these copolymers is their ability to form solid nano-
particles or nanocapsules upon solvent evaporation and lyo-
philization. Owing to their nanoscopic size, structural diversity
and adsorption properties,26,27 such structures have proved

useful in numerous applications such as: drug-delivery,28

nanoparticle synthesis,29 effective dispersants for inks/pig-
ments,30 and various emulsion applications.31 Typical nomen-
clature of pluronics (e.g. F108) included a numeric code pre-
ceded by a letter which expresses its phase. As such, the letter
“L” stands for liquid, “F” for flakes or solid, and “P” for paste.
The numeric code defines the PPO and PEO structure of the
copolymer. The first one or two digits multiplied by 300 indi-
cate the approximate molecular weight of the PPO block in Da,
whereas the last digit signifies the percentages of ethylene
oxide. F108 belongs to this class of block copolymers. It has a
high hydrophilic character, 80% PEO, and an average mole-
cular weight of 14 600 g mol−1, and can self-assemble into
micelles in aqueous solution or can form nanoparticles under
specific conditions. Such structures are constituted of a
swollen hydrophobic core with all the PPO blocks aggregated
and a hydrophilic surface where the PEO terminal chains are
exposed to polar solvent molecules, such as water.32 The
hydrophobic domain offers a cargo space for delivering
various hydrophobic drugs, which is at the core of the utility of
these structures in drug delivery applications.33,34

In this work, the solubility and bioavailability of curcumin
were enhanced through its encapsulation in poly(ethylene
oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide)
(F108) nanocapsules. The resulting materials were character-
ized using scanning electron microscopy, Fourier-transform
infrared spectroscopy, X-ray diffraction, thermogravimetric
analysis, and emission spectroscopy. In previous studies, there
were attempts to encapsulate curcumin in F68 and
F127 micelles and other pluronics.35 F68, F127 and F108 have
similar properties; however, to the best of our knowledge,
there are no reports that successfully demonstrated the encap-
sulation of curcumin in the F108 block co-polymer. Moreover,
using photodynamic therapy in vitro, this study aimed at asses-
sing the therapeutic activity of these colloidal nanocapsules in
two cancer cell lines: A549 human lung adenocarcinoma and
A375 human skin melanoma.

Materials and methods
Materials

Curcumin and pluronic F108 were purchased from Sigma-
Aldrich. To increase its solubility, acetone of HPLC grade was
obtained from Alpha Chimie and used to dissolve curcumin.
Spectroscopic experiments were conducted in duplicate and
nanocapsules were prepared in triplicate.

Fig. 1 Chemical structures of curcumin tautomers.

Fig. 2 Structure of triblock copolymers.
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Preparation of curcumin F108 nanocapsules

Nanocapsules were prepared by adding 10 mg of curcumin to
10 mg of pluronic F108 and dissolving in 2.5 mL acetone. The
solution was continuously stirred for 40 minutes. In the mean-
time, 2.5 mL of double distilled water was added dropwise
while the solution was under continuous sonication. After
this, acetone was evaporated using a rotary evaporator, and the
solution was diluted to 10 mL using double distilled water.
The formed nanocapsules were left for two overnights to pre-
cipitate. Then the supernatant solution was discarded, and the
nanocapsules were allowed to freeze-dry for two consecutive
days to obtain the lyophilized formulation which was further
characterized.

