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Pectin-conjugated magnetic graphene oxide nanohybrid as a novel drug carrier
for paclitaxel delivery

Nizamudin Awel Hussiena, Nuran Işıklana and Mustafa T€urkb

aDepartment of Chemistry, Kırıkkale University, Kırıkkale, Turkey; bDepartment of Bioengineering, Kırıkkale University, Kırıkkale, Turkey

ABSTRACT
Recent studies have shown that graphene oxide (GO) drug carrier functionalized with biocompatible
natural polymers lead to higher loading efficacy and better stability with diminished cellular toxicity.
Pectin (PEC) is one of the polysaccharide natural polymers, which has the potential to be used for drug
delivery. In this work, we have successfully developed a novel PEC-conjugated magnetic GO nanocarrier
for effective delivery of paclitaxel. The structure, surface morphology and thermal stability of the nano-
hybrid were investigated using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
transmission electron microscopy (TEM) and zeta-sizer. Moreover, drug loading and release performance
were studied by UV–vis absorption spectra. The cytotoxicity test was also performed by MTT test using
L-929 fibroblast normal cell and MCF-7 cancer lines. The prepared nanocarrier showed an improved sta-
bility with enhanced drug loading capacity. Additionally, pH-responsive release analysis of the nanohy-
brid illustrated higher drug release at endosomal pH of cancer cell than that of normal physiological
environment. Besides, cytotoxicity test demonstrated the synthesized nanohybrid is biocompatible, hav-
ing very high relative cell viability. Bearing in mind these findings, the designed multifunctional nanohy-
brid drug carrier will be a good candidate for cancer drug delivery.
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Introduction

Chemotherapy is the main cancer therapeutic method, which
has been used for most of cancer diseases. Nevertheless, the
inefficiency due to drug resistance and side effects, such as
hair loss, nausea, toxicity to cardiac, liver damage, etc. has
limited its application on cancer treatment [1,2]. Hence, sev-
eral studies have been ongoing to design an efficient drug
delivering mechanism that can improve cellular uptake and
decrease side effects. Recent studies demonstrated that nano-
material based drug carriers are the most potential drug
delivering agents due to their higher loading capacity (LC),
efficient release and targeted delivery [3].

Graphene oxide (GO) based nanocarriers have been
emerging as a novel and viable drug carrier for controlled
drug delivery systems [4–6]. GO is an oxidized form of gra-
phene containing numerous oxygen holding functional
groups, such as carboxyl, hydroxyl and epoxy on its layer,
which enhance drug LC, water-solubility and provides a basis
for further functionalization of GO to other materials [7,8].
Lately, GO functionalized with iron oxide (Fe3O4) has gained
more attention owing to its advantageous magnetic proper-
ties to be applied in targeting tumour cells [9]. Magnetic
nanomaterials are guided by external magnetic field to carry
drugs into cancer cell, improving therapeutic efficiency and
decreasing the side effects [10]. Although, GO and its deriva-
tive nanocarriers, including magnetic GO, are accepted as
promising materials because of their exceptional

physiochemical properties; their poor dispersity in electrolyte
solutions, agglomeration in aqueous solutions and low col-
loidal stability limited their application in cancer therapy [5,6].
Recently, modification of GO based nanocarriers with bioma-
terials, such as natural polymers, was found to be one of the
best way to encounter these challenges.

Current studies indicated that polymer functionalized GO
based drug carriers have been playing an important roles in
systematic drug delivery since functionalization improves
their biocompatibility, drug loading and release performance
[11,12]. Moreover, modification of GO with polymers is found
to be the most effective way to decrease agglomeration, so
that prevents instability and improves efficiency [13].
Functionalization of GO with polymers was first reported by
Liu et al., who successfully modified GO by PEG to deliver
SN38 [14]. Subsequently, several related studies have been
reported. For instance, a gelatin conjugated graphene sheet
was synthesized by An et al. for effective delivery of metho-
trexate [15]. Mianehrow et al. investigated stabilization of GO
with hydroxyethyl cellulose to increase the stability of GO in
saline environments [16]. Lei et al. have prepared chitosan/
sodium alginate functionalized GO, having improved stability,
aqueous solubility and drug LC [12]. Until now, functionaliza-
tion of GO is one of the latest research area in the biomedical
application of graphene and its derivatives.

