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ABSTRACT: Despite the potential health benefits of curcumin, such as antioxidant,
anticancer, anti-inflammatory, and antimicrobial properties, its usage is limited by poor
bioavailability and low aqueous solubility. Nano-formulations of curcumin have gained a lot of
attention due to their increased bioavailability, solubility, circulation times, targeted specificity,
decreased biodegradation, better stability, and improved cellular uptake. The current study
aimed to enhance the bioavailability of curcumin using carbon nanodots (CNDs) as loading
vehicles to deliver curcumin due to their excellent biocompatibility, aqueous solubility, and
photoluminescence properties. Two types of CNDs (E-CNDs and U-CNDs) were used for
curcumin loading and characterized for particle size, morphology, loading capability (measured
as adsorption efficiency and loading capacity), stability, photoluminescence properties, in vitro
drug release studies, cellular uptake, and anticancer activity. The prepared curcumin-loading
CNDs (Curc-CNDs) displayed sizes around or below 10 nm with good stability. The Curc-E-
CNDs demonstrated a curcumin adsorption efficiency of 91% in solution, while the Curc-U-
CNDs have an adsorption efficiency of 82%. Both have a loading capacity of 3.4−3.8% with
respect to the weight of the CNDs. Curcumin release followed a controlled sustained pattern that a total of 60% and 74% of
curcumin was released at 72 h from Curc-E-CNDs and Curc-U-CNDs, respectively, in pH 5 buffer, and almost 90% was released in
culture media within 96 h. Both of the Curc-CNDs were uptaken by cells and exhibited prominent cytotoxicity toward cancer cells.
The results clearly depict the role of CNDs as efficient carriers for curcumin delivery with prolonged release and enhanced
bioavailability, thereby improving the overall antitumor activity.
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■ INTRODUCTION

Curcumin, a natural polyphenolic spice obtained from the
tropical southeast Asian plant Curcuma longa (turmeric), has
applications that date back centuries as a dietary supplement,1,2

with its anti-inflammatory, analgesic, antiseptic, and antiox-
idant properties.1,3 Phase I clinical trials in humans showed no
side effects upon administration of curcumin (8 g/day).4

Curcumin can inhibit cell cycle progression,5 induce
apoptosis,6 and halt cell proliferation process in cancer cell
lines,7,8 thereby establishing its potential role as an antitumor
agent.9,10 However, the poor bioavailability, low aqueous
solubility, poor absorption, rapid degradation, fast metabolism,
and systemic elimination hinder this elixir drug’s usage as a
chemotherapeutic agent.11−13 Moreover, the intracellular
uptake of curcumin is limited by its hydrophobicity, where
curcumin binds to the lipids of the cell membrane without
entering the cytoplasm.14,15

Structural and chemical modifications have been imple-
mented to increase the bioavailability of curcumin, but are
limited due to the low potency of the derivates compared to
the native curcumin, therefore requiring higher doses to elicit
therapeutic responses.16,17 Nanobased drug delivery systems
have emerged as an eminent solution to overcome the

limitations and increase the bioavailability and targetability of
curcumin, thereby improving the overall anticancer activity.18

Nanoparticle size, shape, and surface chemistry plays an
important role in the selection of drug delivery vehicles for
cancer therapy.19 Various nanoformulation based drug delivery
systems such as liposomes,20−23 polymeric nanoparticles,24,25

and hydrogels26,27 showed promising curcumin delivery,
however they also exhibit some drawbacks. Specifically, use
of liposomes is limited by low drug entrapment and
instability,28 polymeric nanoparticles offer toxicity of unreacted
monomers and initial burst release of curcumin, respectively.29

Adsorption of curcumin onto soluble nanoparticles improves
the solubility and stability of the hydrophobic drugs, which
overcomes rapid drug metabolism, transports the drug to the
target sites, and reduces adverse side effects.30

Received: September 9, 2020
Accepted: October 29, 2020
Published: November 11, 2020

Articlewww.acsabm.org

© 2020 American Chemical Society
8776

https://dx.doi.org/10.1021/acsabm.0c01144
ACS Appl. Bio Mater. 2020, 3, 8776−8785