Curcumin loading

Curcumin loading was calculated according to the following
formula:36

Curcumin loadingð%Þ
¼ weight of curcumin in 1 : 1nanocapsules

weight of 1 : 1nanocapsules
� 100

Characterization

Scanning electron microscopy (SEM) was used to measure the
size of nanocapsules. This analysis was performed using a
Tescan Vega 3 LMU with an Oxford EDX detector (Inca
XmaW20) SEM, where 1 mg of the nanocapsules were dis-
solved in 20 mL of double distilled water, and a few drops of
the nanocapsule suspension were placed on an aluminum
stub, coated with carbon adhesive. SEM analysis was per-
formed on the dehydrated sample. XRD characterization was
performed using a Bruker D8 advance X-ray diffractometer
(Bruker AXS GmbH, Karlsruhe, Germany) at 40 kV, 40 mA
(1600 W) using Cu Kα radiation (λ = 1.5418 Å), with a 1.2 mm
primary beam slit and 2.0 mm detector slit. X-ray scans were
carried out for 2θ between 3 and 80 degrees at 0.02° incre-
ments. Thermogravimetric Analysis (TGA) was performed
using a Netzsch TGA 209 in the temperature range of 100 to
1000 °C with an increase of 10 °C min−1 under an N2 atmo-
sphere. FT-IR spectra were recorded using a Thermo Scientific
Nicolet iS5 FT-IR spectrophotometer using KBr pellets. The
UV-visible absorption spectra were recorded using a
JASCOV-570 UV-VIS-NIR spectrophotometer at room tempera-
ture. The fluorescence spectra were recorded at room tempera-
ture using a Jobin–Yvon–Horiba Fluorolog III fluorometer and
the Fluor Essence program where the excitation and emission
slits widths were 5 nm. For UV-visible absorption and fluo-
rescence spectroscopic measurements, 1 mg of the nano-
capsules was added to 10 mL of double distilled water. For the
curcumin sample, 1 mg of curcumin was dissolved in 3 mL of
methanol. 50 μL of this sample was dissolved afterwards in
2990 μL of double distilled water.

Cell cultures

The cell cultures consisted of human lung adenocarcinoma
(A549) and human malignant melanoma (A375) purchased
from ATCC cell collection, USA. The cells were handled under
sterile conditions, as previously described.37–40

Cytotoxicity assays

The cytotoxicity assessment was performed by seeding and
incubating the respective cells 24 h before exposure (in a CO2

incubator) on 96 well plates at a density of 25 000 cells per
well. The original stock solution of the tested substances was
dissolved in DMSO prior to dilution in culture medium. The
dilution consisted of a serial dilution (3-fold) for cell survival
assessment (Fig. 8). The percentage of DMSO did not exceed
1%, a concentration not toxic under our experimental con-
ditions, as assessed by control experiments. Cytotoxicity was
measured 24 hours post-exposures using the MTS assay, as
previously reported in the literature.37,38 Briefly, the assay was
based on a color reaction with healthy cells converting the
yellow formazan into red color mainly through mitochondrial
dehydrogenase activity. The intensity of the color formed was
measured at 492 nm wavelength using a Multiskan Ascent 96
well plate reader. Statistical analysis was performed using
GraphPad Prism 7 software. All experiments were conducted in
triplicate and each point on the presented graphs represented
the average of three independent experiments performed
under identical conditions.

The comet assay

The comet assay kit was purchased from Trevigen and con-
sisted of 25 slides. Exposed and control cells (positive using
KMnO4 and negative control using HBSS) were immediately
processed for DNA single and double strand damage as per
the kit manufacturer’s instruction. Briefly, the cells were lifted
from the 96 well plates and assessed for viability using a
Countess cell counter. This was followed by mixing the cells at
a density of 1 × 105 with low melting agarose prior to spread-
ing on the comet slide. The slides were allowed to set and then
subjected to various treatments to unwind and denature DNA.
The final step consisted of electrophoresis to allow the DNA of
damaged cells to migrate as a comet. The various comet para-
meters were measured using the CASP software.38,40