In the current paper, for the first time we reported pectin
(PEC) conjugated magnetic GO nanomaterial for efficient
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delivery of paclitaxel (PAC). PEC is one of the natural poly-
mers that has been employed in the delivery of drugs
[17–19]. PEC has important properties, such as; easily adjust-
able, higher content of water and capability to restrain cells,
drugs and genes, that makes it suitable for biomedical appli-
cations [20–22]. Moreover, it is an effective reductant in the
synthesis of biological materials [18,23]. However, there is no
report indicating the use of PEC to functionalize magnetic GO
to improve drug loading and release performance, biocom-
patibility and stability of the hybrid nanocarrier, so that to
obtain an efficient drug delivery vehicle. In this study, Fe3O4

nanoparticle was attached on the layer of GO to synthesize
magnetic nanocarrier and reduce cytotoxicity. Then, PEC was
conjugated as stabilizing agent to enhance biocompatibility,
avoid aggregation and increase stability. Finally, PAC, anti-
cancer drug, was loaded. After preparation of the nanomate-
rial, the physicochemical properties were characterized. Drug
loading and release performance were investigated.
Moreover, the cytotoxicity effect of the nanomaterial was
studied using L-929 fibroblast normal cell and MCF-7 cancer
cell.

Experimental

Materials and methods

GO powder was purchased from Graphene Supermarket
(Graphene Laboratories Inc., Calverton, NY). Pectin,
esterified potassium salt from citrus fruit (55–70%) was
obtained from Sigma-Aldrich (Bratislava, Slovakia).
Triethylene glycol (TREG� 99%) was purchased from Merck
Millipore (Darmstadt, Germany). Iron(III)acetylacetonate
(Fe(acac)3� 99.9%) and PAC (�97%) were delivered by
Sigma-Aldrich (St. Louis, MO). The rest of the chemicals
used were analytical grade.

Characterization

Surface morphology was investigated by transmission elec-
tron microscopy (TEM-3010, Jeol, Tokyo, Japan). Thermal char-
acteristic was assessed using thermogravimetric analysis (TGA,
Q500, TA Instruments Inc., Milford, MA). The optical properties
were determined by Ultra Violet (UV–Vis) Spectrophotometer
(Lambda 35, PerkinElmer, San Diego, CA). Fourier transform
infrared spectroscopy (FTIR) spectra were recorded by FTIR
Spectrophotometer, Vertex 70v, Bruker (Billerica, MA). X-ray
diffractometer (Ultima IV, Rigaku, Tokyo, Japan) was used to
investigate X-ray diffraction (XRD) pattern. Particle size and
zeta potential were examined via Zetasizer (Nano ZS 90,
Malvern Instruments Ltd., Malvern, UK). The samples were
prepared using deionized water having concentration of
0.1mg mL�1. The ratio of Fe3O4 particles loaded on the GO
layer was measured by inductively coupled plasma optical
emission spectrometry (ICP-OES, Spectro blue, Kleve,
Germany). The magnetic property of the nanocarriers was
assessed by Physical Properties Measurement System (PPMS)
(Cryogenic Limited PPMS, London, UK), at room temperature
with applied magnetic field ranging between �2000 and
þ2000Oe.

Preparation of GO-Fe3O4 magnetic nanocarrier

GO-Fe3O4 magnetic nanocarrier was prepared by conjugating
Fe3O4 nanoparticle on the surface of GO. Briefly, 40mg of GO
powder was dispersed in 50mL of TREG and sonicated for 5 h
to breakdown the GO nanomaterial to minimum size. Forty
milligrams of Fe(acac)3 was added into the GO solution along
with 45-min further sonication. Then, the solution was grad-
ually heated to 278 �C for 1 h under argon gas atmosphere
and waited for 50-min at 278 �C. After it was cooled, the pro-
duced GO-Fe3O4 hybrid was collected magnetically and
washed four times using ethanol and deionized water. Lastly,
the synthesized nanomaterial was dried at 60 �C.

Conjugation of PEC with GO-Fe3O4

Pectin conjugation to GO-Fe3O4 was performed by simple
mixing mechanism. First, 3mL of PEC (0.5mg mL�1, deionized
water) was mixed with 4mL of GO-Fe3O4 (1mg mL�1, 7.4
PBS) in a 20-mL tube. Next, the solution was vortexed for
5-min and stirred for 24 h. The PEC functionalized nanocarrier
(PEC-GO-Fe3O4) was separated using magnet. Finally, the pre-
pared nanocarrier was dried, after washing by deionized
water three times.