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
N

O
R

TH
 C

A
R

O
LI

N
A

 G
R

EE
N

SB
O

R
O

 o
n 

A
ug

us
t 2

7,
 2

02
1 

at
 1

5:
54

:3
0 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Durga+M.+Arvapalli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+T.+Sheardy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kokougan+Allado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harish+Chevva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyu+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianjun+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsabm.0c01144&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01144?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01144?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01144?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01144?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01144?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aabmcb/3/12?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/12?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/12?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/12?ref=pdf
www.acsabm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01144?ref=pdf
https://www.acsabm.org?ref=pdf
https://www.acsabm.org?ref=pdf


Carbon nanodots (CNDs) are spherical low molecular
weight luminescent particles (<10 nm) with excellent photo-
stability against photobleaching, and possess tunable emission
spectra, photoelectric activities,31,32 good biocompatibility,33

and low toxicity.34−36 These desirable properties of the CNDs
opened up several applications in photocatalysis,37 biosens-
ing,38 bioimaging,39,40 and anti- or pro-oxidation.41−44 While
tremendous progress has been made in designing drug carrying
nanovehicles for cancer therapy,45−49 relatively less light has
been shed on the CNDs.50−53 Due to their superior chemical
and physical properties, CNDs with large numbers of surface
functional groups offer high surface area for drug loading,
thereby increasing the solubility of hydrophobic drugs which
can be used as drug-loading vehicles to reach cancer sites with
better targeting and delivery efficiency, thereby reducing the
side effects and improving drug tolerance.
This work reports on the synthesis of curcumin-loading

CNDs (Curc-CNDs) with enhanced bioavailability and
anticancer property of curcumin along with incorporating the
CNDs’ features, such as photoluminescence, small size (∼5
nm), and stability for highly efficient cellular uptake and
delivery tracking by imaging. In the present study, two types of
CNDs (E-CNDs and U-CNDs) are functionalized with
curcumin for examining the bioavailability and eliciting the
therapeutic effects. The two CNDs have different surface
functional groups, surface charge, and size distribution, but
both are soluble in water and have good biocompatibility. This
comparative study is focused on understanding how these
differences impact on curcumin loading and releasing. The
results may provide guidance in the design of CNDs and the
application for drug delivery. Specifically, the Curc-CNDs were
characterized regarding the structure, composite and optical
properties. Curcumin release kinetics from the complex was
investigated using the Korsmeyer and Peppas equation. The
kinetics studies provide information about the pH dependent
release of curcumin as a function of time. Intracellular and
anticancer activities of Curc-CNDs were tested in two cancer
cell lines, HepG2 and A549 cells, and one normal cell line, EA.
hy926. Curcumin loading onto the CNDs increases the
bioavailability in cells compared to native curcumin, thereby
meeting the low concentrations required to elicit anticancer
effects.

■ EXPERIMENTAL SECTION
Materials. Citric acid (ACROS Organics), ethylenediamine, urea

(Fisher Scientific), curcumin (Chem Cruz), phosphate buffer solution
(PBS) (Life Tech), quinine sulfate dihydrate, methanol (Fisher
Scientific), A549 cell line, HepG2 cell line, EA. hy926 cell line,
DMEM (Dulbecco’s minimum essential medium), EMEM (Eagle’s
minimum essential medium), and F12 K (Ham’s F-12K (Kaighn’s)
Medium), (ATCC), pen/strep solution, tryplE, fetal bovine serum
and CCK-8 assay kit (Sigma-Aldrich), and Alamar blue (Thermo
Scientific).
Synthesis of CNDs. E-CNDs and U-CNDs were synthesized as

mentioned in our previous work.37 Briefly, E-CNDs were prepared by
dissolving 960 mg of citric acid in 1 mL each of DI water and ethylene
diamine (EDA). The mixture was pyrolyzed by a 300 W microwave
(CEM Corp 908005 Microwave Reactor) for 18 min at a temperature
below 150 °C. The resulting brown foamy solution was dissolved in 5
mL of DI water for purification. U-CNDs were prepared by pyrolyzing
urea (1 g) and citric acid (1 g) in 1 mL of DI water at 110 °C for 12
min at 150 W power. Large aggregated particles were removed by
centrifugation. Both samples were purified by dialysis against DI water
(1000 MWCO), and solid powders were obtained by lyophilization.

