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ABSTRACT
This study aims to improve the anticancer activity of bovine lactoferrin through enhancing its stability
by immobilization onto graphene oxide. Bovine lactoferrin was conjugated onto graphene oxide and
the conjugation process was confirmed by FT-IR, SDS-PAGE, and UV spectrophotometry. Physical char-
acterization was performed by DLS analysis and atomic force microscopy. The cytotoxicity and cellular
uptake of the final construct (CGO-PEG-bLF) was inspected on lung cancer TC-1 cells by MTT assay
and flow cytometry/confocal microscopy. The anticancer mechanism of the CGO-PEG-bLF was studied
by cell cycle analysis, apoptosis assay, and western blot technique. Finally, the anticancer activity of
CGO-PEG-bLF was assessed in an animal model of lung cancer. Size and zeta potential of CGO-PEG-
bLF was obtained in the optimum range. Compared with free bLF, more cytotoxic activity, cellular
uptake and more survival time was obtained for CGO-PEG-bLF. CGO-PEG-bLF significantly inhibited
tumor growth in the animal model. Cell cycle arrest and apoptosis were more induced by CGO-PEG-
bLF. Moreover, exposure to CGO-PEG-bLF decreased the phospho-AKT and pro-Caspase 3 levels and
increased the amount of cleaved caspase 3 in the treated cells. This study revealed the potential of
CGO-PEG as a promising nanocarrier for enhancing the therapeutic efficacy of anticancer agents.
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Background

Lung cancers are among the most common cancers and the
main cause of cancer death in the world. LF, a member of
the transferrin family, is an 80-kD glycoprotein with many
useful biological functions including, antioxidant, antimicro-
bial, antiviral, anticancer, anti-inflammatory, and immunomo-
dulatory properties (Garc�ıa-Montoya et al., 2012; Wang et al.,
2019). Its anticancer activity has been demonstrated in sev-
eral types of cancers (Tsuda et al., 2002; Jonasch et al., 2008;
Yamada et al., 2008; Hayes et al., 2010; Tsuda et al., 2010; Xu
et al., 2010; Li et al., 2011; Gibbons et al., 2015; Zhang et al.,
2015; Arias et al., 2017). The safety and effectiveness of
bovine lactoferrin (bLF) in many applications, has been
approved by the European Food Safety Authority (EFSA,
2012). Compared with other anticancer agents, proteins
(such as bLF) have several advantages, such as higher affinity
and specificity, lower unwanted effects, and greater efficacy
in the treatment of cancers. Despite the advantages, short
circulation time because of enzymatic cleavage and rapid
renal clearance, have been limited their applications in clin-
ical fields. To overcome this issue, several approaches have

been developed, such as PEGylation, glycosylation, and lipo-
somal formulations. Despite these progressions, the instabil-
ity of proteins in the biological environment has remained as
the main challenge in clinical applications. Moreover, cancer
therapy with conventional anticancer agents, have some dis-
advantages including nonspecific toxicity, short half-life, rela-
tive instability, needs for repeat administration, and low
patient compliance. Thus, more efficient strategies are
needed. These days, drug delivery systems have been
attracted to more consideration in the cancer research field.
A variety of nanomaterials have been used as carriers for
drug delivery systems. Graphene oxide (GO) and its deriva-
tives are among these carriers that have true two-dimen-
sional sheets of sp2 carbon atoms in a honeycomb structure
with unique properties. The planer structure of graphene
with a large specific area and rich functional groups have
made it an excellent platform for the delivery of different
kinds of substances including biological molecules, anti-
cancer agents, and other materials (Kazempour et al., 2019).

