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Abstract

Polyethylene glycol functionalized with oxygenated multi-walled carbon nanotubes (O-PEG-MWCNTs) as an efficient
nanomaterial for the in vitro adsorption/release of curcumin (CUR) anticancer agent. The synthesized material was morpholog-
ically characterized using scanning electron microscopy, Fourier transform infrared spectroscopy and transmission electron
microscopy. In addition, the CUR adsorption process was assessed with kinetic and isotherm models fitting well with pseudo-
second order and Langmuir isotherms. The results showed that the proposed O-PEG-MWCNTs has a high adsorption capacity
for CUR (2.0 x 10> mg/g) based on the Langmuir model. The in vitro release of CUR from O-PEG-MWCNTs was studied in
simulating human body fluids with different pHs (ABS pH 5, intestinal fluid pH 6.6 and body fluid pH 7.4). Lastly, to confirm the
success compliance of the O-PEG-MWCNT nanocomposite as a drug delivery system, the parameters affecting the CUR release
such as temperature and PEG content were investigated. As a result, the proposed nanocomposite could be used as an efficient

carrier for CUR delivery with an enhanced prolonged release property.
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Introduction

Curcumin (CUR) is a natural compound known as a potent
nontoxic, antioxidant, anti-tumor and anti-inflammatory
agent with a variety of therapeutic properties such as an-
ti-HIV, anti-bacterial, anti-oxidant, anti-carcinogenic,
anticoagulation, antifungal, and antiseptic activities, most
interestingly with nontoxic side effects even at high dos-
ages [1-3]. Nevertheless, CUR suffers from the low water
solubility and low bio-stability in the human body during
the metabolism process, and also it could be affected by
some enzyme activities [4, 5]. Therefore, to enhance its
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solubility and biocompatibility, it is essential to provide
the drug with a suitable delivery system [6, 7].

Recently, carbon based nano material has gained a con-
siderable attention leading to a great breakthrough in
nanotechnology for its unique physical properties, surface
chemistry and structure [8, 9]. Particularly, carbon nano-
tubes (CNTs) holds tremendous potentials in many fields
especially biological and biomedical domains as an ideal
material for several applications [10, 11]. CNTs are
known as superior adsorbents for their unique one-
dimensional tubular structure, the tendency to establish
strong electrostatic 7t-7t interactions and high surface area
[12]. CNT could be used as a molecular delivery system
for transporting biological molecules including DNA and
RNA [13]. Interestingly, to enhance its reactivity and also
to provide more active accommodating sites (in order to
increase the delivering capacity), CNT’s surface could be
easily functionalized and various groups could be intro-
duced to it for medical purposes [14, 15]. CNT seems to
be very dynamic and applicable in biological applications
due to its special one-dimensional nano-hollow-tubular
structure and high surface area [16] as well as CNTs
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developed as emerging cancer cell delivery system [15].
Moreover, non-covalent 7t-7t interactions allow an easy
and high drug loading capacity on the outside, inside
and the sidewall providing a prolonged blood circulation
and high stability with minimum toxicity side effects in
the body [17-20]. However, very few have reported the
adsorption/release of CUR drugs onto such a high poten-
tial material (CNT loaded systems) [21, 22] [23]. To date,
some studies have stated the successful adsorption and
desorption of various drugs such as curcumin, doxorubi-
cin and mitoxantrone onto CNTs [23, 24]. However, there
are two main problems with using CNTs, the lack of bio-
compatibility and poor solubility, and the very high sur-
face area holding toxic effects inside the human body
[25]. The oxidation of CNT as a hydrophobic material is
a very common modification method generating hydro-
philic oxygen-containing functional groups which en-
hances the adsorption capacity and solubility, and facili-
tates additional functionalization of CNT [19, 26]. A suit-
able functionalization of CNT is recommended to produce
a less toxic biocompatible system with an increased solu-
bility and to protect the carried drug [27]. One of the best
approaches is the covalent anchorage of polyethylene gly-
col (PEG) segments on the CNT walls offering some ther-
apeutic advantages including low toxicity, good aqueous
dispensability and most importantly a prolonged circula-
tion time and a more efficient drug release system which
is induced by the dense brushes of PEG [28, 29]. In ad-
dition, it is noteworthy that PEG-modified CNTs shows
an improved bioavailability and biocompatibility, in-
creased uptake and therapeutic efficacy. The high molec-
ular weight and hydrophilic nature of PEG offers a higher
physical and chemical stability to the final solid matrix
and makes the drug less prone to denaturation [30]. It
increases both the drug-carrier interactions and the load-
ing capacity [13, 18, 31]. PEG is a dual nature material
soluble in both water and organic solvents, besides
PEGylation can increase the bioavailability of the delivery
systems [32]. This, by adding a hydrophilic character to
CNT, could improve its accessibility and dispersibility in
the aqueous circulating blood or body fluids [33].