Curcumin Loading. The synthesized E-CNDs and U-CNDs were
loaded with curcumin. Briefly, curcumin was dissolved in methanol
(1:1 w/v), and the solution was added dropwise to either E-CNDs or
U-CNDs at a concentration of 2 mg/mL. The reactant mixture was
ultrasonicated in a water bath for 20 min and shaken on rotary shaker
(500 rpm) overnight at room temperature. The methanol was
evaporated using rotary evaporation and the Curc-CNDs were
centrifuged. The pellet was dissolved in a known amount of methanol
and quantified using UV−vis spectrophotometer (Varian Cary 6000i)
at 425 nm. A curcumin standard curve was plotted with known
concentrations. The adsorption efficiency is defined as the amount of
drug entrapped/adsorbed onto the CNDs to the total amount of drug
added, whereas the loading capacity expresses the amount of
curcumin loading per unit weight of the CNDs. The curcumin
adsorption efficiency and loading capacity in percentage are calculated
using the formula as follows:

= − ×AE %
TCA FCS

TCA
100

(1)

= ×LC%
wt of curcumin loaded onto CNDs

wt of CNDs
100

(2)

where AE is the adsorption efficiency, TCA is the total curcumin
added, FCS is the free curcumin in solution, LC% is the loading
capacity, and wt is weight.

Physicochemical Properties and Characterization. Atomic
Force Microscopy (Agilent 5600LS AFM), Transmission Electron
Microscopy (TEM, Carl Zeiss Libra 120 Plus), and zeta
potentiometer (Malvern Zetasizer ZEN3600) were used for the
determination of the size and charge of the CNDs before and after
functionalization with Curcumin, respectively. The samples were
analyzed by FT−IR spectroscopy (Agilent FTIR) to identify the
functional groups of curcumin in the functionalized Curc-CNDS.
Chemical structure and elemental composition of the Curc-CNDs
were characterized using XPS (Thermo Scientific ESCALAB Xi+) and
Raman spectroscopy (Horiba XploRA One Raman Confocal
Microscope System), respectively. Ultraviolet−visible spectropho-
tometry (Varian Cary 6000i) and fluorescence spectrophotometry
(Varian Cary Eclipse) were used to investigate the optical properties
of the Curc-CNDs, respectively. The fluorescence quantum yield
(QY) of the CNDs before and after curcumin functionalization was
determined using Quinine Sulfate (QS) as a standard fluorescent
compound in 0.1 M H2SO4 using the following equation:54,55

η
η

Φ = Φ × ×GradC
GradQSC QS

C
2

QS
2

(3)

where Φ represents the quantum yield, Grad is the gradient from the
plot of integrated fluorescence intensity vs absorbance, and η is the
refractive index (aqueous solution 1.33). The subscript QS and C
denoted quinine sulfate and CNDs before and after functionalization
with curcumin, respectively.

pH Dependent Release Kinetics. The Curc-CNDs were
dissolved in 10 mM PBS and incubated at 37 °C at a pH of 5 and
7. Samples were taken at different time intervals (0, 0.5, 1, 2, 4, 8, 16,
24, 48, and 72 h) and centrifuged for 3 min at 1200 rpm to pelletize
released curcumin. Concentrations of released curcumin were
calculated from the curcumin standard curve. Curcumin release
studies were also carried out in cell culture media to determine the
release pattern. The release % was calculated using the following
formula:

i
k
jjj

y
{
zzz= ×release %

curcumin released
total curcumin in CNDs

100
(4)

The release pattern of the curcumin was analyzed using the
formulation derived by Korsmeyer and Peppas to analyze the release
pattern of drugs, which is given by the following:

=∞M M kt/t
n (5)
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= +∞M M k n tLog( / ) Log Logt (6)

where, Mt and M∞ are the fraction of drug released at time t and
infinite time, respectively, k is a kinetic constant, and n is the release
exponent, indicative of transport mechanism of drug.56