Results and discussion

Curcumin-F108 nanocapsules were prepared using a simple
co-precipitation method with acetone as a solvent where the
drug to copolymer ratio was kept at 1 : 1. The 1 : 1 ratio is the
weight ratio that was used during the preparation of the nano-
capsules. Importantly, the nanocapsules were formed by the
self-assembly of F108 in the presence of curcumin in acetone
and water mixture (Fig. 3). Acetone was evaporated during the
precipitation of the nanocapsules, and the solution was
diluted to 10 mL using double distilled water. The formed
nanocapsules were left for 48 h to precipitate. The supernatant
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solution was discarded, and the nanocapsules were allowed to
freeze dry for two consecutive days. Finally, a lyophilized for-
mulation was obtained and characterized to be used later on
for application. In this 1 : 1 nanocapsules, curcumin loading
was estimated as per the procedure given in the Experimental
section and it was found to be 14.6%; thus, on average 5 curcu-
min molecules are present in the nanocapsules (Fig. 3).

The SEM image of the prepared 1 : 1 nanocapsules is shown
in Fig. 4. The image depicts a spherical shape of the particles
with sizes varying from 270 to 310 nm.

The X-ray diffraction pattern was used to characterize the
encapsulation interaction between curcumin and F108 in the
1 : 1 nanocapsules. The XRD of F-108, curcumin and the 1 : 1
nanocapsules are illustrated in Fig. 5. The characteristic peaks
of F-108 were obtained at 19.4° and 23.6°. This crystalline
structure results from the formation of PEO crystallites.41 As
for curcumin, the main characteristic peaks appeared at diffr-
action angles of 2θ equal to 8.06°, 9.20°, 12.46°, 14.95° and
17.75°, signifying that curcumin is present in the crystalline
form.42 Yet, it is found that all the relative peaks of curcumin
except for the peak at 14.95° are absent in the spectrum of 1 : 1

nanocapsules, and the peak at 14.95° is shifted to 14.01°.
Hence, this suggests the loss of packing in the curcumin struc-
ture upon its interaction in the nanocapsules.43

Fourier transform infrared (FTIR) spectroscopy was
employed to characterize the 1 : 1 nanocapsules and depict the
type of interaction between curcumin and F108 in the 1 : 1
nanocapsules (Fig. 6). In the FTIR spectrum of curcumin, the
peak at 3508 cm−1 represents the phenolic O–H stretching
vibration, whereas the peak at 1626 cm−1 is due to mixed CvC
stretching. Another two bands at 1602 cm−1 and 1508 cm−1 are
attributed to the symmetric aromatic ring stretching vibrations
ν(C Cring) and (CvO) stretching, respectively. The peak at
1424 cm−1 corresponds to C–H asymmetric stretching,
whereas the bands at 1280, 1207 and 1150 cm−1 correspond to
C–O stretching. In addition, the band at 1026 cm−1 corres-
ponds to C–O–C stretching. The band at 960 cm−1 corresponds
to the trans –CH vibration and finally the peak at 856 cm−1

corresponds to the C–C skeleton vibration.44 In the FT-IR spec-
trum for the F-108 polymer, the peaks at 2890 cm−1,
1476 cm−1 and 1110 cm−1 represent the asymmetric stretching
vibrations of –O–H, –C–H, C–C and CvO, respectively.45

Hence, the bands at 3508 cm−1 and 1150 cm−1 present in the

Fig. 3 Schematic illustration showing the formation of curcumin-F108 nanocapsules.

Fig. 4 SEM images of the prepared curcumin F108 nanocapsules.
Fig. 5 XRD patterns of the prepared curcumin F108 nanocapsules
along with the F-108 co-polymer and curcumin.
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FT-IR spectrum of curcumin were shifted to 3409 cm−1 and
1130 cm−1 respectively, in the 1 : 1 nanocapsules. The shift in
these bands verifies the interaction of curcumin with the
polymer at these sites.43