To the best of our knowledge, no studies have been
conducted on the adsorption and desorption of curcumin
onto PEG polymer-oxygenated MWCNTs nanocomposite
(O-PEG-MWCNTs) with the aim of developing a more
efficient drug delivery system. In this study, the adsorp-
tion and desorption of CUR on a novel synthesized O-
PEG-MWCNTs was investigated. Adsorption kinetics,
adsorbent isotherm and CUR desorption in simulated so-
lution were all studied. CUR adsorption mechanism onto
O-PEG-MWCNTs could be explained via 7-7t interac-
tion, hydrophobic and hydrogen bonding.
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Material and methods
Materials

All chemicals were of the high analytical grade. Multi-wall
carbon nanotube MWCNT (purity 95%, 0.5-2 m in length)
was purchased from Chengdu Organic Chemicals Co.Ltd.
Curcumin was bought from Carlroth gambH.co.
DMAP 99% (dimethyl amino pyridine), EDC (1-ethyl-3 (3
dimethylaminopropyl) and carbodiimide were supplied from
Merck. PEG (MW = 6000 Da) was purchased from Sigma.
H,SO4 (95%) and HNO; (65%) were supplied from QRec.
HPLC grade Acetonitrile and Methanol were bought from
J.T.Baker.

Instrumentation

The FTIR spectra were recorded using a Perkin Elmer FT-IR
spectrometer (MA, USA) operating in the range of 450 to
4000 cm ™. The surface morphology analysis of the nanocom-
posite was performed using a JEOL-JSM-6701F (Tokyo,
Japan) field emission scanning microscopy equipped with an
energy dispersive X-ray spectroscopy. Thermogravimetric
analysis (TGA) was studied with Pyris Diamond from
PerkinElmer (Yokohama, Japan) at temperature of 30 to
800 °C with rate of 20 °C/min. The high detailed nanostruc-
ture of O-PEG-MWCNTs was examined using a JEOL-JEM-
2100 (Tokyo, Japan) transmission electron microscope. An
Agilent 1100 series liquid chromatography (HPLC-UV) with
a C-18 column (particle size 5 um, 4.6 mm and 20 mm) was
used for CUR analysis at a wavelength of 425 nm. An
isocratic mobile phase (acetonitrile/water 70:30) was used
for CUR analysis with a constant fellow rate of 1 mL/min.

Oxidation of MWCNTs

MWCNTs were treated and activated with a solution com-
posed of 65% H,S04/95% HNO; in a volume ratio of 3:1 as
a liquid phase oxidant referring to our previous work [34].
Typically, raw CNTs were refluxed under stirring in nitric acid
(HNO; 30% concentration) at 130 °C for three hours. Then,
the mixture was filtered after being cooled down to the room
temperature and washed with deionized water to obtain puri-
fied oxidized MWCNTs. The suspension was sonicated for
one hour at a temperature lower than 50 °C to avoid the struc-
tural damage. After that distilled water was added to the sus-
pension, then separation was carried out by centrifugation.
Lastly, the resulting solid (O-MWCNTs) was filtered and care-
fully washed with deionized water until being neutralized
(pH~7), and the sample was dried in a vacuum oven at 80 °C.
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Fig. 1 Synthesis route for
preparation O-PEG-MWCNT
nanocomposite

DCC/DMAP
N2 atmosphere

HO
Preparation of O-PEG-MWNTs

The functionalization of O-MWNTs with PEG was initiated via
a carbodiimide-activated esterification reaction as illustrated in
Fig. 1. Herein EDC (2.5 mmol) and DMAP (0.084 mmol) were
mixed and added into the suspension of O-MWCNTs (500 mg)
and PEG-6000 (50 mg) in 250 mL dichloromethane (CH,Cl,)
solvent. The mixture was then stirred at the room temperature
under the nitrogen atmosphere (gas flow) for 24 h. Thereafter,
the mixture was diluted by CH,Cl,, vacuum filtered through a
PTFE (0.2 uM) membrane and washed with CH,Cl, and ex-
cess deionized water. Lastly, the black solid powder product
was collected and dried in an oven at 40 °C for 5 h.

