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ABSTRACT: Dendritic polymer nanoparticles (NPs) are promising vehicles for drug delivery. Most dendrimer polymer NPs,
however, exhibit positive surface charge which make them, in many instances, cytotoxic. We constructed noncationic, amphiphilic
dendrimer NPs embedding curcumin and resveratrol, natural polyphenols exhibiting anticancer properties. The curcumin/
resveratrol/dendrimer NPs both effectively shielded the embedded polyphenols and facilitated their slow release and, notably,
targeted cancer cells. The experimental data trace the cancer cell toxicity of the curcumin/resveratrol/dendrimer NPs to impairment
of mitochondrial functions, specifically giving rise to enhanced intracellular calcium release, inhibition of cytochrome c oxidase
enzyme activity, decreased mitochondrial membrane potential, and mitochondrial membrane perturbation. Importantly, synergism
between the dendrimer-NP-embedded curcumin and resveratrol was observed, as more pronounced cancer cell death and
mitochondrial disruption were induced by the curcumin/resveratrol/dendrimer NPs as compared to either the freely dissolved
polyphenols or amphiphilic dendrimer NPs incorporating curcumin or resveratrol separately. This work suggests that amphiphilic
dendrimer NPs encapsulating curcumin and resveratrol may constitute a promising anticancer therapeutic platform.
KEYWORDS: dendrimer drug carriers, amphiphilic dendrimers, curcumin, resveratrol, mitochondria, cancer

1. INTRODUCTION
Curcumin and resveratrol are plant-derived polyphenolic
compounds reported to exhibit therapeutic properties,
including anti-inflammatory, antioxidant, and anticancer
activities.1,2 Curcumin has been shown to inhibit cancer cell
proliferation and induced apoptosis in numerous cancer cell
types.3−5 Similar to curcumin, resveratrol also inhibits
carcinogenesis.6,7 Importantly, both curcumin and resveratrol
target cancer cells8,9 and particularly impact cancer cells’
mitochondria.10,11 Previous studies reported that curcumin and
resveratrol decrease the mitochondrial membrane poten-
tial,12,13 impair the activity of some mitochondrial respiratory
enzymes,14,15 and trigger mitochondrial outer membrane

permeabilization (MOMP).16,17 Interestingly, curcumin and
resveratrol have displayed synergistic effects when adminis-
tered in tandem.18,19 Both curcumin and resveratrol, however,
are hydrophobic, thus exhibiting low solubility in aqueous
solutions and poor bioavailability which hinder their
therapeutic applicability. Efforts toward increasing the
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therapeutic efficacy of curcumin and resveratrol have been
accomplished by different methods, particularly their inclusion
in varied delivery systems.20,21

Dendrimer nanoparticles (NPs) have been investigated as
drug delivery carriers.22−25 In particular, dendrimer NPs have
been studied as vehicles for passive and active delivery of
anticancer drugs.26,27 The unique architecture of dendritic (or
hyperbranched) polymers furnishes the particles with
important functionalities including the nanoscale dimensions,
dispersity, stability, and feasibility of diverse functions through
chemical surface modifications.28 The widely used poly-
(amidoamine) (PAMAM) dendrimers, for instance, display a
high density of primary amino surface groups29 and thus are
associated with and efficiently transport DNA into varied cell
types.30,31 However, cationic PAMAM dendrimers exhibit
significant toxicity to cells presumably because of their
interactions with negative cell surfaces.32,33 Additionally, the
surface amino residues of PAMAM particles might react with
carbonyl units in biomolecules, overall limiting their potential
therapeutic applicability.
In this study, we synthesized composite NPs comprising an

amphiphilic dendritic polymer encapsulating both curcumin
and resveratrol. The dendrimer employed (Bolton W3000) is a
nonionic and self-emulsifying polymer, comprising hydro-
phobic unsaturated fatty acid chains and polyethylene glycol
(PEG) and forming a dendritic globular structure.34 This
amphiphilic dendrimer was employed in varied applications,
for example, as a carrier for the delivery of the chemo-
therapeutic drug paclitaxel35 and for separation of aromatic/
aliphatic hydrocarbons.36 Here we show that curcumin/
resveratrol/amphiphilic dendrimer NPs had pronounced
cytotoxic effects on cancer cells, particularly targeting
mitochondria and disrupting mitochondrial functions, includ-
ing enzyme activities, mitochondrial membrane integrity, and
apoptotic effects. Importantly, the biological effects induced by
the curcumin/resveratrol/dendrimer NPs were more pro-
nounced than similarly prepared amphiphilic dendrimer NPs
comprising the individual polyphenols−curcumin or resvera-
trol−separately. This synergistic effect may be linked to the
enhanced uptake of the polyphenols in the amphiphilic

dendrimer matrix and their efficient delivery into the cells.
Overall, this study may open innovative avenues for the use of
amphiphilic dendrimer NPs as delivery vehicles for naturally
extracted anticancer polyphenols.

2. RESULTS AND DISCUSSION
2.1. Preparation and Characterization of the Poly-

phenol/Dendrimer Nanoparticles. Figure 1A illustrates the
preparation scheme of the polyphenol/amphiphilic dendrimer
NPs and their tested application at this study (Figure 1B). The
composite NPs were synthesized according to the solvent
displacement method,37 in which the amphiphilic dendritic
polymer (Bolton W3000) and equimolar concentrations of
curcumin and resveratrol were dissolved in acetone and
injected into an aqueous buffer solution. Globular NPs were
thus formed through the “Ouzo effect” in which nanodroplets
are formed without surfactants.38 A guest molecule loading
assay39 was employed to determine the highest-possible
loading of the two compounds within the dendrimer NPs.
Hence, different curcumin/resveratrol weight ratios were
examined, and the optimal curcumin/resveratrol ratio (both
at 0.5 mg per 20 mg of W3000; Figure S1) was determined by
use of pertinent calibration curves of curcumin or resveratrol.
Figure 2 depicts bioanalytical characterization of the

polyphenol/dendrimer NPs. The representative cryogenic
transmission electron microscopy (cryo-TEM) images in
Figure 2Ai reveal that incorporation of resveratrol and
curcumin within the amphiphilic dendrimer NPs give rise to
significant morphological changes. Specifically, while NPs
comprising the amphiphilic dendrimer alone appear relatively
homogeneous and spherical40 (Figure 2Ai, left image), the
curcumin/resveratrol/dendrimer particles exhibit larger sizes.
In addition, the curcumin/resveratrol/dendrimer NPs appear
compartmentalized, likely arising from interactions of
embedded polyphenols with the dendrimer scaffold. The
light-scattering results in Figure 2Aii further attest to the larger
sizes of the curcumin/resveratrol/dendrimer NPs (130 ± 9
nm) compared to the bare amphiphilic dendrimer NPs (95 ±
7 nm). Notably, the dimensions of the curcumin/resveratrol/