The absorption spectra of curcumin and nanocapsules
appear to be very similar, as shown in Fig. 7. In the emission
spectrum, free curcumin has a maximum at ∼551 nm. A red
shift to 574 nm occurred in 1 : 1 nanocapsules (Fig. 7). In the
1 : 1 nanocapsules, curcumin molecules are in close vicinity
which may result in their dimerization at very high concen-
tration along with association of these molecules with F108
polymer chains. This aggregation causes a decrease in the π–π*
gap of the curcumin molecules which is the reason behind the
red shift.46 Moreover, the fluorescence intensity of the 1 : 1
nanocapsules was found to be higher than that of free curcu-
min. The higher concentration of curcumin present in proxi-
mity to the 1 : 1 nanocapsules may cause their dimerization

and subsequent reduction in the fluorescence intensity due to
self-quenching. Therefore, the luminescence intensity was cor-
rected for the absorbance whereby the relative fluorescence
yield was calculated for free curcumin and 1 : 1 nanocapsules
by measuring the absorbance at 425 nm and dividing the fluo-
rescence spectrum at 425 nm excitation by this absorbance
value (Fig. 8).

It was found that the relative fluorescence yield increases
about 1.33-fold in 1 : 1 nanocapsules compared to free curcu-
min in double distilled water.

Thermogravimetric analysis was used to assess the stability
of our prepared 1 : 1 nanocapsules (Fig. 9). Interestingly, no
loss of water around 100 °C in any of the three samples was
observed which indicates that the samples are dehydrated, and
our formed nanocapsules are stable below 200 °C. F-108
showed a sharp weight loss between ∼350 °C and 400 °C.
However, both curcumin and 1 : 1 nanocapsules showed a
similar degradation pattern which started at a lower tempera-
ture of ∼250 °C. The similarity between the curcumin and
nanocapsule degradation pattern and the earlier degradation
of the nanocapsules compared to F108 suggests that curcumin
is incorporated within the F108 nanocapsule core.

In this study, we assessed the toxicity of three compounds,
curcumin, nanocapsules, and a polymer F-108 control, using
two established cancerous human cell lines, A549 human lung
adenocarcinoma cells and A375 human malignant melanoma.
The selection of A549 human lung adenocarcinoma and
A375 human skin melanoma was based on a previously pub-
lished photodynamic therapy by our group using the two cell
types.40 The response usually varied between cell types;47–50

therefore, the aim was to reproduce our results in two drasti-
cally different cell lines (one adenocarcinoma and the other
melanoma) to probe the potential difference in sensitivity and
general applicability to PDT. Various compounds were

Fig. 6 FTIR spectra of free curcumin, F108 and the prepared curcumin
F108 nanocapsules.

Fig. 7 UV-visible absorption and fluorescence emission spectra at an
excitation wavelength of 425 nm of nanocapsules and free curcumin.

Fig. 8 Corrected fluorescence spectra of the prepared nanocapsules
compared to free curcumin.
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assessed for toxicity (with or without controlled light
irradiation) using the MTS cytotoxicity assay in vitro. The irra-
diated wells were exposed to 30 min blue light irradiation post
6 hours incubation with the drug and the drug was left for a
total of 24 h. The IC50 value for MDA-MB-468 human breast
cancer cell lines in the dark was previously reported (IC50 ∼
1–5 μM after 72 h–96 h incubation) and was shown to be time-
dependent with negligible activity at 24 h that significantly
increases with incubation time ranging up to 96 h.51 The IC50

value for A549 was found to be 11.2 μM after 72 h
incubation.52

It was previously reported that curcumin induced apopto-
sis in upper aero digestive tract cancer cells through the acti-
vation of the tumor suppressor p73 and inhibition of p-AKT
and Bcl-2.52 In that study,52 it was also shown that the apop-
totic activity of curcumin was amplified with the concen-
tration of curcumin and incubation time. In our experiments,
we have set the incubation time to 24 h to probe the poten-
tial effect of encapsulating curcumin in nanocapsules as a
delivery mechanism. The respective IC50 values calculated