Batch adsorption of CUR onto O-PEG-MWCNTs

First, different concentrations of CUR (50—-1000 mg/L) were
prepared in batch and mixed with 10 mg of O-PEG-MWCNT
in conical flasks under the ultra-sonication (wrapped with al-
uminium foil) for 548 h followed by shaking at 250 rpm at
the room temperature. Afterwards, they were centrifuged at
5000 rpm for 20 min and the suspension was filtered via
membranes with pore sizes of 0.2 um diameter (in order to
get clear solution for HPLC analysis). Then, the residual con-
centration of the CUR drug was analyzed using an HPLC-UV
at the wavelength of 425 nm. The residual and released con-
centration of adsorbate (CUR) was obtained from the external

O-PEG-MWCNTs

calibration curve using standard CUR solutions. Thereafter,
the experimental adsorption data was collected and adsorption
efficiency (R%) and adsorption capacity (q., mg/g) were cal-
culated using Egs. (1) and (2) as follow;

q. = [V x (Co=C.)]/m (1)
%R = [(Co=C.)/Cy] x 100 (2)

Wherein, C, and C, are the concentrations of CUR
after and before adsorption in mg/L, V is the sample
volume in liters (L) and m is the adsorbent mass in

grams (g).

Release or desorption of CUR from O-PEG-MWCNT

CUR desorption or release from the O-PEG-CNT-CUR
suspension was performed in a simulated intestinal fluid
(SIF, pH 6.6) and a simulated body fluid (SBF, pH 7.4)
at the normal human body temperature of 37 °C under a
100 rpm stir on an orbital shaker (Max QTM 4000 se-
ries; Thermo Fisher). Briefly, 5 mg of PEG-CNT-CUR
was transferred into 5 mL SIF or SBF solution in a
10 mL tube. At predetermined times (0.5-96 h) the tube
was centrifuged for 20 min (5000 rpm) and the superna-
tant was stored in a sealed sample bottle at 4 °C in dark.
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The collected supernatants were analyzed for absorbance
at A=425 nm with HPLC-UV. The desorption or release
percentage was calculated according to Eq. (3) [35, 36]:

C
Desorption% = — x 100 (3)
Cr

Where Cy, is the released CUR concentration in the eluent
(mg/L) and C; is the loaded amount of CUR onto O-PEG-
MWCNTs (mg/L).

Results and discussion
Characterization

FTIR spectroscopy: surface functional groups of the neat
PEG, oxygenated MWCNTs and polymerized nanocompos-
ites (O-PEG-MWCNT) were examined using FTIR spectros-
copy. The results are summarized in Fig. 2a, b & c. All mate-
rials exhibited a broad absorption band in the range of 3400—
3550 cm™' which could be assigned to the stretching vibra-
tions of hydroxyl groups (OH). The absorption peaks around
1620, 1643, 1634 corresponding to O-H from water. The
sharp band at 1399 cm ™' (Fig. 2b) clearly imply the presence
of conjugated C=C (sp?) bonding of the aromatic carbon
structure array of the MWCNT material which are excluded
in the neat PEG spectrum. The absorption band at 1732 cm
and 1712 cm ! wre due to the carbonyl (C=0) group of the
activated MWCNT. As shown in Fig. 2 (a) and (c) the bands
corresponding to C—H stretching from PEG and O-PEG-
MWOCNT are observed at 2909 and 2210 cm™'. The peaks

Fig. 2 The FTIR spectra for
oxygenated MWCNT, neat PEG
and O-PEG-MWCNT

Transmittance%

noted at 1298, 1217, 1099 and 1011 ¢cm ™! are related to
stretching C—O—C and C-O-H (vibrations in the PEG chain
and also the presence of PEG in the final O-PEG-MWCNT
nanocomposite product [33]. Hence, most notable is the ap-
pearance and disappearance of some new band verifying the
interfacial covalent bonding between O-MWCNTs and PEG
and the successful assembly of the two components.