Cell Culture. HepG2 cells (human hepatocellular cancer cells)
were maintained in EMEM supplemented with 10% FBS and 1% pen/
strep antibiotic solution, A549 cells (adenocarcinomic human alveolar
basal epithelial cells) were maintained in F12K media supplemented
with 10% FBS and 1% pen/strep antibiotic solution and EA. hy926
cells were maintained in DMEM media supplemented with 10% FBS
and 1% pen/strep antibiotic solution. All the cells were kept in an
incubator with 5% CO2 at 37 °C.
Biocompatibility of the CNDs. The biocompatibility of E-

CNDs, U-CNDs and Curc-CNDs were determined using CCK-8
assay. The assay is based on the conversion of WST-8 [2-(2-methoxy-
4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4disulfophenyl)-2H-tetrazo-
lium, monosodium salt] dye to a water-soluble orange colored
formazan complex due to the cellular dehydrogenase activity. The cell
viability is measured at an optical density of 450 nm.57 The EA. hy926
cells were preseeded in 96-well plate overnight and starved in low
serum media for 24 h. The respective medium with different
concentrations of the CNDs and Curc-CNDs (0, 0.1, 0.2, 0.4, 0.8, 1.6,
and 3.2 mg/mL) were added to investigate their biocompatibility
toward both the cancerous cells and the normal cells incubated for 24
h. Viability of the cells was examined by measuring absorption at 450
nm after 1 h. The equation used for calculating viability % is as
follows:

= [ − − ] ×viability % (OD OD )/(OD OD ) 100sample blank control blank

(7)

In Vitro Therapeutic Effect of Curc-CNDs. 10,000 cells of
HepG2 and A549 were preseeded in a 96-well plate overnight and
starved in low serum media for 24 h. Different concentrations (0, 0.1,
0.2, 0.4, 0.8, 1.6, and 3.2 mg/mL) of the CNDs and Curc-CNDs were
added to HepG2 and A549 cells and incubated for 24 h. Viability was
determined using Alamar blue assay and % of living cells was
calculated using the above-mentioned formula.
Intracellular Uptake and Cytotoxicity of Curc-CNDs. Live/

Dead assay were conducted on HepG2 and A549 cells. Cells (1 ×
105) were seeded on coverslips that were placed in 12 well plates
overnight. The medium was replaced with different concentrations (0,
0.4, 0.8, and, 1.6 mg/mL) of Curc-E-CNDs and Curc-U-CNDs and

incubated for 12 h. The growth medium was replaced with live dead
reagent (calcein AM and ethidium homodimer-1) dissolved in sterile
phosphate buffer saline (PBS), and incubated for 45 min. The cells
were washed thrice with PBS, and the coverslip was placed on the
slide. The cells were imaged under a confocal microscope (Zeiss Z1
Spinning Disk Confocal Microscope) for intracellular localization of
the Curc-E-CNDs. The images were collected at 20× magnification.
The live cells uptake calcein AM and stain green, whereas the dead
cells uptake ethidium homodimer-1 and stain red.

Statistical Analysis. All data were expressed as mean ± standard
error. Each experiment was repeated in triplicates and significance was
analyzed by multifactor analysis of variance (ANOVA) with accepted
statistical significance at a level of p < 0.05.

■ RESULTS AND DISCUSSION

Characterization of Curc-CNDs. The successful con-
jugation of CNDs with curcumin was validated using different
characterization techniques. The AFM images of Curc-E-
CNDs (Figure 1A) and Curc-U-CNDs (Figure 1B) showed an
even dispersion with average height of 9 and 4 nm,

Figure 1. Atomic force microscopy (AFM) images of Curc-E-CNDs (A) and Curc-U-CNDs (B) with their respective height profiles around 9 and
4 nm respectively, and the TEM images of Curc-E-CNDs (C) and Curc-U-CNDs (D), respectively.