Figure 1. Preparation and anticancer activities of the curcumin/resveratrol/dendrimer nanoparticles. (A) Schematic illustration of the amphiphilic
dendrimer NPs encapsulating the curcumin and resveratrol synthesis process. (B) The applications studied.
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dendrimer NPs, at <200 nm, are in the range of practical drug
delivery vehicle applications.41

The fluorescence spectroscopy data in Figure 2B further
illuminate the proximate nature of curcumin and resveratrol in
the amphiphilic dendrimer NPs. When the two polyphenols
were freely dissolved in water and excited at 310 nm
(resveratrol excitation wavelength42), a single small signal at
around 420 nm was observed, corresponding to resveratrol
emission (Figure 2B, broken spectrum). In comparison, the
fluorescence emission spectrum of the curcumin/resveratrol/
dendrimer NPs, similarly excited at 310 nm, shows also a
pronounced peak at 525 nm, which is the wavelength of
curcumin emission43 (Figure 2B, solid spectrum). This result
likely reflects the occurrence of Forster resonance energy
transfer (FRET) from the dendrimer-embedded resveratrol to
curcumin, indicating the immobilization and proximity
between the polyphenols in the dendrimer matrix.
The photolysis experiments in Figure 2C further attest to

incorporation of the polyphenols within the dendrimer NPs.
Both resveratrol and curcumin are sensitive to photolysis, and
exposure to light can lead to degradation and loss of their
biological activities.44,45Figure 2C depicts the fluorescence

emission of the polyphenols (emission wavelengths were at
420 and 520 nm in the case of resveratrol and curcumin,
respectively) recorded within 70 h of continuous illumination
(utilizing a full spectrum lamp at 7 W power). Notably, the
fluorescence emissions of free resveratrol or curcumin in
aqueous solutions were almost completely quenched within
less than 10 h (Figure 2C, broken lines), reflecting photolysis
of the molecules. However, in the case of curcumin/
resveratrol/dendrimer NPs, the fluorescence signal recorded
for curcumin was retained for more than 35 h (solid line in
Figure 2Ci), while resveratrol emission was still significant even
after 70 h irradiation (solid line in Figure 2Cii). These results
indicate effective shielding of the polyphenols within the
dendrimer NPs.
Figure 2D portrays the release profiles of the polyphenols,

recorded using the membrane dialysis method, widely
employed in nanocarriers’ drug release studies.46 In this
assay, the cargo molecules can be easily separated by diffusion
through a semipermeable membrane without affecting particle
integrity. The release profiles were determined both in pH =
7.4, which mimics the cell cytoplasm conditions, as well as in
pH = 5.4, corresponding to the acidic environment in tumor

Figure 2. Characterization of the curcumin/resveratrol/dendrimer nanoparticles. (A(i)) Cryo-TEM images of unloaded dendrimer NPs (left
image) and curcumin/resveratrol/dendrimer NPs (20:0.5:0.5 mg weight ratio; right). Scale bar corresponds to 100 nm. (ii) Size distribution of the
amphiphilic dendrimer NPs (white bar) and cur/res/dendrimers NPs (orange bar), determined by dynamic light scattering. Statistical analysis (n =
3) was performed with an unpaired Student’s t test. Results are presented as means (SEM) standard error of three independent replicates. The
calculated P values are compared to the control of the experiment. The errors of all results are significant with P < 0.05. (B) Fluorescence emission
of the curcumin/resveratrol/dendrimer NPs (solid curve) or a free curcumin + resveratrol mixture in buffer (dashed curve). Excitation was at 310
nm (corresponding to resveratrol excitation), and the fluorescence intensity emission values of the highest peak were used for constructing the
fluorescence intensity vs time curve (420/520 nm for resveratrol and curcumin, respectively). (C) Light stability assay, in which samples of
curcumin/resveratrol/dendrimer NPs, or free curcumin + resveratrol, were exposed to continuous illumination (full spectrum lamp, power 7 W)
and fluorescence emission, was monitored over time. The samples were excited at either 450 nm (i) (corresponding to curcumin excitation) or 310
nm (ii) (resveratrol excitation). I0 indicates the fluorescence emission recorded in t = 0, while Ii accounts for emission of the sample at each time
(excitation wavelengths for resveratrol and curcumin were 310 and 450 nm, respectively). (D) Drug release assay. The curcumin/resveratrol/
dendrimer NPs were dialyzed in different buffers (pH= 5.4 dashed lines; pH= 7.4 straight lines) for 120 h. The absorbance of curcumin (i) or
resveratrol (ii) was measured in each sample (310 and 450 nm for resveratrol and curcumin, respectively), and the release of polyphenols from the
dendrimer NPs was determined in μg/mL units by spectrophotometry, through the use of calibration curves for resveratrol and curcumin.
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cells.47,48 Importantly, both curcumin and resveratrol were
released from the composite NPs earlier in acidic conditions
(after 60 and 40 h for curcumin and resveratrol, respectively,
Figure 2D). Cancer cells’ oxidative metabolism contributes to
the acidic microenvironment,49 and hence the application of
nanodelivery systems for payload release accounts for “passive
delivery”. The early release of curcumin and resveratrol from
the NPs testify to their specificity for cancer cells. All together,
these results testify that the acidic environment encourages
faster release of the polyphenols in less than 3 days.
2.2. Curcumin/Resveratrol/Amphiphilic Dendrimer

Nanoparticles Reduce the Viability of Cancer Cells.
Figure 3 presents fluorescence and cell viability experiments
designed to assess whether the curcumin/resveratrol/den-
drimer NPs target and destroy cancer cells. Figure 3Ai depicts
histograms accounting for curcumin fluorescence intensity
distribution (excitation/emission 488/560 nm50) recorded in a
flow cytometry experiment following incubation of SH-SY5Y
cells, a widely used cancer cell model,51 for 30 min with either
curcumin/resveratrol/dendrimer NPs or with a mixture of
freely dissolved polyphenols. The fluorescence emission
histograms reveal that significantly higher intensities were
recorded following incubation of the cells with the curcumin/
resveratrol/dendrimer NPs rather than free polyphenols. The
higher fluorescence intensities are ascribed to efficient uptake
of curcumin and resveratrol by the SH-SY5Y cells; specifically,
we recorded curcumin fluorescence, thereby illuminating
polyphenol uptake. While the intrinsic fluorescence of
curcumin in solution is low, its incorporation within the
hydrophobic environment of the cell membranes gives rise to

the pronounced fluorescence intensity, and this may occur due
to curcumins lipophilic character.52,53