FESEM/EDX analysis: Fig. 3(a) and (b) showed the mor-
phology of MWCNT respectively before and after polymeri-
zation. There are two clear aspects to be observed, the severe
agglomeration and the entanglement of pristine CNTs forming
cotton-like agglomerates [37, 38]. However, the synthesized
O-PEG-MWCNTs shows clearer single long CNT threads, a
better dispersion and larger surface area with less entangled
CNTs and agglomerates. It also maintains the whole structure
with no collapse after the oxidation [26]. EDX spectrum (Fig.
3c) proved the presence of the expected elements for pristine
MWCNTs as carbon (81%), oxygen (9%) and some impuri-
ties of metal catalysts (i.e., Ni, Al, Si ~10%). The O-PEG-
MWCNTs provided 80% carbon and 18% oxygen and only
2% impurities. This shows an increase in the amount of oxy-
gen in O-PEG-MWCNTs compared to the oxygenated CNTs.
The decrease in impurities may be associated with the oxy-
genation step in which by using acids the metal catalysts were
removed [38, 39].

TEM analysis: The TEM micrograph of the O-PEG-
MWCNTs with 10 nm magnification is illustrated in Fig.
3(d). Corresponding to the structure of MWCNTs and re-
vealed the multi graphitic layered pattern represented by the
lines embracing the hollow inner core of the MWCNTs tubes.
The successful PEGylating of CNTs was confirmed through
the rough thicker surface and wrinkles appearing darker

Neat PEG
— MCNTs-COOH

— O-PEG-MWCNTs

U] 099
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Fig. 3 FESEM/EDX images of (a) MWCNT and (b) O-PEG-MWCNT, (¢) EDX spectra and (d) is TEM image of O-PEG-MWCNT adsorbed CUR

coverage [40]. Lastly, the TEM micrographs showed curvy
MWCNTs: in various size distribution with some aggregation

Fig. 4 TGA pattern for PEG and
O-PEG-MWCNTs
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that probably is due to the intermolecular forces sticking the

tubes together [38].
A
00 @A)
—PEG
80 ®B) —O-PEG-MWCNT
60
\ ~12%
40 \ 1
20 -
0 4 —p
T T T T T T T | T T -
200 400 600 800 1000

@ Springer



DARU J Pharm Sci (2019) 27:9-20

TGA analysis: The thermal stability of nanocomposite and
amount of PEG loaded onto O-MWCNTs were investigated
based on TGA technique. Thermograms for neat PEG and
functionalized O-PEG-MWCNTs are shown in Fig. 4(a) and
(b) respectively. As can be seen (A), the neat PEG is lost 95%
of weight at 300 °C. Figure 4(b) is showing four weight loss
steps for O-PEG-MWCNTs, the first step at 100 °C is attribut-
ed residual moisture, second step at 200-300 °C is correspond-
ing to the carboxyl groups of O-MWCNTs. Further weight loss
was observed around 330420 °C that demonstrates the de-
composition of the loaded PEG. Hence, this is demonstrated
that the 12% of O-PEG-MWCNTs is corresponding to grafted
PEG chains. The forth mass loss which started around 800 °C
belongs to decomposition of MWCNTs.

Adsorption kinetic
The impact of the incubation time on CUR uptake onto O-

PEG-CNT was studied in order to select the optimum time for
the most efficient loading of CUR drug. Figure 5(a) shows the

adsorption capacity (gq,) at time ¢ versus time (h). It demon-
strated a drastic first jump from 800 mg/g at 1 h to 1000 mg/g
at 5 h. According to Fig. 5(a) it can be seen that the loading
capacity equilibrium at time ¢ could reach the maximum
(1200 mg/g) in an incubation period of time of 10-25 h.
Hence, longer equilibrium time may be explained by the
CUR sludge like adsorption over the sorbent surface which
could be visualized by TEM [23]. Besides, slow adsorption is
due to CNTs aggregation that disfavors the fast diffusion into
the pores and internal CNT tubes [41]. Although equilibrium
time is long, a noticeable adsorption capacity (800 mg/g) was
obtained after 1 h. This may be explained by the enhanced
surface area and dispersity of the PEGylated O-MWCNT
tackling the high efficient drug delivery [42]. Fast adsorption
of 800 mg CUR onto the sorbent within 1 h may be attributed
to the interactions occurring at the surface of the O-PEG-
CNTs material [41].