GO as a carrier for drug delivery has shown excellent bio-
compatibility and low toxicity in several in vitro and in vivo
experiments. Because of natural nature, stability, and
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solubility in physiological conditions, it has been widely used
in many biomedical studies (Yang et al., 2015; SreeHarsha
et al., 2019). Xu and his colleagues (Xu et al., 2015) provide a
conjugated form of paclitaxel onto the functionalized GO.
The tissue distribution and anticancer efficacy of GO-conju-
gated paclitaxel were investigated in the B16 melanoma can-
cer-bearing C57 mice model. The GO-conjugated paclitaxel
showed excellent solubility and biocompatibility. Compared
with the free paclitaxel, the conjugated form indicated more
circulation time as well as high tumor-targeting and tumor-
suppressing efficacy. In another work, the GO loaded with
SN38 showed proper biocompatibility and excellent solubility
in physiological conditions (Liu et al., 2008). Immobilization
of alpha-amylase onto functionalized GO was successfully
constructed by Singh et al. The immobilized enzyme showed
enhanced thermal and storage stability and retained 73%
residual activity after 10 uses (Singh et al., 2015). A construc-
tion of R9-reduced GO loaded with paclitaxel was developed
by Hashemi et al. (Hashemi et al., 2016). Their construct
showed appropriate drug loading efficiency and stability in
the physiologic environment. Their experiment revealed that
the new compound was efficiently uptook by Hela cancer
cell lines, and reduced the viability of Hela and MCF-7 cells
for more than 90% after 72 h. Chitosan-functionalized gra-
phene oxide (GO-CS), as a drug carrier, was successfully pre-
pared by Bao et al. and used for delivery of camptothecin
(CPT) to HepG2 and Hela cancer cells (Bao et al., 2011).
Superior anticancer activity was obtained for the conjugated
drug compared to the free drug. Besides, the carrier was also
able to condense plasmid DNA into a stable complex, and
the resulting construct demonstrated proper transfection effi-
ciency in HeLa cells. In a project conducted by Zhang et al.,
folate targeted nano GO loaded with doxorubicin (DOX) and
camptothecin (CPT) was constructed and its cytotoxicity was
evaluated against human breast cancer MCF-7 cell lines
(Zhang et al., 2010). Their results demonstrated that the
nanocarrier containing of the two drugs specifically targeted
the cells and its cytotoxicity was significantly increased in
combination form compared to the use of them separately
due to the synergistic effect of the drugs.

In this work, we successfully prepared a GO-based drug
nanocarrier for the delivery of bLF. GO was carboxylated and
then PEGylated. After that, the bLF was conjugated to CGO-
PEG complex through EDC/NHS chemistry. The final con-
struct was physiochemically characterized and its anticancer
activity was evaluated against TC-1 lung cancer cells through
several experiments. Moreover, its tumor growth inhibitory
effects were studied in the animal model of lung cancer.

To the best of our knowledge, this is the first work that
used bLF as an anticancer agent and targeting ligand simul-
taneously in order to improve its anticancer activity against
lung cancer using the capability and advantages of
PEGylated GO as a nanocarrier that enhance the protein sta-
bility and cellular uptake. Overall, the resulting construct pro-
vides a new drug delivery system that increased the
therapeutic activity of bLF compared with the free form of
the protein.

Materials and methods

Materials

Bovine lactoferrin (bLF) was obtained from Morinaga Milk
Industry Company (Japan). Graphene oxide (GO, as a control),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-
hydroxysulfosuccinimide (NHS), fluorescein isothiocyanate
(FITC), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), Poly(ethylene glycol) bis(amine) (2HN-PEG-
NH2, 3.4 kDa) were obtained from Sigma-Aldrich. 4-morpholi-
noethanesulfonic acid (MES) obtained from Biobasic Inc.
(Canada). Cell culture medium (DMEM), fetal bovine serum
(FBS), trypsin and penicillin/streptomycin were purchased
from Invitrogen Co., USA. All antibodies including, AKT, p-
AKT, GAPDH, and Caspase 3 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). TC-1 cell line and C57BL/6
mice were obtained from the Pasteur Institute of Iran. Other
chemicals of analytical grade were acquired from Sigma-
Aldrich Company.

Methods

Synthesis of GO
GO was synthesized from graphite powder using a modified
Hummer’s method (Zaaba et al., 2017). Briefly, 1 g of graphite
powder, 4ml of sulfuric acid, 830mg of K2S2O8, and 830mg
P2O5 were mixed and heated at 80 �C for 4 h. After cooling
at room temperature, 150ml of deionized water was added
and kept overnight on the magnetic stirrer (120 rpm, RT).
After filtration, the remaining solution (pre-oxidized GO) was
dried at room temperature. The pre-oxidized GO was more
oxidized by the addition of H2SO4 (60ml), KMnO4 (7.5 g), and
water (125ml) in an ice-water bath. After dilution with deion-
ized water (350ml), excess KMnO4 was removed by the add-
ition of H2O2 (30wt.%, 10ml) and then HCl (10wt.%, 500ml)
was added to remove the remaining of metal ions. The
resulting solution was filtered and then washed with deion-
ized water for several times. To achieve nanosized and sin-
gle-layered GO, the suspension was dispersed by probe
sonication (SONOPLUS, BANDELIN electronic, GmbH). The
resulting solution was freeze-dried (Christ, Alpha 1-2 LDPLUS,
Germany) to obtain brown GO powder.