The representative confocal fluorescence microscopy images
in Figure 3Aii further attest to the greater uptake of curcumin
delivered to the SH-SY5Y cells by the curcumin/resveratrol/
dendrimer NPs compared to the free molecule. In the
experiment, SH-SY5Y cells were incubated for 30 min with
curcumin/resveratrol/dendrimer NPs or free curcumin
(curcumin concentration in both cases was 50 μg/mL), and
images were recorded (excitation was 488 nm, and the
emission detection range was 595−640 nm). Indeed, the
curcumin fluorescence in the cells was significantly more
intense when the molecule was delivered in the dendrimer NPs
compared to cell incubation with free curcumin (Figure 3Aii).
Curcumin and resveratrol are known to target and obliterate

cancer cells.54,55 To evaluate the cell toxicity of the curcumin/
resveratrol/dendrimer NPs, we carried out an XTT assay
complemented by cell morphology microscopy analysis
(Figure 3B). The XTT bar diagram in Figure 3Bi demonstrates
that the curcumin/resveratrol/dendrimer NPs (concentration
of each polyphenol was 50 μg/mL) decreased the viability of
the SH-SY5Y cells by almost 60% after 48 h incubation. This
toxic effect was significantly more pronounced compared to
free resveratrol and curcumin (i.e., not embedded in dendrimer
NPs) that were incubated with the cells at the same
concentrations (∼40% cell death). In particular, Figure 3Bi
further demonstrates a synergistic effect in the case of
embedding both curcumin and resveratrol in the dendrimer
NPs, as NPs comprising only curcumin or resveratrol (at a
concentration of 100 μg/mL) gave rise to less than 50% cell

Figure 3. Curcumin/resveratrol/dendrimer nanoparticle cell uptake and inhibition of cancer cells. (A) Flow cytometry histogram quantification (i)
and represented images of curcumin/resveratrol/dendrimer NPs or free curcumin + resveratrol uptake by SH-SY5Y cells (ii). The representative
images describe the bright-field (BF, left columns) and fluorescence (right columns) images of the cells of each sample (cur/res/dendrimers or free
cur + res). The presented fluorescence intensity is according to curcumin Ex (488 nm), and images of the scale bar correspond to 10 μm. (B(i)).
Cytotoxicity profile determined by the XTT assay in SH-SY5Y cells. Different samples of NPs (indicated at axis x) incubated with cells for 48 h,
followed by addition of the XTT reagent. The control corresponds to nontreated SH-SY5Y cells in which all results are normalized. The final
dendrimer concentration was 2.5 mg/mL. Statistical analysis (n = 5) was performed with an unpaired Student’s t test. Results are presented as
means (SEM) of standard error of five independent replicates. The calculated P values were compared to the control of each experiment. The
errors of all results are significant with P < 0.05. (ii) Bright-field confocal images of SH-SY5Y cells. Samples were supplemented with bare
dendrimer NPs, curcumin/resveratrol/dendrimer NPs, or a free curcumin + resveratrol mixture in buffer. Images were taken after 24 h of
incubation of these with the cells. Scale bar corresponds to 20 μm.
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death. Notably, significantly less toxicity was observed when
the curcumin/resveratrol/dendrimer NPs were incubated with
normal (noncancerous) Hek-293 cells (around 20% cell death,
Figure 3Bi, rightmost bar), underscoring targeting of cancer
cells by the polyphenol/dendrimer NP system.
The microscopy images in Figure 3Bii complement the XTT

assay results, furnishing visual evidence for the cytotoxic effect
of the curcumin/resveratrol/dendrimer NPs on cancer cells.
Specifically, addition of the curcumin/resveratrol/dendrimer
NPs (concentration of each polyphenol was 50 μg/mL) to the
SH-SY5Y cancer cells gave rise to formation of cell rounding

and shrinking, both reflecting typical apoptotic effects on cells
(Figure 3Bii). In comparison, and echoing the XTT data,
addition of a curcumin + resveratrol mixture not sequestered in
NPs (concentration of each polyphenol was 50 μg/mL)
resulted in lesser apoptotic effects, displaying higher
abundance of cells exhibiting normal shapes (Figure 3Bii).
2.3. Targeting Mitochondria in Cancer Cells by

Curcumin/Resveratrol/Dendrimer Nanoparticles. Anti-
cancer polyphenols such as curcumin and resveratrol
specifically inhibit mitochondria respiratory activities and
induce apoptosis.56−59 The confocal fluorescence microscopy

Figure 4. Mitochondria targeting by curcumin/resveratrol/dendrimer nanoparticles in cancer cells. Confocal fluorescence microscopy images of
SH-SY5Y cells incubated for 20 min with curcumin/resveratrol/dendrimer NPs (final dendrimer concentration of 2.5 mg/mL; polyphenol
concentration was 50 μg/mL) or with a free curcumin + resveratrol mixture (at the same concentration). The cells were then imaged for each
fluorophore: MitoTracker Orange (Ex/Em 561/588), curcumin (Ex/Em 488/561), and resveratrol (Ex/Em 405/488). Colocalized images were
obtained by analysis with Image J software. Scale bar corresponds to 20 μm.