through a dose–response curve fitting are reported in
Table 1. The IC50 value of curcumin after 24 h exposure in
the dark was 148.7 ± 1.0 μM for A549 cells and 125.4 ±
1.2 μM for A375 cells. After light exposure, curcumin dis-
played IC50 values of 48.9 ± 0.1 μM for A549 cells and 47.6 ±
1.1 μM for A375 cells. The phototoxicity indices (IC50 Dark/
IC50 Light) of curcumin were 3.0 for A549 and 2.6 for A375.
The nanocapsules displayed IC50 values of 4.4 ± 0.1 μM for
A549 and 3.9 ± 0.1 μM for A375 cells in the dark. Upon light
exposure using similar experimental conditions to the ones
used for curcumin, the IC50 values of the nanocapsules were
1.8 ± 0.1 μM for A549 cells and 1.8 ± 0.1 μM for A375 cells.
The phototoxicity indices were 2.4 and 2.2 for A549 and
A375, respectively. The IC50 value of the plain polymer F-108
could not be determined since the cell survival rate was
above 50% even at the highest soluble concentration of the
polymer in cell culture media. There was a 34-fold and
32-fold decrease in IC50 for A549 and A375, respectively,
attributed to the encapsulation of curcumin. In another
study, it was shown that curcumin formulated with chitin
nanogels was selectively toxic towards melanoma cells and
showed no hemolysis and toxicity towards normal cells.53 In
a recent study conducted by Mohanty and Sahoo,54 curcumin
encapsulated in PVA and PLGA nanoparticles enhanced the
killing effect toward cancer cells. Curcumin nanoparticles
whose size was 192 nm demonstrated higher efficiency in
reducing the viability of various cancer cell lines, including
leukemia (K-562), human colon cancer (HCT-116) and pan-
creatic cancer (PANC-1 and MIA PaCa-2). Several reports have
discussed that PLGA-encapsulated curcumin nanoparticles
facilitated cellular uptake in different cancer cell lines.55,56 In
addition, the cytotoxicity assays using various cancer cell
lines, including murine cancer cells (B16F10 melanoma, LL2
lung carcinoma, CT26 colorectal adenocarcinoma and JC
breast adenocarcinoma) and human cancer cells
(HepG2 hepatocellular carcinoma, A549 lung carcinoma,
HT-29 colorectal adenocarcinoma and cervical carcinoma),
showed that the positively charged curcumin-encapsulated
liposome nanoparticles developed using cationic polyethylene
glycol (PEG) and polyethyleneimine (PEI) complexes were
20-fold more efficient than raw curcumin.57 All these studies
support our findings of the advantages of encapsulation of
curcumin for the enhancement of potency against cancer
cells in vitro. In the present case the nanocapsules yielded a
significantly higher dark toxicity reflected by their lower IC50

values. This was attributed to two main factors: first, it was
estimated that on average 5 curcumin molecules were incor-
porated into each nanocapsule. Second, the delivery mecha-
nism and cellular uptake of curcumin may be improved upon
encapsulation (Fig. 10).

Single cell gel electrophoresis, commonly known as the
comet assay, was performed on exposed and control A375 cells
to elucidate the potential genotoxic mechanism of action of
each formulation. The comet assay detected single-strand and
double-strand breaks and typically indicated DNA
damage.58–60 The Tail Moment Index (TMI) was calculated

Fig. 9 TGA patterns for F108, curcumin and curcumin F108
nanocapsules.

Table 1 Calculated IC50 of curcumin, curcumin F108 nanocapusles and
the polymer F-108 for A549 and A375 cell lines. Each value represents
the average of three independent experiments performed on the same
day and using the same batch of cells

Compounds

IC50 in μM

A549 A375

Light Dark Light Dark

Curcumin 48.9 ± 0.1 148.7 ± 1.0 47.6 ± 1.1 125.4 ± 1.2
Curcumin F108
nanocapsules