Figure 2. FTIR spectra of Curc-E-CNDs, curcumin, and Curc-U-
CNDs with their characteristic peaks. Inset is an optical image of
curcumin, Curc-E-CNDs, and Curc-UCNDs in water solution.
Insoluble pure curcumin is observed in water.
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respectively. Since the radius of curvature of the AFM probe is
larger compared to both the Curc-CNDs, only the height data
can be used to determine the size. The average diameter of the
curcumin functionalized Curc-E-CNDs (Figure 1C) and Curc-
U-CNDs (Figure 1D) is around 10 and 5 nm, respectively,
from the TEM images, which is in accordance with the AFM
data. The zeta potential of E-CNDs is −7.32 ± 0.9 mV, and
upon functionalization with curcumin changed to −11.7 ± 1.3
mV at a physiological pH of 7.4, in good agreement with
nanoformulated curcumin (−13.8 mV) reported by Dende et
al.58 Upon functionalization of U-CNDs with curcumin, the
zeta potential has changed from −38.5 ± 2.7 mV to −32.9 ±
3.8 mV. The measured zeta potential of curcumin dissolved in
methanol is −15.2 ± 4.9 mV (Figure S1 of the Supporting
Information, SI). The zeta potential of Curc-E-CNDs shifts
positively while that of the Curc-U-CNDs shifts negatively.
The zeta potential shift can be interpreted by the hydrogen
bonding and electrostatic interactions between curcumin and
CNDs. Structure characterization of E-CNDs suggests the
presence of a greater fraction of amine groups and fewer
carboxylic acids while the U-CNDs possess a greater fraction of
carboxylic acids than amines,38 and thus a more negative zeta
potential of U-CNDs than the E-CNDs at pH 7.4. This means
the U-CNDs can act primarily as hydrogen bond acceptors due
to the deprotonated carboxylates. The protonated amines on
the E-CND surface can act as hydrogen bond donors. The

ketone and hydroxyl groups in curcumin may shield the
functional groups by hydrogen bonding, thus changing the zeta
potential. Specifically, the curcumin molecules shield some
carboxylates in the U-CNDs, resulting in a positive move in
zeta potential; while the protonated amines in the E-CNDs are
partially neutralized, thus obtaining a more negative zeta
potential. These analyses also suggest that the hydrogen bond
interactions are one of the driving forces for the curcumin
loading to the CNDs, in addition to the electrostatic
interactions.59,60 Nevertheless, the zeta potential changes
observed in both the Curc-CNDs and AFM visualization of
particle size increase corroborate the successful adsorption of
curcumin onto the CNDs. The higher negative zeta potential
indicates better stability in aqueous solution.61 This property
should allow for a longer circulation time of the Curc-U-CNDs
in the tumor microenvironment.62

While curcumin is not well dissolved in water, the Curc-E-
CNDs and Curc-UCNDs form homogeneous solution in water
(inset in Figure 2). The FTIR analysis further confirmed the
functionalization of the CNDs with curcumin. Native
curcumin exhibits characteristic peaks at 3509, 3024, 1624,
and 1275 cm−1 which correspond to OH stretching of phenol,
CH stretching, CO, CC stretching mode, and C−O enol
stretching, respectively.63 Both E-CNDs and U-CNDs, after
functionalization with curcumin, exhibit similar characteristic
peaks to that of curcumin confirming the successful

Figure 3. XPS survey spectra of Curc-E-CNDs (A) and Curc-U-CNDs (C). High resolution C 1s (B, D) XPS spectra of Curc-E-CNDs and Curc-
U-CNDs, respectively.

Figure 4. UV−vis absorption spectra of E-CNDs, U-CNDs, curcumin, Curc-E-CNDs, and Curc-U-CNDs (A). Excitation dependent fluorescence
spectra of Curc-E-CNDs (0.5 mg/mL) (B) and Curc-U-CNDs (0.5 mg/mL) (C), respectively.
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conjugation of CNDs and curcumin (Figure 2). Moreover, the
O−H and N−H stretching of the E-CNDs and U-CNDs is
conserved in the Curc-CNDs after functionalization (Figure
S2).38 Raman spectra of both CNDs show the increase in D
band intensity after functionalization with curcumin, which can
be attributed to the carbon atoms excited from sp2 to sp3

hybridization due to the introduction of oxygenated functional
groups (Figure S3).64