Figure 5. Disruption of mitochondrial functionalities induced by curcumin/resveratrol/dendrimer NPs. (A) Intercellular calcium release assay. SH-
SY5Y cells were incubated with different NP samples (indicated at the x axis). The samples were incubated for 48 h followed by determination of
calcium levels using the Fluo-4 direct assay kit. (B) Cytochrome c oxidase (COX) activity. SMPs derived from SH-SY5Y cells were treated with
different samples (indicated at the x axis). COX absorbance at 550 nm was measured in the presence of a ferrocytochrome c solution (0.22 mM).
The y axis corresponds to the COX enzyme activity ratio, in which activity(i) represents the enzyme activity measured in SMP + sample and
activity(0) is the enzyme activity in SMPs alone. Results are presented as means ± standard error of the mean (SEM) of five replicates. (C)
Mitochondrial membrane potential depolarization in SH-SY5Y cells. The cells were incubated with different samples (indicated at the x axis) for 24
h, after which the TMRE mitochondrial membrane potential assay was performed. Carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP)
served as the positive control for depolarization of the mitochondrial membrane potential. The y axis depicts the mitochondrial membrane potential
(ΔΨm). Statistical analysis (n = 5) was performed with an unpaired Student’s t test. Results are presented as mean (SEM) standard error of five
independent replicates. The calculated P values are compared to the control of each experiment. The errors of all results are significant with P <
0.05.
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images in Figure 4 examine mitochondrial targeting by the
curcumin/resveratrol/dendrimer NPs in SH-SY5Y cancer cells.
In the experiments, cells stained with the mitochondria-specific
fluorescent dye MitoTracker Orange were coincubated with
curcumin/resveratrol/dendrimer NPs or with the free
curcumin and resveratrol mixture (at the same polyphenol
concentrations). The cells were then imaged in blue (Ex/Em
405/488 nm, depicting resveratrol fluorescence), green (Ex/
Em 488/561 nm, illuminating curcumin uptake), or red (Ex/
Em 561/566 nm, showing the fluorescence of MitoTracker
Orange).
As shown in Figure 4 (top row), following incubation of the

SH-SY5Y cells with the curcumin/resveratrol/dendrimer NPs,
colocalization of both resveratrol and curcumin with
MitoTracker Orange was apparent, indicating delivery of the
polyphenols to the mitochondria. In contrast, when the SH-
SY5Y cells were incubated with curcumin and resveratrol that
were not NP-embedded, much lower mitochondria uptake was
observed (Figure 4, bottom row). Overall, the fluorescence
confocal microscopy data in Figure 4 furnish evidence for
targeted mitochondria delivery of curcumin and resveratrol via
the amphiphilic dendrimer NPs. Additional quantitative
colocalization analysis is presented in Figure S3.
We investigated the effects of the curcumin/resveratrol/

dendrimer NPs on mitochondrial functionalities, in compar-
ison with polyphenols freely dissolved in solution as well as
compared to amphiphilic dendrimer NPs encapsulating only
curcumin or resveratrol (Figure 5). Figure 5A depicts
intracellular calcium levels measured in SH-SY5Y cells
following incubation with curcumin/resveratrol/dendrimer
NPs (concentration of each compound was 50 μg/mL), a
freely dissolved curcumin and resveratrol mixture (at the same
concentrations as in the NPs), or dendrimer NPs comprising
only resveratrol or curcumin (concentration of each was 100
μg/mL). Intracellular calcium is an important parameter for
regulating mitochondrial function and adenosine triphosphate
(ATP) production.60,61 Impairment of the outer mitochondrial
membrane might lead to release of mitochondrially associated
Ca2+ and a concomitant increase in intracellular calcium
levels.62,63 Previous studies reported that both curcumin and
resveratrol induced intracellular calcium release in cancer cell
lines.64,65 The bar diagram in Figure 5A shows that the
curcumin/resveratrol/dendrimer NPs induced more than 25%
higher intracellular calcium release in SH-SY5Y cells compared
to untreated cells. The corresponding intracellular calcium
release when a mixture of freely dissolved curcumin and
resveratrol was added to the SH-SY5Y cells was less than 10%,
attesting to the greater disruption of mitochondrial function
mediated by the curcumin/resveratrol/dendrimer NPs. Fur-
thermore, incubation of the SH-SY5Y cells with curcumin/
dendrimer NPs or with resveratrol/dendrimer NPs induced
lesser Ca2+ release (19% and 15%, respectively) than
curcumin/resveratrol/dendrimer NPs, attesting to a synergistic
effect when the two polyphenols were embedded together in
the amphiphilic dendrimer NPs.
Figure 5B presents the effects of the polyphenols on the

enzymatic activity of cytochrome c oxidase (COX). COX is a
prominent mitochondrial respiratory enzyme, playing a key
role in energy generation.66 Previous reports demonstrated
modulation of COX activity by curcumin or resveratrol.67,68 In
the experiments depicted in Figure 5B, we extracted
mitochondria from SH-SY5Y cells and constructed “inside-
out” submitochondrial particles (SMPs).69 SMPs allow

monitoring of COX activity since they expose to solution the
inner mitochondrial membrane and associated membrane
proteins, such as COX. Control experiments confirmed
inversion of the inner mitochondrial membrane in the SMPs
while retaining membrane functionality (Figure S2). Echoing
the intracellular calcium release analysis in Figure 5A, and
Figure 5B demonstrates significant attenuation of COX activity
following incubation of the SMPs extracted from the SH-SY5Y
cells with curcumin/resveratrol/dendrimer NPs (activity ratio
0.56 ± 0.07). Furthermore, COX inhibitory activity was less
pronounced when the SMPs were incubated with the NP-free
curcumin and resveratrol mixture (0.89 ± 0.09). Importantly,
lesser COX inhibition was recorded when amphiphilic
dendrimer NPs comprising either curcumin or resveratrol
individually were added to the SMPs (0.71 ± 0.06 and 0.69 ±
0.03, respectively), attesting to a synergistic biological effect
when the two polyphenols were embedded together in the
dendrimer NPs, echoing the calcium release experimental
results in Figure 5A.
Figure 5C presents mitochondrial membrane potential

quantification, further attesting to the significant disruption
of mitochondrial functions by the curcumin/resveratrol/
dendrimer NPs. Mitochondrial membrane potential is an
important mitochondrial activity marker.70 Depolarization of
mitochondrial membrane potential may lead to bioenergetic
stress, resulting in release of apoptotic factors, leading to cell
death.70 In the experiments outlined in Figure 5C, the
membrane potential of SMPs extracted from SH-SY5Y cells
was determined by the tetramethylrhodamine ethyl ester
perchlorate (TMRE) assay. TMRE is a cell-permeable,
positively charged dye, accumulating in active mitochondria.71

