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Background: Curcumin has been widely used owing to its various medicinal properties
including antitumor effects. However, its clinical application is limited by its instability, poor
solubility and low bioavailability. Folic acid (FA)-functionalized nanoformulations may
enhance the sustained release of an anticancer drug (curcumin) by tumor-speciﬁc targeting
to improve therapeutic beneﬁt. This study aims to design a nanoconjugate (NC) comprised of
folate–curcumin-loaded gold–polyvinylpyrrolidone nanoparticles (FA–CurAu-PVP NPs) for
targeted delivery in breast cancer model systems.
Methods: We developed curcumin-loaded FA-functionalized Au-PVP NCs by layer-bylayer assembly. The folic acid–curcumin Au-PVP NCs (FA–CurAu-PVP NCs) were characterized by ultraviolet–visible spectra, Fourier transform infrared spectroscopy, X-ray
powder diffraction and thermogravimetric analysis. In vitro anticancer and antimigratory
effects of NCs were examined by performing MTT and wound migration assays. The in vivo
antitumor efﬁcacy of NCs was investigated using a preclinical breast cancer orthotopic
mouse model.
Results: Curcumin (40 µg/mL) was loaded along with conjugation of folate onto Au-PVP
NPs to form FA–CurAu-PVP NCs. The size and charge of the NCs were increased gradually
through layer-by-layer assembly and showed 80% release of curcumin at acidic pH. The NC
did not show aggregation when incubated with human serum and mimicked an intrinsic
peroxidase-like property in the presence of 3,3ʹ,5,5ʹ-tetramethylbenzidine substrate. The
MTT data using these NCs showed efﬁcient anticancer activity at lower doses in estrogen/
progesterone receptor (ER/PR)-negative cells compared with ER/PR-positive cells.
Furthermore, the NCs did not show cytotoxicity at the investigated concentration in human
breast epithelial and mouse ﬁbroblast cell lines. They showed inhibitory effects on cell
migration and high antitumor efﬁcacy in in vivo analysis.
Conclusion: These results suggest that folate-based tumor targeting using CurAu-PVP NCs
is a promising approach for tumor-speciﬁc therapy of breast cancer without harming normal
cells.
Keywords: curcumin, gold nanoconjugate, folic acid, breast cancer cell line, cytotoxic
activity

Introduction
Chemotherapy, although a major treatment, is associated with various side effects
as well as poor compliance, and this has boosted signiﬁcant efforts to ﬁnd a better
anticancer drug modality that uses natural herbal compounds.1,2 As a result,
attempts made by the National Cancer Institute have led to the identiﬁcation of
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natural compounds that exhibit chemopreventive activity.3
Curcumin, a polyphenol compound isolated from Curcuma
longa Linn, can sensitize tumor cells by passing through
their lipid membrane.4 Extensive experimental research
has clearly shown that native curcumin can modulate
molecular targets, thereby inducing cell apoptosis in
human tumor-derived cell lines.5–10 Therefore, we have
selected curcumin as a model compound to inform readers
about advanced drug-delivery therapies and assist them in
exploring other untouched platforms in chemotherapeutic
prevention.
The major hurdles in assigning natural compounds
such as curcumin as chemopreventives are their low bioavailability, in vivo stability, non-speciﬁc biodistribution
and non-speciﬁc targeting properties. To overcome such
issues, various target speciﬁc drug-delivery systems have
been designed, consisting of nanoparticles loaded with
drugs and speciﬁc biomarkers, and this is the major area
of interest in this particular study.11,12 Nanocarrier-based
delivery systems enable passive targeting due to the leaky
vasculature of tumors because of differences in their pore
size which enable nanocarriers to target the tumor and
accumulate at the tumor site, thereby blunting their effect
on normal tissues. Under many circumstances, cancer
patients with few other pathophysiological conditions
show a non-speciﬁc distribution of nanoconjugates to multiple sites which, to some extent, affects the targeting
speciﬁcity to the tumor zone.13,14 For this reason, nanocarriers conjugated with drugs can be designed for active
targeting using targeting ligands such as folic acid (FA),
which can recognize speciﬁc receptors overexpressed on
certain cancer cell types.
FA is a well-known vitamin for cell proliferation as
well as targeting speciﬁc biomarkers. FA-functionalized
formulations may enhance sustained release of an anticancer drug (curcumin) at the cellular targets to improve the
therapeutic beneﬁts. Folate-conjugated nanomaterials have
elevated interest in the ﬁeld of cancer biology, mainly
focusing on diagnosis and targeted drug-delivery
protocols.15–17 Salmaso et al formulated targeted delivery
by covalently conjugating polyethylene glycol (PEG) to
FA at one end of a polymeric carrier which has a cyclodextrin–curcumin complex at the other end. Even though
such nanoconjugate complexes entered the clathrin-independent pathway leading to cell endocytosis through targeting overexpressed folate receptors, they showed limited
cellular uptake; hence, further investigation is required in
terms of drug release efﬁcacy (DRE).18
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Chemically engineered nanocarriers made up of various
materials can be formulated and tuned to act as efﬁcient
drug-delivery vehicles. To achieve better targeting and drug
release ability, gold nanoparticles (AuNPs) have predominantly been used as nanocarriers.19 A literature survey
showed effective cytotoxic activity of curcumin when it is
attached to one of the side chains of soluble polymers such
as PEG, polyvinylpyrrolidone (PVP) and chitosan, while
the other chain is attached to an AuNP, which also tackles
its problems of poor solubility and non-speciﬁcity.20 We
have explored FA conjugation and loading of curcumin
onto PVP-functionalized AuNPs to target breast cancer
cells, which thereby were proven to impart high cell-killing
ability. Therefore, a state-of-the-art layer-by-layer (LBL)
assembly method for designing nanoconjugates on a solid
surface of AuNPs by adsorbing anticancer drug with an
oppositely charged polymer such as PVP, involving steric
stabilization, is attracting much attention.21 The LBL
assembly can be further enhanced by loading activated
folate onto the above-formed conjugate using carbodiimide
coupling chemistry. The cross-linking agents that help in
forming an amide bond via coupling reactions are 1-ethyl-3[3-dimethylaminopropyl]carbodiimide (EDC) and dicyclohexylcarbodiimide (DCC). Manju and Sreenivasan
demonstrated conjugation of hyaluronic acid with curcumin
using DCC/DMAP as a catalyst and coupling agent.21 The
carboxyl group of EDC/N-hydroxysuccinimide (NHS)functionalized folate can be conjugated with amine-functionalized AuNPs on which the anticancer drug curcumin is
loaded, as shown in Scheme 1.22
With this background, we hypothesize that we can
remove the barriers and limitations associated with classical
drug-delivery protocols by encasing an anticancer drug such
as curcumin with properties of a multi-drug-resistant modulator and a chemosensitizer on Au-PVP NPs. A targetspeciﬁc strategy is warranted to enhance the therapeutic
efﬁcacy of drug-loaded nanoparticles by conjugating them
with extensively investigated epithelial cancer markers such
as folate. Thus, our study aims to develop curcumin-loaded
FA-functionalized Au-PVP NCs by LBL assembly, which
can augment the therapeutic effects and improve the clinical
outcomes of curcumin in breast cancer therapy.