XPS spectrum of curcumin depicts the presence of two
elements carbon at 285.0 eV and oxygen at 532.0 eV,
respectively (Figure S4A). The XPS spectra of both E-CNDs
(Figure 3A) and U-CNDs (Figure 3C) after functionalization
with curcumin show the presence of carbon, nitrogen, and
oxygen at 285.0, 400.5, and 532.0 eV. The curve fitting C 1s
spectra of Curc-E-CNDs (Figure 3B) and Curc-U-CNDs
(Figure 3D) have chemical states at corresponding to C−C,
C−O−C, O−CO and OC−OH, similar to that of the
curcumin C 1s spectra (Figure S4). Similarly, the C 1s
characteristic peaks of E-CNDs and U-CNDs are conserved
after functionalization with curcumin (Figure S5).56 The
additional peak OC−OH is observed in both the types of
CNDs after functionalization with curcumin (Figure 3B,D).
The O 1s spectra of Curc-E-CNDs depicts O−H and CO
peaks (Figure S6A) and Curc-U-CNDs have presented peaks
corresponding to O−H and O−CO (Figure S6C), whereas
the individual high resolution N 1s spectra of both the Curc-E-
CNDs (Figure S6B) and Curc-U-CNDs (Figure S6D) show
the presence of C−N−C and N−H peaks.
In UV−vis (Figure 4A), E-CNDs and U-CNDs have

shoulder peaks located at 250 and 245 nm which are attributed
to π- π* transitions of CC (aromatic sp2 domains). The E-
CNDs and U-CNDs show strong broad peaks at 350 and 337
nm, respectively, which are assigned to n−π transitions of C
O bond involving functional groups with electron lone pairs.37

The UV−vis spectrum of curcumin shows two distinct peaks at
∼268 nm and ∼426 nm corresponding to n−π* and π−π*

transitions, respectively (Figure 4A).65 The UV−vis spectrum
of Curc-E-CNDs depicts strong peak at 356 nm and shoulder
peak at 240 nm, respectively. Curc-U-CNDs exhibit two peaks
at 343 and 427 nm (Figure 4A). The excitation dependent
behavior at different excitation wavelengths gives information
about the strong emission peaks. Curc-E-CNDs (Figure 4B)
and Curc-U-CNDs (Figure 4C) exhibited strong emission
peaks at an excitation wavelength of 360 and 450 nm,
respectively. Unlike curcumin, both Curc-CNDs are readily
dispersed in water and exhibited good fluorescence stability
over a time period of 50 days (Figure S7). The quantum yields
of the Curc-E-CNDs (48.74%) and Curc-U-CNDs (6.54%)
are calculated with reference to quinine sulfate (Table S1).

Curcumin Loading and Release. The curcumin
adsorption efficiency and loading capacity for Curc-E-CNDs
were determined to be 91.5 ± 1.5% and 3.8 ± 0.8% and for
Curc-U-CNDs to be 81.9 ± 1.9% and 3.4 ± 0.6%, respectively.
These results demonstrate good loading capability of both
CNDs. In E-CNDs, more nitrogen containing groups exist
than that in U-CNDs from the XPS characterization. Since
curcumin has negativity in solution and thus it is not surprising
that the E-CNDs present a little higher loading capability due
to the stronger hydrogen bond and electrostatic interactions
with ketone and hydroxyl groups of curcumin because of more
amine groups.59,60

The curcumin release pattern of both the Curc-CNDs was
first studied in PBS at two different pH (7.4 and 5) over a time
course of 72 h. High curcumin release (%) is observed at a pH
5 in a gradual controlled manner for both the Curc-CNDs
(Figure 5A,B). The enhanced drug release at pH 5 may be due
to weaker interactions of Curcumin and CNDs in acidic
environment because of the protonation of both carboxylates
and amines resulted weak hydrogn bond and electrostatic
interactions. This is beneficial for curcumin to elicit its
therapeutic effects in the tumor microenvironment at acidic
pH. Slow release rate of curcumin in solution of pH 7.4 can be