Corroborating the calcium release and COX inhibition
experiments, Figure 5C demonstrates that significant mem-
brane depolarization (around 40%) was induced upon
incubation of the SMPs with the curcumin/resveratrol/
dendrimer NPs, while the free curcumin/resveratrol mixture
in solution induced significantly lower, ∼20%, membrane
depolarization. Cyanide p-trifluoromethoxyphenylhydrazone
(FCCP) served as a positive control for mitochondrial
membrane depolarization. The data in Figure 5 are consistent
with the cell viability (Figure 3) and mitochondria targeting
experiments (Figure 4), attesting to the pronounced anticancer
effects of the curcumin/resveratrol/dendrimer NPs. Additional
experiments inspecting the impact of curcumin/resveratrol/
dendrimer NPs on mitochondria functionality of noncancerous
Hek-293 cells indicate lesser mitochondrial disruption (Figure
S4), attesting to cancer cell targeting by the amphiphilic NPs.
An important result underscored in the data depicted in

Figures 3−5 is the apparent synergistic effect when curcumin
and resveratrol are delivered together in the amphiphilic
dendrimer NPs. Previous studies have reported that admin-
istration of curcumin and resveratrol in tandem resulted in
synergistic anticancer effects in vitro and in vivo in varied
human tumor cells.18,72 In particular, curcumin and resveratrol
were shown to more effectively stimulate apoptotic mitochon-
drial enzymes when delivered together to cancer cells73 and
gave rise to a synergistic antiproliferative effect.74 This effect
was ascribed to attenuation of antiapoptotic proteins and
activation of growth factor receptors, leading to higher activity
when both molecules were furnished.75 Previous studies
indicated that resveratrol may stabilize curcumin, and this
enhanced chemical stability could increase the biological
efficacy of both molecules, for example, through inhibition of
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NF-κB activity in colon tumor cells and concomitant
stimulation of apoptosis.76 Other in vivo studies demonstrated
that when the two polyphenols were provided together
apoptotic pathways were induced through downregulation of
Bcl-2 and upregulation of Bax and cytosolic release of
cytochrome c.18

To complement the mitochondria functional analyses in
Figure 5, we additionally investigated the effects of the
curcumin/resveratrol/dendrimer NPs upon the physicochem-
ical properties of mitochondrial membranes, as membrane
bilayers constitute likely sites for docking and uptake of the
lipophilic polyphenols77 (Figure 6). Figure 6A examines
incorporation of resveratrol and curcumin within giant vesicles
(GVs) comprising dioleylphosphatydilcholine (DOPC) and
cardiolipin (CL) (98:2 mol ratio), mimicking mitochondrial
outer membrane composition.78 GVs are useful models for
cellular membranes in light of their dimensions and low
curvatures.79Figure 6A reveals efficient uptake of curcumin and
resveratrol by the GVs. Notably, significant fluorescence
intensities of resveratrol or curcumin were apparent when
the vesicles were incubated with curcumin/resveratrol/
dendrimer NPs (Figure 6A), accounting for the effective
delivery of the polyphenols by the amphiphilic dendrimer NPs.
Figure 6B depicts differential scanning calorimetry (DSC)

measurements in which DMPC/CL (98:2 mol ratio) vesicles

were employed as mitochondrial membrane mimics.78 DSC
permits assessing the effect of membrane-active substances
upon bilayer thermodynamic parameters.80Figure 6B shows
that the curcumin/resveratrol/dendrimer NPs had a significant
effect on membrane bilayer properties. Specifically, the
polyphenol/dendrimer NPs reduced the gel−liquid phase
transition temperature by an experimentally significant 1.2 °C
(thermogram peak shift shown in Figure 6Bi and shown
quantitatively in Figure 6Bii), ascribed to misalignment of the
lipids’ acyl tails due to greater bilayer disorder. Furthermore,
the effect of the curcumin/resveratrol/dendrimer NPs upon
ΔTm of the DMPC/CL vesicles was significantly more
pronounced than addition of the free polyphenols, which
may account for the more effective mitochondria targeting by
the polyphenol/dendrimer NPs (e.g., Figures 3−5).
The DSC data in Figure 6Bii further reveal a significant

decrease of the enthalpy change ratio (ΔHi/ΔH0) induced by
the curcumin/resveratrol/dendrimer NPs (0.71 ± 0.01). The
lower enthalpy ratio indicates less pronounced participation of
the bilayer lipids in the phase transition, ascribed to
interactions of the polyphenol dendrimer NPs which disengage
the lipid molecules. Notably, the enthalpy change ratio induced
by the curcumin/resveratrol/dendrimer NPs was lower than
value calculated for the vesicles following incubation with the
free curcumin + resveratrol mixture (0.79 ± 0.05, Figure 6Bii),

Figure 6.Membrane interactions of the curcumin/resveratrol/dendrimer nanoparticles. (A) Confocal fluorescence microscopy of DOPC/CL GVs
(9:1 mol ratio between DOPC and CL) incubated with curcumin/resveratrol/dendrimer NPs (1 μg/mL final concentration of the dendrimers).
Bright field (left image), excitation/emission of 488 nm/561−588 nm for curcumin (middle image), and excitation/emission of 405 nm/488−561
nm for resveratrol. Scale bars correspond to 10 μm. (B) Differential scanning calorimetry (DSC) thermogram (i) and thermodynamic parameters
(ii) obtained in DMPC/CL MLVs (98:2 mol ratio, 1 mM) were supplemented with the following: bare dendrimer NPs (dendrimers), curcumin/
resveratrol/dendrimer NPs, or the free curcumin + resveratrol mix. The samples of DMPC/CL MLVs alone (PC/CL) or MLVs mixed with DMSO
were used as the control. DSC parameters recorded for the multilamellar vesicle suspensions are indicated in (B(ii)) as follows: ΔTm, the
difference between phase transition temperatures recorded upon addition of NP samples and control MLVs, and ΔH(i)/ΔH(0), the enthalpy ratio
in which ΔH(i) corresponds to the enthalpy change after sample addition and ΔH0 is the control vesicle sample. Statistical analysis (n = 3) was
performed with an unpaired Student’s t test. Results are presented as mean (SEM) standard error of three independent replicates. The calculated P
values are compared to the control of each experiment. The errors of all results are significant with P < 0.05.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.2c01316
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acsapm.2c01316?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01316?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01316?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01316?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c01316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reflecting a lesser impact of the free polyphenols on the bilayer
membrane.
Together, the fluorescence microscopy and DSC results in

Figure 6 attest to affinity and perturbation of mitochondria-
mimic membrane bilayers by curcumin and resveratrol
delivered via the amphiphilic dendrimer NPs. Curcumin and
resveratrol are lipophilic and are known to accumulate in cell
membranes.81,82 In addition, previous studies have shown that
these polyphenols induced lysis of mitochondrial membranes
in several cancer cells.59,83−85 As such, membrane localization
and bilayer interactions may contribute to the effects of
curcumin and resveratrol upon membrane protein function-
alities, such as the disruption of COX activity or elevated
intracellular calcium levels (Figure 5). Indeed, increased
intracellular calcium levels, induced by permeability transition
pores (PTPs) in the inner mitochondrial membrane, lead to
cell apoptosis.86 This factor may contribute to the adverse
impact of the NPs upon mitochondria in cancer cells and
specifically mitochondrial membranes; therefore, its inhibition
may account for uptake of the curcumin/resveratrol/
dendrimer NPs by the mitochondrial membrane, providing a
possible mechanistic pathway for its functional disruption.