Drug loading and in vitro release

To load PAC on the nanocarrier, 1mL of 0.5mg mL�1 of PAC
was added on 2mL, 1mg mL�1 of PEC-GO-Fe3O4 solution
and mixed for 24 h, stirring at 25 �C. The PAC loaded nanocar-
rier was collected using magnet and washed three times
before drying. Finally, the prepared PEC-GO-Fe3O4-PAC nano-
complex was kept at 8 �C. Drug LC and entrapment efficiency
(EE%) were calculated by using Equations (1) and (2).

LC% ¼ mass of PAC in the nanocarrier
mass of nanocarrier

� 100 (1)

EE% ¼ mass of PAC in the nanocarrier
mass of PAC initially loaded

� 100 (2)

Schematic illustration of the synthesis of GO-Fe3O4, PEC-
GO-Fe3O4 and PEC-GO-Fe3O4-PAC is presented in Scheme 1.

In vitro drug release was examined at different pH solu-
tions; such as, 5.5 and 7.4. Briefly, 1mg of PEC-GO-Fe3O4-PAC
was dispersed by 5mL of buffer solution, in a test tube of
20mL. The test tube was placed in a water bath of 37 �C, stir-
ring at 100 rpm. At certain time intervals (1, 2, 3, 4, 5, 6, 24,
48, 72, 96 and 120 h), 500 mL supernatant was collected and
replaced by equal amount of fresh buffer solution. The
amount of the PAC released at each time interval was deter-
mined by the help of UV–vis absorption spectra of the col-
lected supernatant at 229 nm. All tests were done three times
and standard deviation (SD) of each test was calculated.

Cytotoxicity assay

In vitro cytotoxicity of the nanocarrier was studied using
L-929 fibroblast normal cell and MCF-7 cancer cell, following
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay [24]. After sample treatment, the L-929 fibroblast
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normal cell and MCF-7 cancer cell were incubated for 24 h
and 72 h, respectively. ELISA micro-plate reader was used to
measure the optical density of the treated cells. The relative
cell viability was evaluated by Equation (3) [25].

Relative cell viability %ð Þ

¼ average optical density of the sample
average optical density of control

� 100
(3)

Statistical analysis

The statistical calculations were carried out via Student’s t-
test and one-way ANOVA using SPSS 16.0 software (IBM,
Armonk, NY). The data were considered statistically different
when the level of significance (p)< .05. The results were
given as mean± SD. For all experiments, at least three inde-
pendent measurements were done.

Figure 1. FTIR spectra of GO-Fe3O4, PEC and PEC-GO-Fe3O4.

Scheme 1. Schematic illustration of the synthesis of GO-Fe3O4, PEC-GO-Fe3O4 and PEC-GO-Fe3O4-PAC.
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Result and discussions

Characterization of PEC-GO-Fe3O4

FTIR spectrum of the GO-Fe3O4, PEC and PEC-GO-Fe3O4 is
shown in Figure 1. FTIR spectrum of GO-Fe3O4 illustrated
peaks at 3399 cm�1 (O–H stretching), 1722 cm�1 (C=O asym-
metric stretching), 1311 cm�1 (C–H bending), 1121 and
940 cm�1 (C–O stretching of epoxy and hydroxy). Moreover,
the two peaks found at 643 cm�1 and 532 cm�1 were corre-
sponding to Fe–O bond interactions [26,27]. In the spectrum
of PEC, the peaks at 3343 cm�1 and 2933 cm�1 represented
O–H and C–H bond stretching. The peak at 1740 cm�1 is the
characteristic peak of PEC, which corresponds to vibrational
stretching of esterified carbonyl group. The peaks at
1600 cm�1, 1227 cm�1 and 1013 cm�1 corresponded to C=O
of carboxylic acid, C–O bond of an ester group and C–O–C
bond vibrational stretching, respectively. The spectrum of
PEC-GO-Fe3O4 illustrated most of the characteristic peaks of
both GO-Fe3O4 and PEC with slight shifts in some cases. The
peak at 3305 cm�1 corresponded to O–H stretching, however,
the peak strength is weak because of reduction characteris-
tics of PEC [18]. The peaks at 1727 cm�1 and 1562 cm�1 are
related to C=O bond stretching of ester and carboxylic
groups. Moreover, the peaks at 1222 cm�1 and 1048 cm�1

could be assigned to C–O bond of an ester group originated
from PEC and C–O–C bond stretching of the GO-Fe3O4.