The experimental adsorption data were validated by the
well-known pseudo-first-order and pseudo-second-order ki-
netic models (Egs. 4 and 5 respectively) are listed in Table 1
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Fig.5 (a) Effect of the contact time on adsorption capacity at time ¢. Kinetic analysis of CUR adsorption onto O-PEG-MWCNT by (b) pseudo-first-order

and (¢) pseudo-second-order models
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Table 1 Kinetic study models, parameters and correlation coefficients for adsorption of CUR onto O-PEG-MWCNT

Model Equation Parameters CUR

Pseudo-first-order n(qe—q)=In q.— kit (4) qe (mg/g) 541.2
k1 (1/min) 0.084
R 0.898

Pseudo-second-order qi = kzlq% + qi 5) q. (mg/g) 76.92
k (g/mg.min) 0.0012
R’ 0.999

[43, 44]. The parameters can be explain as k; (min ') and k»
(g/mg min) are the pseudo first and pseudo second order con-
stants respectively, while ¢, and ¢, represent the amount of
CUR adsorbed onto O-PEG-CNT at any time ¢ (min) and the
experimental sorption capacity at equilibrium (at 25 h) respec-
tively (mg/g). The parameters ¢, (theoretical) and & values of
each model were calculated from the slope and intercept of the
linear plots respectively (Fig. 5 b & c). The parameters’ values
stated in Table 1 that the pseudo-second-order model has re-
sulted in a better fit displaying higher determination coeffi-
cient R (0.999 > 0.898). Hence, this could be chosen as the
ideal kinetic model for describing the adsorption of CUR onto
O-PEG-MWCNTs.

Adsorption isotherm

The effect CUR initial concentration the on sorption equilib-
rium capacity of O-PEG-MWCNT (10 mg) was studied.
Herein the initial concentration of CUR was varied from 50
to 1000 mg/L while the incubation time of 5 h was kept con-
stant and the ¢, vs C, was recorded. As shown in Fig. 6 (a), the
expected ¢, increases by the increase of the initial concentra-
tion until CUR adsorption onto O-PEG-CNT reaches satura-
tion at 1800 mg/g. The further increase in the concentration
leads to a negligible increase in g, which reaches a plateau
value of 1800-2000 mg/g showing the agreeable performance
of O-PEG-MWCNT for the CUR uptake.
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Fig.6 (a) Adsorption isotherm equilibrium at different initial concentrations of CUR. Linear plot of the (b) Langmuir, (¢) Freundlich, (d) Temkin and (e)

Dubinin-Radushkevich isotherm models
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Adsorption equilibrium process of CUR onto O-PEG-
MWCNT was validated with isotherm models namely
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich.
The models objectives are to predict the adsorption mecha-
nism and to estimate the maximum adsorption capacity of the
adsorbent. Langmuir isotherm states a monolayer formation
of adsorbate on the adsorbent surface with no further adsorp-
tion and formation of additional layers assuming no transmi-
gration and uniform adsorption energies, while Freundlich
describes heterogeneous surfaces and a multilayer
physisorption based adsorption [43, 45]. Temkin takes into
account the indirect adsorbate-adsorbent interactions and the
heat of adsorption on the adsorbent surface [46, 47]. Dubinin-
Radushkevich describe a multilayer adsorption pattern with
van der Waals forces [48, 49]. The linear Eqgs. (6, 7, 8 and 9)
for the proposed models and their parameters are expressed in
Table 2 [43, 50]. Equation parameters are as C, the residual
concentration of CUR in solution (mg/L), ¢, amount of CUR
adsorbed onto O-PEG-MWCNT after reaching equilibrium
(mg/g), q,, the maximum monolayer adsorption capacity
(mg/g) of the adsorbent and K; the Langmuir constant
(L/mg) which is calculated from the slope and intercept of
the linear plot (Fig. 6b), respectively. The intensity of adsorp-
tion (n) and Freundlich constant of K ((mg/g)/(mg/g)” ™)
could be obtained from the intercept and slope of linear graph,
respectively (Fig. 6¢). B is the Temkin constant related to the
heat of sorption and A is the Temkin equilibrium binding
constant (L/mg) corresponding to the maximum binding en-
ergy [51] calculated from slope and intercept of the linear plot,
respectively (Fig. 6d). g, (mg/g) and K, (mol® / kJ?) are re-
spectively the Dubinin’s theoretical sorption capacity and con-
stant equal to the intercept an slope of plot Fig. 6e [52]. R is the
universal gas constant (8.314 J.mol/K), T is the temperature
(K) and E corresponds to the adsorption free energy (kJ/mol)
[51, 53]. The E values less than 8 kJ/mol correspond to a