3. CONCLUSIONS
In conclusion, this study describes codelivery of curcumin and
resveratrol to cancer cells via incorporation within an
amphiphilic dendrimer NP. Cancer cell viability data reveal
significant cytotoxicity of the curcumin/resveratrol/dendrimer
NPs upon incubation with the cells. Functional mitochondria
assays demonstrated that the polyphenol/dendrimer NPs
interact with the mitochondrial membrane, affecting intra-
cellular calcium release, impairment of COX activity, and lower
mitochondrial membrane potential. Importantly, the effects of
the curcumin/resveratrol/dendrimer NPs were more pro-
nounced compared to dendrimers hosting curcumin or
resveratrol individually. Overall, this study may point to
amphiphilic dendrimers as a possible therapeutic vehicle
against cancer.

4. EXPERIMENTAL SECTION
4.1. Materials. The hyperbranched polyester Bolton W3000 was

purchased from Polymer Factory (Stockholm, Sweden). 3,4′,5-
Trihydroxy-trans-stilbene (resveratrol) was obtained from Glentham
Life Sciences (Wiltshire, UK). (E,E)-1,7-Bis(4-hydroxy-3-methoxy-
phenyl)-1,6-heptadiene-3,5-dione (curcumin), cytochrome c (equine
heart), cytochrome c oxidase (bovine heart), and DL-dithiothreitol
(DTT) were purchased from Sigma-Aldrich (Rehovot, Israel).
Cardiolipin (Heart, Bovine) sodium salt (CL), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) were purchased from Avanti Polar Lipids
Inc. (AL, USA). A calcium fluorometric assay kit was obtained from
Biovision (CA, USA), and a cell proliferation kit (XTT based) and
Dulbecco’s phosphate-buffered saline (DPBS) without calcium and
magnesium were obtained from Biological Industries (Beit Haemek,
Israel). The TMRE mitochondrial membrane potential assay kit was
purchased from Abcam (Cambridge, UK).
4.2. Preparation of Dendrimer Nanoparticles. Curcumin/

resveratrol/dendrimer NP synthesis was prepared by the solvent
displacement method.87 Briefly, 20 mg of Bolton W3000 dendrimer
was interspersed with 0.5 mg of curcumin and 0.5 mg of resveratrol,
each dissolved in 1 mL of acetone. The solutions were mixed and
injected slowly into a magnetically stirred solution containing 10 mL
of DPBS buffer (pH = 7.4) by a syringe needle submerged within the
aqueous solution and pressed against the glass beaker wall. The
resulting suspension was stirred for 3 h in a fume hood to allow

removal of residual acetone. The solutions were further centrifuged at
4000 rpm for 10 min to discard remnant curcumin and resveratrol and
kept at 4 °C after preparation. As control samples, curcumin or
resveratrol individually (1.0 mg each) was used to prepare curcumin/
dendrimer or resveratrol/dendrimer NPs (W3000/polyphenol weight
ratio was 20:1 mg). For the light stability assay (described below),
free curcumin or resveratrol NPs were prepared, and 5 mg of sample
from each polyphenol was dissolved in acetone and injected into
DPBS buffer according to the procedure described here for the
formation of NPs.
4.3. Cell Cultures. Neuroblastoma (SH-SY5Y) and human

embryo kidney (Hek-293) cell lines were grown in Dulbecco’s
modified Eagle medium (DMEM) at 37 °C and 5% CO2 atmosphere
conditions. The cells were supplemented with 10% tetracycline-free
fetal bovine serum (FBS), L-glutamine (2 mM), and penicillin (100
units/ml)/streptomycin (0.1 mg/mL) (Gibco, Israel).
4.4. Mitochondria Isolation and Submitochondrial Particle

(SMP) Preparation. The mitochondria isolation and SMP
preparation were performed according to an established protocol
accomplished in our previews study.88 Briefly, SH-SY5Y cells were
harvested at 75−80% confluence and mixed with hypotonic solution
followed by incubation of the cells for 10 min on ice according to a
protocol published earlier.89 Portions from the cell’s suspension were
homogenized with a Teflon glass homogenizer and diluted with
hypertonic solution. The cell aliquots were then diluted with isolation
buffer followed by a series of ultracentrifugations for mitochondria
isolation. The final mitochondria pellet was suspended in MiR06
buffer and stored at −80 °C until use.
Submitochondrial particles (SMPs) were prepared according to

published protocols.90 Isolated mitochondria extracted from SH-SY5Y
cells were diluted with sonication buffer. The mitochondria
suspension was then probe-sonicated in order to form an inside-out
oriented SMP (in which the inner mitochondrial membrane is facing
out to the medium solution). The SMP protein concentrations (μg of
protein/mL) were determined by the Bradford test.
4.5. Preparation of Giant Lipid Vesicles (GVs). GVs were

prepared through a rapid evaporation method.91 GVs comprising
DOPC/CL (90:10) lipid compositions were dissolved in 1 mL of
chloroform in a 250 mL round-bottom glass flask. A volume of 5 mL
of Tris buffer (10 mM, pH = 7.4) containing sucrose (0.3 M) was
carefully added with a pipet to the flask wall. The chloroform solvent
was subsequently removed in a rotary evaporator under reduced
pressure conditions at room temperature. After evaporation for 4−5
min, the resulting vesicle solution exhibited a turbid appearance and
was used on the day of preparation.
4.6. Cryogenic Transmission Electron Microscopy. Solutions