The results verify the conjugation of PEC on the magnetic
GO-Fe3O4 layer.

The XRD pattern of GO, GO-Fe3O4 and PEC-GO-Fe3O4 is
presented in Figure 2. The XRD pattern of GO depicted char-
acteristic diffraction peaks at 2h values of 10.68�, which origi-
nated from (001) reflection of GO and a broad peak at 2h
values of 22�, that is associated to the diffraction of layer of
graphene sheet. However, GO-Fe3O4 and PEC-GO-Fe3O4 illus-
trated diffraction peaks at 2h values of 24.22�, 30.24�, 35.67�,
43.56�, 57.44� and 63.12�. The peak at 2h values of 24.22� is
related to the diffraction of main graphene sheet [28,29]. The
rest of the peaks corresponded to (220), (311), (400), (511)
and (440) planes of cubic structure of the Fe3O4 [30], indicat-
ing Fe3O4 nanoparticles are loaded successfully on the layer
of GO. The peak characteristics for citrus PEC were not clearly
observed. The reason could be enclosed by GO-Fe3O4 peaks,
or absent due to low concentration (lower than XRD detec-
tion limits) of the conjugated PEC. Similar results were
obtained by Kadam et al. [31].

Surface morphology and particle size of GO-Fe3O4 and
PEC-GO-Fe3O4

The surface morphology of GO, GO-Fe3O4 and PEC-GO-Fe3O4

nanocarriers was studied using TEM. TEM images of GO
(Figure 3(a)) showed that the surface was smooth all-round

Figure 2. XRD spectrum of GO, GO-Fe3O4 and PEC-GO-Fe3O4.

Figure 3. TEM images of GO (a), GO-Fe3O4 (b) and PEC-GO-Fe3O4 (c).

ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY S267



the layer. But, the surface of GO-Fe3O4 (Figure 3(b)) was
found to be decorated by Fe3O4 nanoparticles distributed on
the layer. The size of the Fe3O4 is estimated to be between 6
and 12 nm. The surface of PEC-GO-Fe3O4 (Figure 3(c)) was
observed relatively blurred, containing a bit larger Fe3O4

throughout. Moreover, the thickness of the layer is estimated
to be increased due to the conjugated PEC covering the sur-
face of GO-Fe3O4. The effect of PEC conjugation on the sur-
face charge was also investigated using Zetasizer. The result
showed the conjugation significantly altered the surface
charge of the nanocarrier. The zeta potential of GO-Fe3O4

was �20.17mV, but after PEC conjugation it increased to
�26.03mV, improving the colloidal stability of the nanocar-
rier. On the other hand, particle size analysis of GO-Fe3O4,
PEC-GO-Fe3O4 and PEC-GO-Fe3O4-PAC was performed.
Table 1 presents the average particle size and polydispersity
index of GO-Fe3O4, PEC-GO-Fe3O4 and PEC-GO-Fe3O4-PAC. As
it can be seen from the table, the average sizes of GO-Fe3O4,
PEC-GO-Fe3O4 and PEC-GO-Fe3O4-PAC nanocarriers are
509± 55 nm, 534 ± 42 nm and 533 ± 55 nm, respectively. The
data showed a bit enlargement in the particle size of GO-
Fe3O4 as PEC conjugation. This increment may be explained
by the conjugation of some of PEC chains with the carboxylic
groups of GO at the edge of the sheet. Furthermore, to
evaluate the extent of GO modification by the attachment of
Fe3O4 and PEC, the ratio of each components was calculated.
The calculation was performed by using TGA thermogram
and ICP-OES spectrometry. The result was found to be
15.17%, 15.36% and 69.47%, respectively, for Fe3O4, PEC and
GO, indicating about 31% modification of the main GO nano-
material by the conjugation of Fe3O4 and PEC.