Materials and methods
Materials
The chemical and biological compounds used in this
research are as follows: folic acid (FA) (C19H19N7O6),
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Scheme 1 Schematic representation of folicacid–curcumin–gold–polyvinylpyrrolidone nanoparticles (FA–CurAu-PVP NCs) with layer-by-layer assembly.

N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (EDC.HCl) (C8H17N3.HCl), N-hydroxysuccinimide (NHS) (C4H5NO3) and 3,3ʹ,5,5ʹ-tetramethylbenzidine
(TMB) were obtained from Sigma-Aldrich (Bangalore,
India). Curcumin crystalline (C21H20O6) was purchased
from Loba Chemie (Mumbai, India); acetone, dimethyl
sulfoxide (DMSO) and H2O2 from Thomas Baker.
Chloroauric acid (HAuCl4) and trisodium citrate
(Na3C6H5O7) were purchased from SRL and were used as
received. Polyvinylpyrrolidone [(C6H9NO)n] was collected
from CDH. Trypsin/EDTA, penicillin, streptomycin, MTT
reagent, propidium iodide, RNase, FBS, DMEM and L-15
media were obtained from Sigma-Aldrich (Bangalore,
India). All chemicals were of reagent grade and were used
without further puriﬁcation.

Maintenance of cell lines
Human breast adenocarcinoma (MDA-MB-231 and
MCF-7), mouse ﬁbroblast (L929) and human breast
epithelial (MCF 10A) cell lines were purchased from
American Type Culture Collection (ATCC, Manassas,
VA, USA). Mouse mammary carcinoma cell line (4T1)
was purchased from Caliper Life Sciences (USA). Cell
lines were maintained in L-15 (MDA-MB-231) and
DMEM (MCF-7, T47D, 4T1, MCF 10A and L929) supplemented with 10% FBS, 100 units penicillin and
100 μg/mL streptomycin. Cells were subcultured at
70–80% conﬂuence and incubated at 37°C in an incubator supplied with 5% CO2.

International Journal of Nanomedicine 2019:14

Synthesis of bare AuNPs and PVP-coated
AuNPs
Several methods of gold synthesis exist, which produce
diverse characteristics in the ﬁnal product. The method
devised by Brust et al23 showed extensive use of organic
phase synthesis concerning a double- or a single-phase
process, based on gold salt reduction by sodium citrate
as reported by Turkevitch et al,24,25 which was reﬁned by
Frens,26 who produced spherical size-tunable nanoparticles. The puriﬁed AuNPs thus obtained were treated with
PVP polymer, which forms a thin covering around the
AuNP and can now be used to conjugate with the activated
ligands or with another nanoparticle or anticancer agents.

Activation of FA and its conjugation with
CurAu NPs to form FA–CurAu-PVP NCs
FA was converted into activated folate to achieve successful conjugation with the amine terminated nanoparticles.
The activation of FA was achieved by the previously
reported method with few modiﬁcations, as follows.27–29
In brief, 2 mg FA was dissolved in 20 mL DMSO to obtain
a clear solution. To the above solution, EDC/NHS (0.4 M/
0.1 M) mixture was added, which resulted in activation of
COOH groups in FA (Fa/EDC/NHS 2:1:1) and the resulting solution was continuously stirred for about 1 h.
Similarly, curcumin (1 mg/mL) was dissolved in acetone
and was added in the amine terminated Au-PVP NP solution in a dropwise manner with stirring and heating continuously for 3 h, followed by washing the pellet several
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times to remove the traces of unattached curcumin. The
activated folate mixture prepared earlier was then added to
5 mL of amine terminated CurAu-PVP NPs solution. The
conjugated FA–CurAu-PVP NPs were washed multiple
times with deionized water followed by suspending the
pellet in PBS. The NC thus formed was stored at 4°C until
further use.

Physicochemical characterization of drugloaded NPs
The functionalized AuNPs were characterized by ultraviolet (UV)–visible spectra (Jasco V-670 spectrophotometer) recorded at 200–800 nm, and Fourier-transform
infrared (FTIR) spectra (Jasco FT/IR 6100) were also
recorded. The X-ray diffraction (XRD) patterns of curcumin and FA–CurAu-PVP NCs were obtained using a
Bruker D8 Advance X-ray diffractometer equipped
with Cu Kα radiation source from 10 to 80°C.
Thermogravimetric analysis (TGA) was carried out
with a Mettler Toledo TGA/DSC 1 Stare System.
FA–CurAu-PVP NCs were also measured by the dynamic
light scattering (DLS) technique using a Zetasizer Nano
ZS90 instrument (Malvern) with an He-Ne laser beam at
a wavelength of 633.8 nm. Transmission electron microscopy (TEM) was used to examine the morphology of the
nanosystems (Tecnai G22).

by UV–visible spectroscopy. The amount of drug released
and cumulative release percentage were calculated using
the following formula:
DRE ¼ ðDrug released at time t = Total drugÞ  100

Colorimetric response of FA–CurAuPVP NCs
To investigate the peroxidase-mimetic activity of
FA–CurAu-PVP NCs, a 1:1 ratio of TMB and H2O2 was
mixed with 100 µL of 1 µg/mL NC and 0.01 M HNO3
solution. Next, the mixture of solution was kept at 50°C in
a water bath for 30 min and then cooled to room temperature. Subsequently, color change photographs were
acquired immediately and UV–visible readings were
recorded at 655 nm.