of bare dendrimer NPs (dendrimer final concentration was 20 mg/
mL) or dendrimers with curcumin and resveratrol (0.5 mg/mL each)
were prepared as described above. A 3 μL droplet from each sample
was deposited on a glow-discharged TEM grid (300 mesh Cu lacey
substrate grid; Ted Pella). The excess liquid was blotted with a filter
paper, and the specimen was rapidly plunged into liquid ethane
precooled with liquid nitrogen in a controlled environment (Leica EM
GP). The vitrified samples were transferred to a cryo-specimen holder
and examined at −180 °C using an FEI Tecnai 12 G2 TWIN TEM
operated at 120 kV in low-dose mode. The TEM images were
obtained with a Gatan charge-coupled device camera (model 794).
4.7. Dynamic Light Scattering (DLS). Dynamic light-scattering

measurements were performed on bare dendrimer NPs (W3000) or
dendrimer NPs comprising curcumin and resveratrol, and the final
dendrimer concentration was 100 μg/mL. The procedure was
performed by Malvern nano zetasizer (Malvern, UK) using a laser
source of λ = 633 nm wavelength and a detector at a scattering angle
of θ = 173°. The hydrodynamic diameters of the samples were then
immediately measured by DLS. The samples were measured in a
disposable cuvette and kept at room temperature during the analysis.
For each sample, DLS data were recorded three times with 10−15 sub
runs using the multimodal mode. The Z-average diameter (nm) was
calculated from the correlation function using Malvern technology
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software. Experiments were repeated three times to verify the
reproducibility
4.8. Curcumin and Resveratrol Fluorescence. The fluores-

cence of curcumin or resveratrol was measured in dendrimer NPs
prepared by the protocol described above. An aliquot of curcumin/
resveratrol/dendrimer NP solution (polyphenol concentrations were
5 μg/mL each, and the final dendrimer concentration was 200 ug/
mL) or the same concentrations of free curcumin and resveratrol (5
μg/mL each) were dissolved in DMSO, supplemented with 1 mL of
DPBS buffer (pH = 7.4). Fluorescence was measured on the
Fluorolog spectrofluorimeter device (HORIBA, Japan) using an
excitation wavelength of 310 nm and emission range of 330−600 nm.
4.9. Light Stability. The fluorescence emission of curcumin or

resveratrol embedded in the dendrimer NPs was examined after
exposure to continuous light illumination. Curcumin/resveratrol/
dendrimer (0.5:0.5:20 mg) or free polyphenol NPs (concentration of
each was 0.5 mg/mL) serving as the control were exposed to
continuous illumination by a bulb lamp (7 W) for a duration of 70 h.
An aliquot of each sample was examined in intervals of 5−10 h, and
the fluorescence emission of curcumin (exc. wavelength 450 nm) or
resveratrol (exc. wavelength 310 nm) was recorded by a Fluorolog
spectrofluorimeter (HORIBA, Japan). The maximal fluorescence
values of each sample (I(i)) were normalized according to the maximal
fluorescence emission at t = 0 h (I(0)) to determine the percentage of
I(i)/I(0) ratio.
4.10. Curcumin and Resveratrol Release from the Den-

drimer NPs. Polyphenol release from the curcumin/resveratrol/
dendrimer NPs was evaluated using a dialysis bag diffusion
technique.92 Briefly, 5 mL of curcumin/resveratrol/dendrimer NP
suspension (0.5:0.5:20 mg, respectively) was inserted into a dialysis
membrane (regenerated cellulose; MWCO 10K). Dialysis was
performed using 50 mL of DPBS buffer (pH = 7.4) with 10%
ethanol to enable enhanced release for the poorly water-soluble
curcumin or resveratrol. The assay was performed by gentle shaking at
37 °C. At predetermined time intervals (∼ every 10−20 h) for a
duration of 240 h, 1 mL aliquots of the aqueous solution were
withdrawn from the release medium and replaced with fresh medium.
The samples were then extracted in chloroform and dried under
evaporation conditions followed by redissolving the dry sample in 1
mL of ethanol. The amount of curcumin or resveratrol released in
each time interval was determined by UV−vis spectroscopy at 310 nm
(for resveratrol) and 430 nm (for curcumin) according to the
calibration curve of curcumin or resveratrol. The concentrations were
in μg/mL.
4.11. Imaging Flow Cytometry. SH-SY5Y cells were treated

with curcumin/resveratrol/dendrimer NPs (dendrimer final concen-
tration was 2.5 mg/mL) or a respective amount of free curcumin or
resveratrol (50 μg/mL each) and incubated with the cells for 30 min.
Cells were then harvested, centrifuged at 1200 rpm for 5 min, and
rinsed with 500 μL of DPBS. Aliquots of each cell sample were
analyzed by an Amnis Image StreamX MK II imaging flow cytometer
(Seattle, WA), acquiring 1000 images of cells on average in the bright-
field channel and the fluorescence emission channel using an
excitation laser operating at 488 nm with 10 mW power (emission
detection in 595−640 nm; objective 60NA 0.75). Histogram analysis
was carried out using Amnis IDEAS software.
4.12. Cell Viability Assay. The effect of the curcumin/

resveratrol/dendrimer NPs on SH-SY5Y cells was assayed by an
XTT-based kit (Biological Industries) according to the manufacturer
protocol. Cells were seeded on a 96-well plate (1 × 104 cells per well)
coated for tissue culture (Costar) and incubated at 37 °C and 5%
CO2 conditions for 24 h. The medium was then replaced with fresh
Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS), L-glutamine (2 mM), and penicillin
(100 units/mL)/streptomycin (0.1 mg/mL). The cells were treated
with bare dendrimer NPs, curcumin/resveratrol/dendrimer NPs,
dendrimers that contain curcumin or resveratrol separately
(curcumin/dendrimers or resveratrol/dendrimers), or free curcumin
or resveratrol at the corresponding concentrations. The final
dendrimer concentration in all experiments was 2.5 mg/mL and 50