physical adsorption. The values between 8 to16 kJ/mol reflect
an ion exchange mechanism [54] and ones higher than 20 kJ/
mol describe a chemisorption mechanism [44, 55].

Figure 6a—d and Table. 2 show that the Langmuir-fitted
plot provided a higher R? value (0.997 >0.979 > 0.945 >
0.557) for the adsorption data compared to Temkin,
Freundlich and Dubinin isotherm models. It could be notably
stated that even after reaching an equilibrium time the mech-
anism of CUR adsorption onto O-PEG-MWCNTs continued
in a monolayer pattern. The Langmuir’s maximum adsorption
capacity (¢,,) of O-PEG-MWCNTs was obtained 2 x 10° mg/
g showing the superiority of the PEGylated O-MWCNT sor-
bent as compared with pristine CNTs (769.23 mg/g) and ox-
ygenated CNTs (714 mg/g) [56]. However, it was lower than
that of PVA-MWCNT (3333 mg/g) [56]. The low Temkin
constant of A (0.025 L/mg) and Langmuir’s K; (0.017 L/
mg) values indicate a weak interaction between the CUR
and the sorbent [51]. The high value of //n in Freundlich
isotherm denotes for an decrease in the CUR coverage onto
the sorbent. Lastly, the low value of free energy (£ < 8 kJ/mol)
implies the physical adsorption mechanism of CUR uptake
onto O-PEG-MWCNTs nanocomposite [54].

In vitro release of CUR from O-PEG-MWCNTs

The in vitro experiments were performed for studying the
release behavior of the synthesized sorbent in different human
fluids and organs (buffer ABS pH 5, intestinal fluid (SIF)
pH 6.6 and body fluid (SBF) pH 7.4). It is noteworthy that
CUR shows a very low solubility and desorption tendency at
very low acidic pHs. As could be seen in Fig. 7a, all plots
show the same initial increasing trend in the release of CUR
during the first hour. At pH 7.4 this trend shows a steeper rate
which leads to the highest plateau (~70%) and the most ex-
tended controlled release throughout the time scale. At pH 5

Table 2 Parameters and values of Langmuir, Freundlich, Temkin and Dubinin-Radushkevich models and free energy for the adsorption of CUR
Model Equation Isotherm constant CUR
Langmuir (;—:’ = % + %m (6) qm (mg/g) 20x10°
k (L/mg) 0.017
R’ 0.997
Freundlich log q.= log K+ (1/n)log C. (7) Ky [(mg/g)/(mg/g)""™] 75.85
I/n 1.88
R’ 0.945
Temkin q.=BInA + BInC, (8) A (L/mg) 0.025
B (kJ/mol) 371
R’ 0.979
Dubinin-Radushkevich Ing.=In q,— Kad(ez) ©) qs (mg/g) 910
e=RT In(1+1/C,) (9.1) k,.; (mol/kJ) ~3.704
R’ 0.557
Free energy E= 1/\/(—2—](“,;5 (10) E (kJ/mol) 0.367
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Fig. 7 (a) Release or desorption
of CUR from O-PEG-MWCNT
in simulated body fluids (buffer
ABS pH 5, intestinal fluid (SIF)
pH 6.6 and body fluid (SBF)
pH 7.4) at 37 °C. (b) Effect of
temperature on CUR desorption
from O-PEG-MWCNT-CUR at
pH 5. (¢) Effect of polymer
modification on CUR desorption
from O-PEG-MWCNT-CUR