Protein adsorption studies
The UV–visible and FTIR spectra, particle size and zeta
potential of NPs can vary after serum protein adsorption or
interaction. To evaluate this phenomenon, human serum
(HS) was mixed with FA–CurAu-PVP NCs in a 1:1 ratio
with a pipette tip to obtain a homogeneous mixture. The
mixture was incubated for 22 h at 4°C followed by several
steps of washing with deionized distilled water before
measurement.

Determination of drug loading efﬁciency
The drug loading efﬁciency (DLE) of curcumin was determined. Curcumin solution was mixed with Au-PVP NPs in
a 1:1 ratio and sealed in porous dialysis tube to be dialyzed
against PBS (1×, pH 7.4) at room temperature for 24 h.
The released drug concentration was monitored by recording UV–visible spectra. The drug loading efﬁciency was
calculated as follows:
DLE ¼ ðDrug loaded at time t = Total drugÞ  100

In vitro release of curcumin
Two volumes of 5.0 mL of FA–CurAu-PVP NCs were
enclosed in two dialysis bags with a molecular cut-off of
10 kDa and placed separately in two beakers, one containing 150 mL of PBS (1×, blood pH level 7.4) and another
with acetate buffer (1×, acidic pH 5.3), with continuous
stirring at 100 rpm. At predetermined time intervals,
100 µL of sample was collected and replaced with an
equivalent volume of release buffer solution. The released
concentration of drug as a function of time was analyzed
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Cell viability assay
The effect of drug-loaded FA–CurAu-PVP NCs on cell
viability in breast cancer was evaluated by the MTT
assay. In brief, human breast cancer cells (MCF-7 and
MDA-MB-231) and mouse breast cancer cells (4T1)
were seeded (2×104) in a 96-well tissue culture plate.
Cells were treated with FA–CurAu-PVP NCs (10, 20, 50,
100 and 200 µg/mL) for 24 h. After 24 h incubation under
experimental conditions, the derivatives in the medium
were removed and MTT (0.5 mg/mL) was added and
incubated for 4 h. Thereafter, the formazan crystals were
dissolved in 200 µL of isopropanol and the absorbance
was recorded immediately at 570 nm using an automated
microplate reader (EPOCH2; BioTek Instruments,
Highland Park, VT, USA). Cell viability was analyzed
using SigmaPlot 10.0 software. In separate experiments,
Human mammary epithelial cells, MCF 10A, and mouse
ﬁbroblast cells (L929) were grown in 96-well plates and
the MTT assay was performed.
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Wound healing assay
The effect of FA–CurAu-PVP on breast cancer cell migration was examined by a wound healing assay. In brief,
monolayers of MDA-MB-231 and 4T1 cells were grown
in 12-well plates and wounds of uniform size were made
with a sterile 10 µL pipette tip. Then, cells were treated
with different concentrations of NCs (5–20 µg/mL for
MDA-MB-231 and 2.5–10 µg/mL for 4T1 cells) in lowserum media with 4% FBS. Wound photographs were
captured at T=0 and T=18 h for MDA-MB-231 cells and
at T=0 and T=6 h for 4T1 cells using a phase-contrast
microscope (Nikon). The area migrated was quantiﬁed
(Image-Pro Plus software), analyzed and represented as a
bar graph (SigmaPlot 10.0 software).

Determination of cell cycle by ﬂow
cytometry
The effect of FA–CurAu-PVP on cell cycle progression in
MDA-MB-231 cells was analyzed by ﬂuorescence-activated cell sorting. In brief, MDA-MB-231 cells were
seeded in a 60 mm dish at a density of 2×105 cells/dish
and treated with NCs (20 and 50 µg/mL) for 24 h. After
treatment, cells were ﬁxed overnight in 95% ethanol and
washed twice in chilled PBS, then the pellet was resuspended in 50 μL of RNase A (0.5 mg/mL) and incubated
for 20 min at 37°C. After that, 450 μL of propidium iodide
(50 μg/mL) was added. The proportion of cells in different
phases of the cell cycle was monitored by a BD
FACSCalibur instrument (BD Biosciences).

In vivo antitumor efﬁcacy
All animal experiments were conducted as approved by
the Institutional Animal Care and Use Committee
(IACUC) of the National Centre for Cell Science
(NCCS, Pune, India), in compliance with the ‘Committee
for the Purpose of Control and Supervision of Experiments
on Animals’ (CPCSEA) guidelines. 4T1 (1×105) cells in a
mixture with Matrigel (1:1) (BD Biosciences) were
injected into the mammary fat pads of 6-week-old female
Balb/c mice. Once tumors had formed, mice were randomly divided into three groups. The ﬁrst group was left
untreated as a control, while the second and third groups
were treated intratumorally with curcumin and FA–CurAuPVP NCs, respectively (10 mg/kg body weight) for 2
weeks. Tumor length and breadth were measured at regular intervals using Vernier calipers. Tumor volume was
calculated using the formula:
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h
i
V ¼ π=6 ðlxbÞ3=2
After the required time period, mice were killed and
tumors were removed, photographed, weighed and presented graphically.

Statistical analysis
The data are presented as mean ± SEM using SigmaPlot
10.0 software. The level of signiﬁcance was calculated
using the unpaired Student’s t-test. A p value less than
0.05 (p<0.05) was considered statistically signiﬁcant.