Magnetic properties of PEC-GO-Fe3O4 and
PEC-GO-Fe3O4-PAC

The magnetic properties of PEC-GO-Fe3O4 and PEC-GO-
Fe3O4-PAC were analysed at room temperature by PPMS. As
illustrated in Figure 4, the maximum saturation magnetiza-
tion of the PEC-GO-Fe3O4 and PEC-GO-Fe3O4-PAC was
recorded as 9.04 and 7.67 emug�1, at the given magnetic
field range. There was �1.4 emug�1 difference between the
saturation magnetization of the PEC-GO-Fe3O4 and PEC-GO-
Fe3O4-PAC due to PAC loading. The PAC covers the Fe3O4

particles reducing their response to the external magnetic
field [32]. Besides, loading of PAC alters the ratio of the
components in the PEC-GO-Fe3O4-PAC, particularly, Fe3O4

particles that are responsible for the magnetic character. On
the other hand, the hysteresis loops of both nanocarriers
revealed an S-like curve having zero remanence and
coercivity, indicating the superparamagnetic characteristics
of the nanocarriers [33].

Thermal characteristics of PEC and PEC-GO-Fe3O4

Thermal characteristics of PEC and PEC-GO-Fe3O4 were
studied using TGA. Figure 5 presents the TGA thermograms
of PEC and PEC-GO-Fe3O4. The TGA measurement showed
three regions of weight loss for pure PEC (Figure 5(a)). The
first weight loss (8.9%) was observed at temperature less
than 145 �C, which is due to the evaporation of solvent mole-
cules. The second region, which was between 145 �C and
370 �C, was associated to the breakdown of oxygen contain-
ing groups. The last region of weight loss (370–900 �C) is
related to the oxidation of carbon molecules. When the tem-
perature reached 900 �C, 95% of the sample’s weight was
lost. The TGA thermogram of PEC-GO-Fe3O4 (Figure 5(b))
illustrated only 10.8% weight loss until 750 �C, indicating sig-
nificant thermal stability increment due to PEC conjugation.
The second weight loss, which was observed between 750 �C
and 900 �C, is associated to the decomposition of the carbon
molecules.

Figure 4. The magnetization hysteresis loop of PEC-GO-Fe3O4 and PEC-GO-Fe3O4-PAC at room temperature, between �2000 and þ2000Oe.

Table 1. The average particle size and polydispersity index of GO-Fe3O4, GO-
Fe3O4-PEC, GO-Fe3O4-PEC-PAC.

Nanocarriers Size (nm) PDI

GO-Fe3O4 509.00 ± 55.57 0.526 ± 0.28
PEC-GO-Fe3O4 534.47 ± 41.95 0.545 ± 0.12
PEC-GO-Fe3O4-PAC 532.90 ± 54.62 0.588± 0.09

Results are given as the mean ± SD of n¼ 3.
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Drug loading

Drug loading performance of GO-Fe3O4 and PEC-GO-Fe3O4

was examined using PAC as a cancer drug. GO-Fe3O4 and
PEC-GO-Fe3O4 consist of hydrophobic carbons and aromatic
groups. There are also oxygen containing groups (such as,
–OH and –COOH), which make the nanocarriers amphiphilic
in nature [34]. The loading of PAC onto GO-Fe3O4 and PEC-
GO-Fe3O4 nanocarriers was due to hydrophobic interactions
and p–p stackings between these hydrophobic and aromatic
groups of the nanocarriers and the PAC [35]. The p–p stack-
ing is triggered by intermolecular overlap between p-orbitals
of the aromatic groups of the nanocarrier and the drug [36].
Moreover, the presence of active functional groups (–OH
and –COOH) in the nanocarrier could facilitate interactions
with the –OH, –C=O and –NH of PAC, forming hydrogen

bonding [37]. Loading capacity and EE% were determined
by UV–vis absorption peak of PAC at 229 nm. The LC% and
EE% of GO-Fe3O4 and PEC-GO-Fe3O4 are illustrated in Figure
6. The EE% were found to be 78.28 ± 5.25 and 84.83 ± 5.33
for GO-Fe3O4 and PEC-GO-Fe3O4, respectively. Similarly, the
LC% was recorded as 33.35 ± 3.10 and 36± 3.21 for GO-
Fe3O4 and PEC-GO-Fe3O4. Therefore, PEC conjugation
enhanced the loading performance of GO-Fe3O4. This incre-
ment may be due to the conjugation of PEC increased the
surface area of the nanocarrier to load more drugs, assum-
ing that part of PEC functional groups conjugated to the
edge of the nanocomposite. Moreover, there could be a
possibility of hydrogen bonding interaction between active
functional groups on the PEC structure and the drug,
which may be the cause for the observed drug loading
performance enhancement [16].
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Figure 5. TGA thermogram of PEC (a) and PEC-GO-Fe3O4 (b).
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pH-sensitive drug release