μg/mL for both curcumin and resveratrol. The sample solutions were
further incubated for 48 h at 37 °C/5% CO2. Finally, 50 μL of the
XTT reagent was added to each well, and the viable cells were
measured at 490 nm with 5 repeats on a BioTek Synergy 4 microplate
reader (Winooski, VT, USA). Data analysis was performed by
normalizing each sample result according to the cell-only control.
4.13. Confocal Microscopy. SH-SY5Y cells were seeded on 0.8

cm2 microslides (Nunc Lab-Tek, ThermoFisher Scientific, USA) at a
density of 1 × 104 cells per well and maintained overnight. For bright-
field measurements, cells were treated with bare dendrimer NPs,
curcumin/resveratrol/dendrimer NPs (final polyphenol concentra-
tions were 50 μg/mL, and the dendrimer concentration was 2.5 mg/
mL), or pertinent concentrations of free curcumin or resveratrol
dissolved at DMSO. All samples were incubated for 24 h, and bright-
field images were recorded after preset timeframes. For fluorescence
imaging, cells were incubated with curcumin/resveratrol/dendrimer
NPs or an adapted amount of free curcumin or resveratrol dissolved
in DMSO. All samples were dissolved in the growth medium for 20
min at 37 °C and then rinsed with DPBS subsequently, and the final
polyphenol concentrations were 50 μg/mL. Cells were then stained
with 20 nM MitoTracker Orange CM Ros for an additional 30 min at
37 °C. Images were acquired on a Zeiss LSM880 confocal microscope
(Jena, Germany), using a CLSM plan-Aprochromat, ×20/0.8 M27
objective. Excitation wavelengths of curcumin, resveratrol, or
MitoTracker Orange were 405/448/561 nm, respectively. For
fluorescence imaging of GVs, samples of bare dendrimers or
curcumin/resveratrol/dendrimer NPs (final polyphenols concentra-
tions 50 μg/mL) were supplemented with 1 mM DOPC/CL (90:10)
GV solution. Images were acquired on a Zeiss LSM880 confocal
microscope (Jena, Germany), using the CLSM plan-Aprochromat,
×20/0.8 M27 objective. Excitation wavelengths of curcumin or
resveratrol were 405/448 nm, respectively
4.14. Intracellular Calcium Release. The intracellular calcium

levels measured by seeding 1 × 104 of SH-SY5Y cells per well, in a
black-clear bottom 96-well plate. Cells were treated with bare
dendrimer NPs, curcumin/resveratrol/dendrimer NPs, curcumin/
dendrimers or resveratrol/dendrimers NPs, or a free curcumin and
resveratrol mixture for 48 h. The final dendrimer concentration was
2.5 mg/mL. The cells were subjected to the intracellular calcium assay
using the Flou-4-direct calcium assay kit (Biovision), according to the
manufacturer protocol, which measures the increase in fluorescence
relative to nontreated control. Changes of the fluorescence emission
were measured by a BioTek Synergy 4 microplate reader (Winooski,
VT, USA) with fluorescence excitation and emission wavelengths of
494 and 516 nm, respectively.
4.15. Cytochrome c Oxidase (COX) Activity. COX activity was

performed according to established protocols measured in an earlier
study.88 Briefly, the decrease in absorbance was monitored at 550 nm
of reduced ferrocytochrome c solution in the presence of SMPs
(preparation protocol of the SMPs as outlined above). Samples of
SMPs derived from SH-SY5Y cells (200 μg/mL final concentration)
were mixed with dendrimer NPs, curcumin/resveratrol/dendrimer
NPs, curcumin/dendrimers, resveratrol/dendrimer NPs, or a free
curcumin + resveratrol mixture. The ratio between the SMP/
dendrimer NPs was 1:1 (w/w). Each sample was supplemented
with enzyme buffer (10 mM Tris HCl, 250 mM sucrose, pH = 7.0) to
complete the total reaction volume to 1.1 mL. To initiate the
oxidation reaction between ferricytochrome c and COX, 50 μL of
ferrocytochrome c substrate was added to the enzyme. Amounts of
200 μL aliquots were measured five times using a 96-well plate. The
kinetic changes of absorbance were measured for 20 min, with 20 s
intervals at 25 °C on a BioTek Synergy 4 microplate reader
(Winooski, VT, USA). The activity of COX (units/mL) was
calculated according to the equation:

A V t
V s

COX activity
units
mL

/s dil ( )
( ) 21.84

i
k
jjj y

{
zzz = × ×

× (1)

in which ΔA/s represents the reaction rate of a sample subtracted
from blank; dil refers to the dilution factor of ferrocytochrome c
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solution; V(t) is total reaction volume; V(s) is the volume of
ferrocytochrome c substrate added to initiate oxidation; and 21.84 is
the extinction coefficient between ferrocytochrome c and ferricyto-
chrome c at 550 nm.93 Unit definition: One unit oxidizes 1.0 μmol of
ferrocytochrome c per second at pH = 7.0 and 25 °C.
4.16. Mitochondrial Membrane Potential Assay. For

measuring mitochondrial membrane potential depolarization, 1 ×
104 SH-SY5Y cells were seeded in each well in a black-clear bottom
96-well plate. Cells were treated with preformed 2.5 mg/mL
dendrimer NPs, curcumin/resveratrol/dendrimer NPs, curcumin/
dendrimers or resveratrol/dendrimers, or a free curcumin +
resveratrol mixture (50 μg/mL each) for 24 h. Cells were subjected
by the tetramethylrhodamine ethyl ester perchlorate (TMRE)
mitochondrial membrane potential assay kit (Abcam, Cambridge,
MA) according to the manufacturer’s protocol, which measures the
reduction in fluorescence relative to an untreated control. The
fluorescence measurements were acquired by using a Synergy2
microplate spectrophotometer (BioTek) with fluorescence excitation
and emission wavelengths of 549 and 575 nm, respectively. The
addition of carbonyl cyanide-p-trifluoromethoxy phenylhydrazone
(FCCP) at 20 μM to the cells served as a positive control, inducing
complete depolarization of the mitochondrial membrane potential.
4.17. Differential Scanning Calorimetry (DSC) Assay. Non-

sonicated multilamellar vesicles (MLVs) at 1 mM total lipid
concentration were prepared by dissolving a DMPC/CL (98:2) dry
lipid mixture in 4 mL of Dulbecco’s phosphate-buffered saline (pH =
7.4). Glass beads were then added to the suspension, and the sample
was thoroughly dispersed for 30 min at 30 °C until a homogeneous
solution was obtained. The DSC experiments were performed on a
VP-DSC microcalorimeter (MicroCal, Northampton, MA, USA).
Dendrimer NPs (2.5 mg/mL), curcumin/resveratrol/dendrimer NPs,
and a free curcumin + resveratrol mixture (50 μg/mL each) were
added to the MLVs, and heating scans were recorded at a rate of 60
°C/h. The data analysis was performed by using the Microcal Origin
7.0 software for calculation of the enthalpy (ΔH). According to this,
the DSC thermograms were fitted by the Gauss model, and the ΔH
was calculated by integrating the area under the thermogram curve.
Control measurements were carried out in the presence of DMSO at
the same volumes used with the free curcumin/resveratrol.
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