Results
Physiochemical characterization of FA–
CurAu-PVP NCs
At the start, AuNPs were synthesized by the Turkevitch
method and analyzed by UV–visible spectroscopy. AuNPs
were coated with PVP, followed by loading of curcumin
on Au-PVP NPs and activation of FA into folate, thereby
achieving functionalization of nanoparticles with the EDC
coupling reaction, and then conjugating it with activated
folate to form FA–CurAu-PVP NCs. The NP thus formed
was analyzed and conﬁrmed by UV–visible spectroscopy
as well as by FTIR, as shown in Figure 1.
The unmodiﬁed AuNPs displayed characteristic surface plasmon absorption at 533 nm; when they were
coated with a polymer PVP there was a shift in the peak
position (532 nm), suggesting that the AuNPs had been
successfully coated with PVP (Figure 1A). The UV–visible spectra for pure FA showed one broad absorption band
around 285 nm, corresponding to the л-л* transition of the
C–C bond, and another broad shoulder around 364 nm,
corresponding to the n-л* transition of the C–O bond in
the enone moiety of FA. The spectrum of functionalized
FA also showed two broad peaks but with a bathochromic
shift from 285 to 312 nm and 364 to 376 nm. Thus, the
shift in the spectra of FA before and after functionalization
suggests the successful conversion of FA to activated
folate (Figure S1). Curcumin-conjugated AuNPs showed
a surface plasmon band around 223 nm and 532 nm,
suggesting loading of curcumin onto Au-PVP NPs
(Figure 1A). This new red peak indicates that curcumin
interacted with Au-PVP NPs. Two absorption maxima
peaks, at 285 nm and 364 nm, were observed in the
UV–visible spectrum of folate-conjugated nanomaterials
elsewhere, and the same data can be used to conﬁrm
covalent attachment of the folate with AuNPs. Thus, we
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Figure 1 Step-by-step synthesis of folicacid–curcumin–gold–polyvinylpyrrolidone nanoconjugates (FA–CurAu-PVP NCs). (A) Ultraviolet–visible spectra of AuNPs and
AuNPs coated with PVP. (B) Fourier transform infrared spectra of variation in forming different layers of NCs. (C) X-ray diffraction (XRD) spectra of FA–CurAu-PVP NC.
Inset: XRD spectra of curcumin. (D) DTG result of FA–CurAu-PVP NCs.

observed three major peaks in the FA–CurAu-PVP NC
spectrum. Two of these three peaks were at 285 nm and
364 nm, indicating folate covalent bonds, and the other
absorption peak was at 435 nm, conﬁrming Au-PVP NP
formation, thus suggesting successful bonding of the FA
ligand to CurAu-PVP NPs.30–32 FA–CurAu-PVP NCs
showed peaks at 273 nm, 285 nm, 364 nm and 435 nm,
respectively. The results also indicate the increase in the
size of the sample after modiﬁcation and conjugation.
Comparing the spectral data of FA and FA–CurAuPVP NCs shows that both of them had the same unique
peaks at 285 nm and 364 nm, which is assigned to the
π→π* transition of the pterin ring of the FA molecule,
indicating that FA was successfully conjugated with
CurAu-PVP NPs (Figure 1A).33 To further testify the
occurrence and qualitatively analyze conjugation of FA
on CurAu-PVP NPs, the nanoconjugates were characterized by FTIR spectroscopy. In the pure FA and functionalized FA, the characteristic peak at 1651 cm−1 is accredited
to the stretching vibration of –C=O groups. The peaks
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plotted at 1500–1600 cm−1 were the stretching vibrations
of C=C determined for the aromatic ring backbone
structure.34 Comparing the infrared spectrum of FA with
that of FA–CurAu-PVP NCs, both of them have intensity
absorptions plotted at 1429 cm−1, 2911 cm−1 and 2999
cm−1. The peak around 1508 cm−1 is assigned to N–H
bending vibration of the free amine group of folate on
FA–CurAu-PVP NCs. When FA was conjugated with
CurAu-PVP NPs, a shift in the peak position was noticed
with respect to FA, CurAu-PVP NP and FA–CurAu-PVP
NCs between 3000 cm−1 and 3600−1, which was ascribed
to the hydroxyl (OH) stretching bands (Figure 1B). These
results suggest successful conjugation of FA on CurAuPVP NPs to form FA–CurAu-PVP NCs.34,35 Figure 1C
shows the XRD pattern of FA–CurAu-PVP NCs, which
reveals a typical amorphous pattern that may be due to
AuNPs and a few characteristic peaks of curcumin in the
2θ range of 10≤2θ≤30 degrees, which indicates the distinct
crystalline structure of a hydrophobic drug. Characteristic
peaks of curcumin appeared at 8.90, 12.25, 14.55 17.24,
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23.33, 24.60 and 25.52 degrees (Figure 1C, inset).
Furthermore, the diffraction 2θ peaks observed in the
range of 20–30 degrees for curcumin match those in earlier reports.36–40
To study the change in sample weight as a function of
temperature and to analyze its thermal stability, a very
important technique, namely thermogravimetric analysis
(TGA), was used. As shown in the thermogram in
Figure 1D, CurAu-PVP NPs showed only one step of
weight % decrease, while FA–CurAu-PVP NCs showed
two steps of weight % decrease. The temperature equivalent to the deep peak at each weight change step is more
prominently observed in the ﬁrst derivative of the TGA
curve (DTG) with respect to temperature to obtain a DTG
thermogram. The temperature which gives the maximum
rate of weight % for a sample (seen as peaks in the DTG
thermogram) is considered as the degradation temperature
of a component in the material. DTG thermogram of
CurAu-PVP NPs showed one step degradation at 1250C
with 99% weight loss which might be the degradation
temperature (Td) of curcumin linked Au-PVP NPs
whereas after conjugating FA to form FA-CurAu-PVP
NCs, temperature at 1140C and 1450C showed 95% and
97% weight loss where the second Td might be ascribed
to the degradation temperature of folic acid conjugated
with CurAu-PVP NPs. The above data also indicate no
weight gain in the samples, suggesting that the conjugate
was intact without oxidation, and this may be due to the
inert nitrogen gas atmosphere. We can thus conclude that
the conjugates were successfully formed as FA–CurAuPVP NCs, which are slightly more stable than CurAu-PVP
NPs, and this may be due to layering of FA molecules.
To ascertain the formation of nanoconjugates, we performed DLS and zeta potential measurements and TEM
before and after conjugation with the drug curcumin as
well as with a biomarker FA, as shown in Table S1. The
TEM images showed discrete spherical outlines and monodispersed size distribution (~250 nm) (Figure 2A and B,
inset) which were lower values compared with DLS measurements. The nanoconjugate of 250 nm will be ideal for
passive tumor targeting as most solid tumors show a vascular cut-off between 380 and 780 nm, as mentioned
earlier.4–11 The DLS result reveals the average hydrodynamic diameter of AuNPs to be 36.85 nm and that of
AuPVP to be 62.50 nm. The increase in hydrodynamic
size of CurAu-PVP NPs (72.56 nm) compared to
PVP-coated AuNPs can be credited to partial cross-linking
between the particles during the conjugation process
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Figure 2 Size distribution and transmission electron microscopy images of (A)
curcumin–gold–polyvinylpyrrolidonenanoparticles (CurAu-PVP NPs), (B) folic acid–
curcumin–gold–polyvinylpyrrolidone nanoconjugates (FA–CurAu-PVP NCs).