1.8 ± 0.1 4.4 ± 0.1 1.8 ± 0.1 3.9 ± 0.1

Polymer F-108 N/A N/A
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from the data generated by the CASP software using the comet
photographs and was proportional to the tail DNA content of
cells and the tail length. The data displayed in Fig. 11 show a
significant increase in DNA damage upon light activation in

both the nanocapsules and curcumin compound when com-
pared to the dark conditions. In addition, the extent of DNA
damage measured around the IC50 concentration in the nano-
capsules was less than that of the curcumin compound which

Fig. 10 Effects of light on compound activity as measured for A549 and A375 cells. (a) Curcumin using A549 cells, (b) curcumin using A375 cells, (c)
curcumin F108 nanocapsules using A549 cells, (d) curcumin F108 nanocapsules using A375 cells, (e) polymer F-108 using A549 cells, and (f )
polymer using A375 cells.
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could be due to the fact that curcumin contains >200 times the
concentration of curcumin molecules than the nanocapsules
at the concentrations used. Upon light exposure, the DNA
damage was significantly increased in both the nanocapsules
and curcumin indicating efficient photodynamic therapy in
the tested cell line. The increase of DNA damage upon
irradiation is likely caused by the production of reactive
oxygen species (ROS) which was previously shown to increase
when using curcumin for in vitro photodynamic therapy of
cancer.61 It should be noted that the singlet oxygen (1O2) for-
mation quantum yield of curcumin was previously reported to
be Φ = 0.11 in acetonitrile or toluene but it was significantly
lower in alcohols and was hardly detectable in aqueous
medium.62

Conclusion

Curcumin is a well-established therapeutic agent; however, it
is limited due to its low water solubility. Therefore, numerous
studies focused on enhancing the solubility of curcumin in
water to increase bioavailability. Strategies included encapsu-
lating curcumin in polymeric micelles, liposomes and gold
nanoparticles among others. The aim of this study was to
improve the biological activity and compatibility of curcumin
through encapsulation in F108 nanocapsules. This was
achieved in the 1 : 1 drug to copolymer ratio using a co-precipi-
tation method with acetone as a solvent. Furthermore, the
nanocapsules were characterized using SEM, XRD, TGA, FTIR
and emission spectroscopy. SEM imaging revealed that the
prepared nanocapsules appeared as spherical particles whose
sizes varied between 270 nm and 310 nm. The XRD spectra of
the 1 : 1 nanocapsules compared to free curcumin clearly illus-
trated the changes in the position and intensities of the peaks,
indicating the successful interaction between curcumin and
F108. Besides, the IR spectra further suggested that this inter-
action occurred at the hydroxyl and carbonyl site of curcumin

and F108. A 23 nm red-shift in the emission maximum along
with an increase in the fluorescence quantum yield was
observed in the nanocapsules relative to free curcumin. The
change in photophysical properties was attributed to inter-
molecular interactions in the aggregated form. TGA patterns
showed that the nanocapsules are anhydrous and stable until
∼250 °C. The cytotoxicity of the nanocapsules, curcumin, and
F108 control was assessed using two types of human cancer-
ous cells (with or without controlled light irradiation):
A549 human lung adenocarcinoma cells and A375 human
malignant melanoma. For A549 and A375, the results indi-
cated a 34-fold and 32-fold decrease in the IC50, respectively,
suggesting enhanced anticancer activity of curcumin upon
encapsulation in F108. IC50 also decreased ∼3-fold in the pres-
ence of light irradiation, suggesting an efficient photodynamic
therapy. The effect of curcumin and nanocapsules on DNA was
further assessed using comet assay. The results showed DNA
damage in A375 cells for both curcumin and nanocapsules,
which further increased upon exposure to blue light attributed
to the generation of oxidative stress within the cells. These
results together illustrate the advantages of the encapsulation
of curcumin within the amphiphilic block co-polymer for
potential drug delivery applications.
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dark. Statistical significance was reported versus the negative control as follows: *P ≤ 0.05 and **P ≤ 0.01.
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