Figure 5. Curcumin release profile of Curc-E-CNDs (A) and Curc-U-CNDs (B) under two different pH-5 and 7.4 in PBS and Curc-E-CNDs (C)
and Curc-U-CNDs (D) in EMEM media. Inserts in (C) and (D) are Korsmeyer-Peppas release model of Curcumin. All the data values were done
in triplicates with mean ± SDs.
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attributed to the stronger association between CNDs and
curcumin because of more deprotonated carboxylates and
amines than in pH 5. Initial curcumin burst release of Curc-E-
CNDs and Curc-U-CNDs was found to be 33.1% and 33.5%,
respectively, at 2 h at pH 5 using curcumin standard curve
(Figure S8), which might be due to the desorption and release
of surface curcumin into the surrounding media. Thereafter,
the curcumin release from both the Curc-CNDs followed a
controlled sustained release pattern which can be attributed to
the lipophilic nature of curcumin (Figure 5). A total of 59.9%
and 74.3% of curcumin was released at 72 h from Curc-E-
CNDs and, Curc-U-CNDs, respectively. The slower release of
curcumin from Curc-E-CNDs can be exlained by the stronger
interactions between the E-CNDs and curcumin, consistent

with the loading capability of curcumin. The loading and
release analysis suggests that manipulating the surface
functional groups of CNDs can tune the drug loading
capability and release rate at different pH solutions.
The drug release behavior was further studied by fitting the

curcumin release with kinetic models. The curcumin release
data were plotted using Korsmeyer and Peppas equation with
R2 values of 0.98−0.99 and n values below 0.45 for both the
types of Curc CNDs at pH of 5 and 7.4 (Figures S9 and S10).
The n values less than 0.45 (n < 0.45) confirms the fickian
diffusion of the solute molecule (curcumin) from Curc-CNDs
complex into the surrounding media due to chemical gradient.
A similar release trend is observed when the Curc CNDs are
suspended in EMEM cell culture media, with n values less than
0.45 (Figure 5C−D). Almost 90% of curcumin is released into
the media within 96 h.

Cell Viability. Biocompatibility of the CNDs and Curc-
CNDs were analyzed using CCK-8viability assay for the
normal cell line EA. hy926. The cells showed no significant
signs of cellular toxicity on treatment with the CNDs and
Curc-CNDs even at high concentration of 3.2 mg/mL (Figure
6A). In concert, HepG2 and A549 cells were treated with
CNDs and Curc-CNDs at concentrations of 0.1, 0.2, 0.4, 0.8,
1.6, and 3.2 mg/mL for 24 h. The number of viable cells
decreased in Curc CNDs treated HepG2 and A549 cells in
comparison to the CNDs treated cells (Figure 6B−C) from the
alamar blue assay. At a concentration of 3.2 mg/mL, the cell
viability is around 40% and 30% for the HepG2 cells treated
with Curc-E-CNDs and Curc-U-CNDs (Figure 6B), respec-
tively. A549 cells displayed a cell viability of ∼38% and ∼18%
when treated with Curc-E-CNDs and Curc-U-CNDs (Figure
6C) at a maximum concentration of 3.2 mg/mL for 24 h,
respectively. A more rapid decrease in the number of viable
cells is observed in both the cells treated with Curc-U-CNDs in
comparison to Curc-E-CNDs (Figure 6C). The A549 cell
viability assay was carried out for an extended period of 48 and
72 h to observe the effects of Curc-CNDs on cell viabilty.
Curc-E-CNDs treated cells show a cell viability of ∼30% and
∼25%, while Curc-U-CNDs depict ∼5% and ∼2% at a
concentration of 3.2 mg/mL, at time period of 48 and 72 h,
respectively (Figure S11). Cancer cells treated with the Curc-
CNDs showed cytotoxicity due to the higher uptake and
release of curcumin compared to normal cells. This might be
attributed to membrane structure and protein composition
differences and low pH in the cells.66 The presence of high
levels of glutathione in tumor cells enhances the sensitivity of
tumor cells to curcumin.67 Upon treatment with Curc-CNDs,
both HepG2 and A549 cells showed dose-dependent increase
in cellular toxicity; and the high cellular toxicity of the Curc-U-
CNDs can be attributed to the more release of curcumin,
which was observed from the release profile. The mechanism
of cytotoxicity of curcumin in cancer cells is dependent on the
type of cancer being treated. Specifically, in liver cancer cell
lines curcumin suppress tumor cell survival and proliferation
through inhibition of NF-κB signaling pathway.68 Whereas in
lung cancer cells, curcumin inhibits cell prolifeartion and
induces apoptosis through suppression of PI3K/Akt signaling
pathway.69