(Figure 2A),3 whereas the hydrodynamic diameter of
FA-grafted NCs (~358.7 nm) compared to CurAu-PVP
NPs with a fairly low polydispersity is consistent with the
NHS–folate grafting (Figure 2B).12 The signiﬁcant increase
in the particle size of the NC formulation can be attributed
to the increase in shell volume that resulted from FA incorporation onto the CurAu-PVP NP core.12 The zeta potential
obtained for bare AuNPs was −7.47 mV, which shows a
noticeable change after its successful coating with PVP
(−9.91 mV) (Table S1). PVP is a neutral and hydrophilic
polymer which stabilizes Au-PVP through hydrophilic
interaction and therefore is efﬁciently loaded with hydrophobic oxygen-rich curcumin to form CurAu-PVP NPs.5
Attachment of partly negatively charged NHS–folate to
amine-functionalized CurAu-PVP NPs not only results in
increasing negative potential value of FA–CurAu-PVP NCs
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but also ensures that the formulations will repel each
other to enable long-term storage without particle
aggregation.3–10 Previous reports show that particles with
a positive charge favor opsonization followed by reticuloendothelialsystem clearance. Hence, a negative zeta potential
of approximately −5 to −20 mV is an appropriate system to
arbitrate drug delivery at sites other than the reticuloendothelial system.8,9 A step-by-step increase in the absolute
negative value of the zeta potential of AuNPs with FA–
CurAu-PVP NCs by increasing the polymer, drug and folate
content indicates that all three components were solubilized
not only on the AuNPs but also in the periphery of NCs.
The more negative charge of the NC could be also due to
the carboxylate group of FA located on the surface of the
nanoparticle.13 The elemental composition from the energydispersive X-ray spectroscopy (EDS) spectra shows the
maximum percentage of AuNPs and the remainder as C

Dovepress

and Cl may be due to polymer, folate and curcumin capping. The EDS spectra of FA–CurAu-PVP NPs reveal the
elemental composition of curcumin and FA, with a higher
percentage of Ca, H, O and N along with C, Cl and Au
proving the successful conjugation of FA and curcumin
onto AuNPs (Figure S2).

In vitro drug loading and release studies
The DLE of curcumin was gradual with respect to time
and was calculated to be 40 µg/mL of FA–CurAu-PVP
NCs, and the DRE in the initial hours (2 h) was found to
be 40–45% at blood pH level (pH 7.4) and 80% at acidic
pH level (pH 5.3), which were better results than proposed
previously (Figure 3A and B).1 The release proﬁles at pH
5.3 and pH 7.4 of curcumin are shown in Figure 3C and D.
The loaded curcumin was released within a period of 24 h;
maximum release was seen within 8 h at pH 7.4 and 6 h at

Figure 3 Drug loading and release of curcumin. (A) Ultraviolet–visible spectra of drug loading onto the nanoconjugate. (B) Cumulative percentage of curcumin released
from folic acid–curcumin–gold–polyvinylpyrrolidone nanoconjugates (FA–CurAu-PVP NCs) at pH 7.4 and pH 5.3. (C) Curcumin released from FA–CurAu-PVP NCs at pH
5.3. (D) Curcumin released from FA–CurAu-PVP NCs at pH 7.4.
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pH 5.3, followed by a gradual slow release. This clearly
implies that curcumin was loaded successfully onto
Au-PVP NPs. Thus, the goal of integrating an anticancer
drug (curcumin) onto the nanoparticle, along with FA, to
enhance its application in targeted drug-delivery protocols
was achieved.

Serum binding studies
Analysis of FA–CurAu-PVP NCs in PBS before and after
incubation in HS by UV–visible spectra provided additional evidence about the protein coating. The presence of
such a protein coating layer on the nanoconjugates is also
known to prevent aggregation of the nanoparticles.11
Curcumin shows intense absorption from 200 to 450 nm
with maximum absorption close to 420 nm. Furthermore,
the UV–visible absorption spectra of curcumin bound to
HS have a shoulder peak around 450 nm, which is present
in the spectra of FA–CurAu-PVP NC as well (Figure 4A).6
However, in the presence of HS, the curves of absorption

Mahalunkar et al

of curcumin show striking changes and this may be due to
the change in particle size because of protein binding.3,4
These changes indicate adsorption of serum proteins onto
the nanoconjugates. The addition of HS can promote the
movement of curcumin from a hydrophilic to a hydrophobic environment, as the aryl groups of curcumin are hydrophobically bound to the hydrophobic pockets of HS.5
Comparing the spectra of HS alone and when incubated
with FA–CurAu-PVP NCs gives information about different types of secondary structures obtained after binding.4
The FTIR spectra of HS displayed a strong signal at
1645 cm−1, while the spectrum of FA–CurAu-PVP NCs
showed changes in the strength and position of the absorption peak between 1600 and 1700 cm−1 (Figure 4B). The
characteristic amide bands at about 1652, 1542 and 1241
cm−1 correspond to C=O stretching, N–H in-plane bending, and C–H stretching as well as C–N and N–H in-plane
stretching, respectively (Figure 4B).9,10 The changes in the
band intensity and slight shifts in infrared bands after