Fig. 8 Proposed sorption
mechanism for adsorption of
CUR by O-PEG-MWCNTs;
hydrogen bonding (1), 7t-7t
interaction (2), and van der Waals
forces (3)
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(ABS), the release is only limited to 32% of adsorbed CUR,
followed by a sustainable release of CUR for a period of 96 h
(4 days) with percentage capacities from 32% to 68.2% for the
desorption of CUR from O-PEG-MWCNTs. The higher re-
lease at slightly lower pHs (ABS 5) might be related to the
increased stability of curcumin in acidic pH conditions due to
the diene conjugation in its chemical structure [23]. Besides,
the electrostatic interactions ccould occur between CUR and
the protonation/deprotonation transitions of the O-PEG-CNTs
material [57]. At pH 6.6 (SIF), the release rate obtained were
24.03% and 57.2% respectively after 1 and 96 h. At pH 7.4,
the desorption of CUR is about 20.7% after 1 h, which is much
lower than its desorption at pH 5 and pH 6.6. It has been
reported that the pH of solid tumor (pH 5) is lower than that
of'a normal tissue (pH 7.4). Thus, the better release of CUR in
pH 5 obtained in this work could help a successful release of
CUR drug in tumor vicinity.

Effect of temperature on CUR release

The release behavior of O-PEG-MWCNTs for CUR at pH 5
was studied at two different temperatures (37and 39 °C) (Fig.
7b). It could be noted that there is a significant difference in
the release rate of CUR at 37 °C and 39 °C with desorption
efficiency percentages of 23 and 30.3% respectively. The re-
lease rates of CUR within the first hour at 37 °C and 39 °C
were 0.233 mg/h and 0.281 mg/h respectively confirming a
faster and more favorable release for CUR at 39 °C compared
to 37 °C. The increase in temperature leads to an increase in
the diffusion rate of CUR thus attributing to a higher release
rate of the drug [58].

Effect of polymer on release rate of CUR

Note that the slow release rate that extended over several days
prevents the unfavorable abrupt burst effect and enables the
circulatory action of the drug [59]. The PEG modified
MWCNT exhibited (Fig. 7c) an improves sustainability with
the additional delay to the release of CUR compared to the
MWCNTs. As could be seen, after 100 h, the O-PEG-
MWCNTs showed >50% release in buffer (pH 5), while O-
MWCNTs showed 37%. This result indicated a longer and
more efficient release for O-PEG-MWCNTs compared to O-
MWCNTs which approved the success of the designed adsor-
bent. According to the literature, covalently grafted PEG
brushes show an agreeable dispersability and a long circula-
tion time. Therefore, these properties make PEG functional-
ized CNT a favorable platform for CUR delivery.

Adsorption mechanism

Figure 8 represents the proposed adsorption mechanism of
CUR uptake onto O-PEG-MWCNTs. A great portion of
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adsorption may be traced the surface OH groups of CNTs
and PEG (as the donor) can interact with carbonyl groups
(COOH) of CUR as the acceptor followed by hydrogen bond-
ing) Fig. 8(1)([27, 57]. The large m-stacking of the aromatic
rings of adsorbent and adsorbate may established the 7t-7t
interactions between the CUR and O-PEG-MWCNT Fig.
8(2) [58]. Finally, the hydrophobic nature of adsorbent and
adsorbate involve the hydrophobic interactions via van der
Waals forces (Fig. 8(3)).

Conclusion

In summary, the in vitro adsorption/release of CUR drug from
O-PEG-MWCNTs was studied in different conditions in order
to fine-tune the nanocomposite in a drug delivery system. The
proper isotherm modelling and evaluations verified the physi-
cal loading of CUR onto the proposed adsorbent. The
Langmuir adsorption model best-fitted with the experimental
data and well-explained the adsorption process and predicted a
high maximum sorption capacity of 2 x 10°> mg/g for CUR with
a monolayer coverage on the surface of synthesized nanocom-
posite. This high adsorption capacity might be related to the
dominant favorable there interaction as 7t-7t interactions, van
der Waals forces and hydrogen bonding between CUR and O-
PEG-MWCNTs. A very efficient and prolonged drug release
ability was observed using O-PEG-MWCNTs in three simulat-
ed fluids: ABS pH 5, SIF pH 6.6 and SBF pH 7.4. This led to a
controlled efficient drug delivery system for a desired sustained
release of the drug rather than the unfavorable abrupt burst
release of CUR. This is likely to reduce toxicity and other drug
related side effects in the clinical studies that thought to be
necessary to improve the therapy.
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