Cellular Uptake and Cytotoxicity of Curc-CNDs. The
cellular uptake studies of Curc-E-CNDs and Curc-U-CNDs
were conducted using two cell lines HepG2 and A549 at
concentrations of 0.4, 0.8, and, 1.6 mg/mL. Both types of
Curc-CNDs show good cellular uptake in HepG2 and A549

Figure 6. Cell viability assays of EA. hy926 (A), HepG2 (B), and
A549 (C) cells treated with different concentrations of E-CNDs &
Curc-E-CNDs and U-CNDs & Curc-U-CNDs for 24 h.
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cells. Cells treated with Curc-E-CNDs exhibited high
fluorescence intensity compared to Curc-U-CNDs (Figures 7
and 8), which is due to the high quantum yield of E-CNDs.38

The cellular toxicity of Curc-CNDs was evaluated using live
dead assay in two cell lines HepG2 and A549. Curc-CNDs
exhibited cytotoxicity in a dose-dependent manner in both cell
types. As the concentration of Curc-CNDs was increased, the
number of dead cells increased gradually. At a concentration of
1.6 mg/mL, both Curc-CNDs showed a significant decrease in
the number of viable cells (Figures 7 and 8) and A549 cells
showed change in the cell morphology (Figure 8C). 3.2 mg/
mL concentration was also tested, but the cells were all
detached from the coverslip after the treatment, due to the
toxicity at high concentration. The fluorescent microscopy
images show Curc-CNDs are found to be distributed both in
cytoplasm and nucleus (Figures 7 and 8). With increase in
concentration of Curc-CNDs, the cellular toxicity increased
along with cellular uptake which is evident from live/dead
assay. The results of more of curcumin localized in the cells
might induce dose dependent DNA damage to nuclear as well
as mitochondrial genome with increase of ROS levels and lipid
peroxidation.70

■ CONCLUSIONS

In the current study, Curcumin loaded CNDs were prepared in
an cost-effective manner, to enhance the bioavailability of
curcumin and explore the antiproliferative effects of encapsu-
lated curcumin. The characterization studies confirmed the
successful conjugation of curcumin with CNDs with overall
small size, high loading capacity, good photoluminescence
properties, and stability. The curcumin release studies have
shown better release of curcumin in solution with pH-5,
inferring more amount of drug delivered tumor microenviron-
ment compared to normal tissues. The CNDs used for
curcumin loading are shown to be nontoxic to normal cells,
thereby proving a better vehicle for curcumin delivery. Curc-U-
CNDs have shown enhanced cellular toxicity even at low
concentrations which is further supported by the zeta potential
measurements (longer circulation times) and drug release
profile of curcumin and can be attributed to the effective
loading of curcumin onto the functional group rich CNDs. In
conclusion, the CNDs can be valuable vehicles for curcumin
delivery with enhanced bioavailability, small size, high loading
capability, better photoluminescence, and biocompatibility,
eliciting improved anticancer properties at low concentrations.

Figure 7. Fluorescence images of live and dead HepG2 cells incubated with Curc-E-CNDs and Curc-U-CNDs at different concentrations (0.4 (A),
0.8 (B), and 1.6 (C) mg/mL) for 12 h.

Figure 8. Fluorescence images of live and dead A549 cells incubated with Curc-E-CNDs & Curc-U-CNDs at different concentrations (0.4 (A), 0.8
(B), and 1.6 (C) mg/mL) for 12 h.
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