Figure 4 Serum binding studies. (A) Ultraviolet–visible spectra of folic acid–curcumin–gold–polyvinylpyrrolidone nanoconjugates (FA–CurAu-PVP NCs) before and after
incubation with human serum and (B) Fourier transform infrared spectra of naive human serum and FA–CurAu-PVP NCs before and after incubation with human serum. (C)
Zeta potential measurements of FA–CurAu-PVP NCs before and after incubation with human serum. (D) Dynamic light scattering measurements of FA–CurAu-PVP NCs
before and after incubation with human serum.
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interaction with HS conﬁrm the association of HS proteins
to FA–CurAu-PVP NCs. This suggests that by interacting
with FA–CurAu-PVP NCs, changes in the secondary
structure of HS protein have occurred.
To gain an insight into the HS-induced variation in
net surface charge and size of Au-PVP NPs, CurAuPVP NPs and FA–CurAu-PVP NCs, zeta potential and
DLS measurements were carried out under standard
experimental conditions. Before incubation of these particles with HS, they were negatively charged. Upon
incubation, the mean particle surface charge increased;
that is, it became less negative, from −9.91 mV to −3.82
mV for Au-PVP NPs, from −10.1 mV to −5.09 mV for
CurAu-PVP NPs and from −12.5 mV to −3.74 mV for
FA–CurAu-PVP NPs (Figure 4C and Table S2). HS
protein binding to the FA–CurAu-PVP NCs is due to
electrostatic effects. Thus, the measured zeta potential of
the NC was highly negative before serum incubation
and reached neutrality when bound with serum proteins.
It can be estimated that there is sequential binding of
cationic proteins initially, which may be covering the
negative charges on the particles, followed by opsonization of negatively charged proteins to the positively
charged protein coat.3–8 In this study, we also observed
an increase in the size of AuNPs when incubated with
HS. The adsorbed serum proteins decreased the absolute
charge on the particles but increased the size and kept
them stable. This stability may be due to Coulombic
repulsion between charged particles or to steric hindrance caused by the protein coating, as stated
elsewhere.10 As illustrated in Figure 4D, the size of
nanoparticles almost doubles after their incubation with
HS, whereas the polydispersity index remains between
0.2 and 0.6, which demonstrates that the nanoparticles
are suitable for DLS (Table S2). Thus, DLS was able to
detect the increase in size due to enhanced serum protein attachment with the particles.1 According to previous investigations and the literature, degradation of
curcumin has shown that HS acts as an efﬁcient transporter for the curcumin molecule.7

Colorimetric assay
To analyze the peroxidase-mimetic activity of FA–CurAuPVP NCs, the catalytic oxidation of peroxidase substrate
TMB in the presence of a catalyst, H2O2, was tested. As
shown in Figure 5, the AuNPs catalyze TMB substrate oxidation in the presence of H2O2 to produce a greenish blue
color complex. The maximum absorption peak appeared at
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655 nm (Figure 5A). The catalytic activity of NCs is also
dependent on the pH of the reaction buffer and incubation
temperature. Hence, the pH of the solution (1.0–3.0) and
temperature of the reaction system (40–60°C) were optimized in this study. As shown in Figure 5C, the catalytic
activity reduced with increasing pH conditions, in the pH
range 1–3. Reduced activity was observed in neutral or basic
solutions compared to acidic solutions. The best result for a
color change from yellow to greenish blue was obtained at
pH 1.2 and temperature 50°C, with an HNO3 concentration
of approximately 220–230 µL. TMB has a structure similar
to diamine, which leads to a lower solubility in a weak basic
medium. Such pH-dependent catalytic activity is mainly
associated with the substrates and not with the NCs. On the
other hand, the activity elevates with increasing incubation
temperature. The experiments showed that the absorbance of
FA–CurAu-PVP NCs in the TMB–H2O2 system was much
higher at pH 1.2, and the same system at pH 1.0 and pH 2.2
showed slight absorbance at 655 nm (Figure 5C). The elevated absorbance at 655 nm is considered to be the gradual
increase in the oxidation product of TMB.3 This result
demonstrated that both FA–CurAu-PVP NCs and H2O2
were required to catalyze TMB oxidation at standard pH
1.2. Thus, the result also conﬁrmed that FA–CurAu-PVP
NCs exhibited an intrinsic peroxidase-mimetic activity,
mainly due to the presence of AuNPs in the nanoconjugate.
The inset in Figure 5C compares the formation of reaction
products against different pH within a time interval of 30 min
after the addition of the catalysts (FA–CurAu-PVP NCs and
HNO3) for the color change of TMB. The color change was
very fast as soon as the pH was adjusted to 1.2, and after the
addition of 0.01 M HNO3 the change from colorless to
greenish blue was observed. The maximum catalytic activity
occurred at pH 1.2 and temperature 50°C in the presence of
TMB–H2O2–FA–CurAu-PVP NCs in the ratio 1:1:1.
Therefore, FA–CurAu-PVP NCs show superior peroxidaselike catalytic performance to the peroxidase substrate TMB
in the presence of H2O2 and under standard pH conditions.1
Each component separately treated with NC does not give
absorbance at 655 nm but the NC with all three components
(TMB, H2O2 and HNO3) shows the color change (Figure 5B
and D). The AuNPs can catalyze the TMB–H2O2 reaction,
where H2O2 is adsorbed on the surface of AuNPs and the O–
O bond of H2O2 may be broken up into the double HO˙
radical.4,5 Thus, the catalytic ability of AuNP is attributed to
the OH radical thus generated. The catalytic efﬁciency of the
NC is strongly dependent on the pH and temperature of the
reaction. The 0.01 M HNO3 was used in the reaction media to
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Figure 5 Colorimetric assay. (A) Ultraviolet (UV)–visible peaks showing the effect of different concentrations of HNO3. (B) Images illustrating color change after addition of
different concentrations of HNO3: (i) 20 μL, (ii) 30 μL, (iii) 50 μL, (iv) 100 μL, (v) 200 μL, (vi) 300 μL, (vii) 220 μL, (viii) 230 μL, (ix) 240 μL, (x) 260 μL, (xi) 280 μL, (xii)
300 μL. (C) UV-visible spectra depicting pH standardization to obtain color change. Inset: Color change at (i) pH 1.0 colorless, (ii) pH 1.2 greenish blue and (iii) pH 2.2
yellow. (D) Absorbance at 655 nm of different reaction components: (i) 3,3ʹ,5,5ʹ-tetramethylbenzidine nanoconjugates (TMB-NC), (ii) H2O2-NC, (iii) TMB-H2O2 and (iv)
folic acid–curcumin–gold–polyvinylpyrrolidone nanoconjugates (FA–CurAu-PVP NCs), TMB and H2O2.