In vitro drug release ability of GO-Fe3O4 and PEC-GO-Fe3O4

was investigated to assess the effect of PEC conjugation on
the release efficiency of GO-Fe3O4 nanocarrier. The release
was studied at pH 5.5 and 7.4, representing endosomal pH of
cancer cell and normal physiological environment, respect-
ively. Figure 7(a,b) presents cumulative release of PAC from
GO-Fe3O4-PAC and PEC-GO-Fe3O4-PAC at pH 5.5 and 7.4
mediums. GO-Fe3O4-PAC and PEC-GO-Fe3O4-PAC released
17.89 ± 1.12% and 22.55 ± 1.99% at pH 7.4, respectively.
Besides, 23.72 ± 1.75% and 30.65 ± 2.06% were released by
GO-Fe3O4-PAC and PEC-GO-Fe3O4-PAC at pH 5.5, respectively.
As it can be seen from the release profıle, PEC conjugated
nanocarrier illustrated enhancement in the release perform-
ance at both pH mediums. This increment was statistically
significant (p< .05). The modification in the morphology and
charge of the surface of GO-Fe3O4, owing to PEC conjugation
might be responsible for the observed release increment. PEC
conjugation with GO-Fe3O4 increases the hydrophilic charac-
ter of the nanocarrier, due to the presence of oxygen con-
taining groups (–COOH and –OH) on the PEC. At pH values
greater than that of pKa’s (�3.5 to 4.0) of PEC, the carboxylic
acid groups of the PEC will be ionized resulting in electro-
static repulsion between the PEC chains [38]. This phenom-
enon facilitates water uptake by the nanocarrier causing
swelling of the drug carrier and activates further PAC release
[39–41].

Moreover, the release at pH 5.5 was found to be greater
than that of pH 7.4, indicating pH-responsive release. The dif-
ferences in release profile of GO-Fe3O4-PAC and PEC-GO-
Fe3O4-PAC between 5.5 and 7.4 pH mediums were analysed
and found to be statistically significant (p< .05). The reason
for the observed pH-dependency release could be due to
protonation of PEC-GO-Fe3O4 functional groups at acidic
medium, resulting into partial dissociation of the hydrogen
bonding between the drug and the carrier [42,43]. On the
other hand, the possibility of relatively stronger hydrogen
bonding interactions between the nanocarrier and the drug
at neutral and basic conditions could result into an ineffective
PAC release [43,44]. This result is very important for tumour

specific drug delivery systems, since the cellular environment
of tumour tissues is acidic.

Furthermore, drug release kinetics was evaluated following
Korsmeyer–Peppas’s model. According to this model, the
release mechanism is determined by Equation (4).

Mt

Mn
¼ ktn (4)

where Mt is the mass of PAC released at time t, Mn is the
total mass of PAC loaded, k is the releasing rate constant and
n is an exponent. The value of n indicates the nature of
release mechanism; n< 0.45 related to Fickian diffusion,
n> 0.89 to zero-order (case II) transport, and 0.45< n< 0.89
to non-Fickian or anomalous diffusion [45]. Table 2 presents n
values for GO-Fe3O4-PAC and PEC-GO-Fe3O4-PAC at pH 7.4

Figure 7. PAC release from GO-Fe3O4-PAC and PEC-GO-Fe3O4-PAC (a) at pH 7.4
and (b) at pH 5.5. Results were expressed as the mean± SD of n¼ 3, p< .05.

Figure 6. The LC% and EE% of GO-Fe3O4 and PEC-GO-Fe3O4. Data were given as mean ± SD (n¼ 3).

S270 N. A. HUSSIEN ET AL.



and 5.5. As the table illustrated, the value of n was found to
be less than 0.45 for both nanocarriers at pH 5.5 and 7.4.
This n value showed that the release mechanism of PAC fol-
lows Fickian diffusion; that means, PAC release from both
GO-Fe3O4-PAC and PEC-GO-Fe3O4-PAC nanocarriers is mainly
governed by the drug diffusion [46].