achieve optimum pH conditions. Thus, the results showed
that the catalytic activity was faster in acidic pH solution and
this may be due to the presence of enough positive charges on
the NCs only in acidic conditions. As tumor tissues have a
more acidic environment than normal tissues, this peroxidase-mimetic activity of the NC could be beneﬁcial for
intelligent cancer treatments, which would not only kill
tumor cells by producing OH radicals but also relieve oxidative stress in normal cells by reducing the H2O2 level.6

In vitro anticancer activity
To examine the in vitro anticancer activity of NCs, the
MTT assay was performed as described previously.41
Incubation of cancer cells (MDA-MB-231, MCF-7 and
4T1) with the NCs showed the efﬁcient antitumor effect

International Journal of Nanomedicine 2019:14

of FA–CurAu-PVP NCs (IC50: 50 µg/mL) in both human
and mouse mammary cancer cells (Figure 6A–C).
Moreover, incubation of normal cell lines (L929 and
MCF 10A) with FA–CurAu-PVP NCs demonstrated low
cytotoxicity up to 50 µg/mL dose compared to cancer cells
(Figure 6D and E). However, higher doses (100 and
200 µg/mL) showed signiﬁcant cytotoxicity in both cancerous and normal cells. Hence, the data suggest that NCs
can exhibit anticancer activity at low doses without harming normal cells. NCs exhibited a higher inhibitory effect
in estrogen receptor (ER)/progesterone receptor (PR)negative breast cancer cells (MDA-MB-231 and 4T1)
compared to ER/PR-positive breast cancer cells (MCF-7).
To further conﬁrm our ﬁndings, we performed cell-cycle
analysis in MDA-MB-231 cells using ﬂow cytometry. The
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Figure 6 In vitro antitumor effect of folicacid–curcumin–gold–polyvinylpyrrolidone nanoconjugates (FA–CurAu-PVP NCs) in breast cancer. (A–C) MCF-7, MDA-MB231 and 4T1 cells were seeded into 96-well plates and treated with increasing concentrations of FA–CurAu-PVP NCs (0–200 µg/mL) for 24 h. Cell death induced by
NCs was analyzed by MTT assay. The percentage inhibition of cell viability is represented graphically. Values are presented as mean ± SEM of three independent
experiments, (D, E) Mouse ﬁbroblast cells (L929) and Human mammary epithelial (MCF 10A) were seeded into 96-well plates and treated with increasing
concentrations of FA–CurAu-PVP NCs (0–200 µg/mL) for 24 h. Cell death induced by NCs was analyzed by MTT assay. The percentage inhibition of cell viability
is presented graphically.

data showed an increase in the sub-G0 population in NCtreated cells compared to controls, suggesting that NC
treatment induced cell death (Figure S3).

In vitro antimigratory potential of FA–
CurAu-PVP NCs
We further examined the antimigratory property of the
NCs in MDA-MB-231 and 4T1 cells. Cells grown in
monolayers were wounded and then treated with different
concentrations of NCs; they were then observed until a
speciﬁc time-point at which cell death did not occur. As
illustrated in Figure 7, the NCs signiﬁcantly inhibited
migration of 4T1 and MDA-MB-231 cells even at very
low doses (Figure 7A and B), proving their antimetastatic
potential.

In vivo antitumor efﬁcacy of FA–CurAuPVP in breast cancer
To examine the antitumor effect of FA–CurAu-PVP NCs
under in vivo conditions, 4T1 mouse mammary tumors
were generated in Balb/c mice. After tumor generation,
mice were treated with free curcumin and FA–CurAu-
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PVP NCs (10 mg/kg body weight) and the effect on
tumor growth was compared with untreated controls.
Tumor volumes were measured twice a week by
Vernier calipers (Figure 8A). At the end of the experiment, mice were killed; tumors were removed, photographed and weighed (Figure 8A–D). The data
demonstrated that FA–CurAu-PVP NCs signiﬁcantly
inhibited the 4T1 breast tumor growth compared to
controls. However, at the same dose curcumin did not
lead to any signiﬁcant reduction in tumor growth compared to controls. This may be due to low water solubility, non-speciﬁc targeting and early clearance of
curcumin from the body. The above ﬁndings suggest
that FA–CurAu-PVP NCs enhanced the efﬁcacy of curcumin at a dose as low as 10 mg/kg body weight.

Discussion
Nanotechnology has immense potential to produce major
advances in areas of enzyme immobilization, energy, food,
agriculture and medicine.42 Nanotechnology-based delivery systems can overcome shortcomings such as drug
solubility, permeability and early clearance issues associated with small molecules and drugs, and can provide
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Figure 7 Folic acid–curcumin–gold–polyvinylpyrrolidone nanoconjugates (FA–CurAu-PVP NCs) inhibit migration of breast cancer cells. (A) Conﬂuent monolayer of MDAMB-231 cells wounded with constant width and treated with FA–CurAu-PVP NCs (0–20 µg/mL) for 18 h. Photographs of wounds were taken at T=0 and 18 h. (B)
Conﬂuent monolayer of 4T1 cells wounded with constant width and treated with FA–CurAu-PVP NCs (0–10 µg/mL) for 6 h. Photographs of wounds were taken at T=0 and
6 h. Migrated distances were measured using Image-Pro Plus software and analyzed statistically and presented graphically using SigmaPlot software. Values are presented as
mean ± SEM of three independent experiments.

smart therapeutic solutions such as tissue-speciﬁc chemotherapy and phototherapy.43–46
In this study, an innovative targeted drug-delivery vehicle (FA–CurAu-PVP NC) with a pH-responsive drugrelease system, favorable cytocompatibility and folate
receptor-mediated targeting is formulated via a simple covalent cross-linking method for cancer therapy. In the present
study, folate-targeted nanoconjugates of CurAu-PVP NPs
were synthesized successfully for the delivery of curcumin.
Curcumin-loaded optimized FA–CurAu-PVP NCs were
spherical, with a mean particle size of approximately 250
nm estimated by DLS and TEM, a zeta potential of −12.5, a
narrow size distribution of 0.6 and curcumin DLE of
40 µg/mL. The NCs showed a sustained release behavior
during 48 h in two different pH conditions. In this study, we
also observed an increase in the size of AuNPs when
incubated with HS. The adsorbed serum proteins decreased
the absolute charge on the particles and kept them stable, as
proven by zeta potential and UV–visible spectra analysis.
According to previous investigations and the literature,

International Journal of Nanomedicine 2019:14

degradation of curcumin was observed to be reduced in
the presence of a serum protein in a buffer solution, which
also proves that HS acts as an efﬁcient transporter for the
curcumin molecule. FA–CurAu-PVP NCs showed
enhanced peroxidase-like activity in the presence of peroxidase substrate TMB with H2O2 as a catalyst under a
standard pH condition of 1.2.
The MTT assay and ﬂow cytometry studies indicated the
higher potential of folate-modiﬁed NCs in the inhibition of
breast cancer cell proliferation and migration in vitro. Further,
the data demonstrated a higher cytotoxicity toward ER/PRnegative compared to positive cells. This may be due to the
differential expression of FA receptors on ER/PR-negative and
positive cells. It has been reported that there is a higher
expression of folate receptors in triple-negative breast cancer,
justifying the higher anticancer activity of FA–CurAu-PVP in
triple-negative breast cancer cells.47,48 These ﬁndings thereby
establish the fact that the synthesized FA–CurAu-PVP NCs
showed prominent cytotoxicity in FA receptor-expressing
breast cancer cells at doses signiﬁcantly lower than the doses
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Figure 8 Folic acid–curcumin–gold–polyvinylpyrrolidone nanoconjugates (FA–CurAu-PVP NCs) suppress breast cancer growth under in vivo conditions. (A, B) 4T1 mouse
mammary cells were injected orthotopically into Balb/c mice and then 10 mg/kg body weight of curcumin and FA–CurAu-PVP NCs were injected intratumorally twice a
week for 2 weeks. Tumor volumes were measured twice a week using Vernier calipers, analyzed statistically and represented graphically (mean ± SEM, n=5; *p<0.006
compared to control tumor, **p<0.05 compared to curcumin-treated tumor). (C, D) Tumors were excised, photographed, weighed and analyzed statistically. The bar graph
represents mean tumor weights (mean ± SD, n=5; *p<0.05 compared to control).

at which they developed toxicity in normal cells (MCF 10A
and L929). The cytotoxic nature of these NCs can also be
explained by their enhanced cellular uptake via FA-mediated
endocytosis.5 The ability of cancer cells to undergo migration
and invasion has been designated as one of the hallmarks of
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cancer.49 During the development of most human cancers,
primary cells move out and invade the neighboring tissues
and ultimately travel to distant sites to make new colonies,
leading to 90% of human cancer deaths. Hence, targeting
cancer cell migration and invasion is an important aspect of

International Journal of Nanomedicine 2019:14
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cancer chemotherapy.41,50 Our data showed that FA–CurAuPVP NCs have excellent antimigratory potential in breast
cancer cells. Furthermore, FA–CurAu-PVP NCs signiﬁcantly
inhibited breast tumor growth in an orthotopic mouse model.
The enhanced efﬁcacy of curcumin in the present nanoformulation may be the cumulative result of effective tumor targeting through FA receptors and prolonged slow release of the
drug at the tumor site. Curcumin also showed higher solubility
in the present formulation.
These results suggest that the versatile folate-based
tumor targeting using CurAu-PVP NCs is a promising
candidate for chemotherapy to kill tumor cells without
harming normal cells.
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folic acid–curcumin–gold–polyvinylpyrrolidone nanoconjugates; FA, folic acid; FTIR, Fourier-transform infrared; HS,
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Supplementary materials

Figure S1 UV-Visible spectra representing activation of folic acid in o folate.

A)

B)

Figure S2 (A) EDS graph of AuNP, (B) EDS graph of FaCur @AuNC.

Figure S3 Effect FA@CurAu-PVP treatment on cell cycle in MDA-MB-231 cells was analyzed by ﬂow cytometry. Brieﬂy, 2×105 cells were seeded in 60 mm dish and treated
with 20 and 50 µg/ml of FA@CurAu-PVP for 24 hrs. Cells were stained with propidium iodide and analyzed by FACSCalibur (BD Bioscieces).
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Table S1 Hydrodynamic size (Dh), polydispersity index (PDI) and zeta potential of gold nanoparticles (AuNPs) and successively
functionalized AuNPs, curcumin–gold polyvinylpyrrolidone nanoparticles (CurAu-PVP NPs) and folic acid–curcumin gold–polyvinylpyrrolidone nanoparticles (FA–CurAu-PVP NPs) at physiological pH
Sr. no.

Formulation

Dh (nm)

PDI

Zeta potential (mV)

1

AuNP

36.85

0.296

−7.47

2
3

AuPvP
CurAu-PVP NP

62.50
72.56

0.338
0.582

−9.91
−10

4

FA–CurAu-PVP NC

358.7

0.6

−12.5

Table S2 Summary of size (dynamic light scattering), polydispersity index (PDI) and charge of gold–polyvinylpyrrolidone (Au-PVP)
functionalized nanoparticles (NPs), curcumin–gold (CurAu NPs) and folic acid–curcumin gold (FA–CurAu) NPs before and after
incubation with human serum
Formulation

DLS: hydrodynamic diameter (nm)

PDI

Zeta potential (mV)

Au-PVP NPs before incubation
Au-PVP NPs after incubation

62.5
559

0.338
0.239

−9.91
−3.82

CurAu NPs before incubation

72.5

0.582

−10.1

CurAu NPs after incubation
FA–CurAu NPs before incubation

320
358

0.393
0.6

−5.09
−12.5

FA–CurAu NPs after incubation

657

0.393

−3.74
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