Cytotoxicity study

To assess the biocompatibility of the synthesized GO-Fe3O4

and PEC-GO-Fe3O4 nanocarriers, MTT test was done using L-
929 fibroblast as a normal cell. Figure 8 presents the relative
cell viability of L-929 cell treated with GO-Fe3O4 and PEC-GO-
Fe3O4. As it can be seen from the figure, the cell viability of
both GO-Fe3O4 and PEC-GO-Fe3O4 nanocarriers is high
(>75%) for all concentrations, indicating biocompatibility of
the nanocarriers. However, PEC-GO-Fe3O4 showed relatively
larger cell viability than that of GO-Fe3O4. From the result, it

can be concluded that the conjugation of PEC with GO-Fe3O4

enhanced the biocompatibility of the nanocarrier.
On the other hand, the anti-tumour activities of GO-Fe3O4,

PAC and loaded GO-Fe3O4 and PEC-GO-Fe3O4 nanocarriers on
MCF-7 cancer cell were investigated. Figure 9 presents the
relative cell viability of MCF-7 cancer cell treated with GO-
Fe3O4, PAC and PAC loaded GO-Fe3O4 and PEC-GO-Fe3O4.
The graph showed the relative cell viability of GO-Fe3O4 to
be very high (>80%) at all concentrations due to its non-
cytotoxic nature. However, PAC, GO-Fe3O4-PAC and PEC-GO-
Fe3O4-PAC revealed a significant inhibition of MCF-7 cancer
cell growth. Relative cell viability was observed to be less
than 25% for pure PAC and PAC loaded carriers, at all con-
centrations greater than 250 ng mL�1. When the concentra-
tion of PAC was lowered to 25 ng mL�1, the cell viability
increased to 31%, demonstrating a low concentration of PAC
(�25 ng mL�1) could inhibit the growth of cancer cells. On
the other hand, at concentration, greater than 500 ng mL�1,
the toxicity of pure PAC, PAC loaded GO-Fe3O4 and PEC-GO-
Fe3O4 is nearly similar, while, at concentration �250 ng mL�1,
the toxicity of PAC is observed relatively higher than that of
PAC loaded nanocarriers.

Conclusions

We have prepared a novel multi-functional magnetic GO
based nanocarrier; that is non-toxic, more stable, and with
superior drug loading and release performance. PEC as an
ideal natural polymer, having high biocompatibility and non-
toxic nature, was used to functionalize GO-Fe3O4. The pre-
pared hybrid nanocarrier was analysed and interesting results
were recorded. Cytotoxicity assay has shown GO-Fe3O4 and
PEC-GO-Fe3O4 are biocompatible with more than 80% relative
cell viability. Besides, the conjugation of PEC enhanced the
biocompatibility of GO-Fe3O4. Drug loading and release
assessment indicated the synthesized nanocarrier has great
drug loading performance with pH-responsive release. At
endosomal cancer cell medium, the release was found more
than normal physiological environments, signifying the
importance of the hybrid carrier for tumour targeted delivery

Figure 9. Relative cell viability of GO-Fe3O4-PAC and PEC-GO-Fe3O4-PAC treated with MCF-7 cancer cell. The points were expressed as mean ± SD of (n¼ 3).

Figure 8. Relative cell viability of GO-Fe3O4 and PEC-GO-Fe3O4 treated with
L-929 fibroblast normal cell. Data were revealed as the means ± SD (n¼ 3).

Table 2. Release exponent (n), calculated from paclitaxel release profile using
Korsmeyer–Peppas model.

Nanocarrier pH of medium Release exponent (n) Regression (r)

GO-Fe3O4-PAC 5.5 0.25 0.9747
7.4 0.32 0.9251

PEC-GO-Fe3O4-PAC 5.5 0.26 0.9309
7.4 0.19 0.9929
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systems. Moreover, surface morphology investigations and
thermal analysis demonstrated the functionalization of
GO-Fe3O4 with PEC has improved the colloidal and thermal
stability of the GO-Fe3O4. In the light of these findings, the
prepared multi-functional magnetic nanocarrier is expected
to play a significant role in future drug carrier formulations
for cancer treatment.
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