Carboxylation of GO
For the preparation of carboxylated GO (CGO), GO was oxi-
dized under the strongly basic condition to convert hydroxyl,
epoxide, and ester groups to carboxylic acid moieties. To do
this, 100mg of GO was dissolved in deionized water (DW)
and completely dispersed by probe sonication for about 2 h
at room temperature (RT). Chloroacetic acid (5 g) and NaOH
(6 g) was added and the solution was sonicated for another
3 h at RT. The resulting CGO solution was centrifuged and
washed several times with DW. Then, the solution was dia-
lyzed (cut off: 12.4 kDa) against DW for 5 days to remove the
extra reagents. The final pure product was dispersed in DW
by probe sonication for 1 h and kept at RT.
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PEGylation of CGO
CGO was PEGylated in order to improve its solubility and sta-
bility in physiological and environmental conditions. To do
this, the amine groups in NH2-PEG-NH2 were conjugated to
carboxyl groups in CGO. Briefly, the CGO (1mg/ml, 50ml)
was probe-sonicated (100W, 1 h) to obtain a homogenous
solution and then mixed with EDC (100mg) for 10min and
followed by addition of NHS (60mg). The solution was mixed
for 2 h on a magnetic stirrer (120 rpm, RT), then added drop-
wise to the NH2-PEG-NH2solution (250mg in 5ml DW) and
stirred overnight. Extra excipients were removed by dialysis
(cut off: 12.4 kDa) against DW for 4 days. The final solution
(CGO-PEG) washed several times with DW (9000� g, 20min,
RT) and then characterized by FTIR spectroscopy.

Conjugation of bLF to CGO-PEG
Bovine LF was conjugated onto CGO-PEG using EDC/NHS
coupling chemistry. Briefly, bLF was dissolved in 50mM MES
buffer (1mg/ml, 20ml) and mixed with EDC (50mg) for
10min. After that, the NHS (30mg) was added to the mixture
and stirred for 60min. The solution was filtered and washed
several times with cold DW to remove the excess agents.
The sediment was dispersed in 30ml of MES buffer (50mM)
and mixed with CGO-PEG solution (1mg/ml, 2.5ml) for 6 h.
The final product (CGO-PEG-bLF) was filtered and washed
several times by filtration device (Millipore, Amicon Ultra-4,
100 kDa), characterized by FTIR spectroscopy and kept in 4 �C
before use. The attachment of bLF to the carrier was con-
firmed by SDS-PAGE and the amount of conjugated protein
was determined by the Bradford method.

Characterizations

Particle size, zeta potential, and size distributions of GO and
its related compounds were analyzed by photon correlation
spectroscopy using a Zetasizer instrument (ZEN3600,
Nanoseries, Malvern, UK). Shape and surface morphology
was analyzed using atomic force microscopy (AFM). For AFM
analysis, 20 ml of the sample was placed on mica slide, air-
dried, and visualized under the Nanowizard II AFM (JPK
Instruments, Germany) microscope. The images were
acquired in contact mode under ambient conditions. The
chemical composition and the surface functional groups
were analyzed by Fourier transform infrared spectroscopy
(FTIR, Thermo-Nicolet spectrometer) with KBr pellets in the
range of 400–4000 cm�1. UV-Vis spectrometer (Hitachi Inc.,
U-2910) was used to measure the optical absorption proper-
ties of GO and related products.

Cell culture
The mouse lung cancer TC-1 cells were supplied by the
National Cell Bank of the Pasteur Institute of Iran. The cells
were cultivated at 37 �C under a humidified 5% CO2 atmos-
phere in DMEM medium supplemented with 10% fetal
bovine serum and 100 uints/ml of penicillin and 100mg/ml
of streptomycin.

Cell viability study
The cytotoxic effects of free bLF and its corresponding conju-
gates with GO were studied by 3-(4,5-dimethylthiazol-2-yl)-
2,5diphenyltetrazolium bromide (MTT) assay (Chiani et al.,
2017). Briefly, the TC-1 cells were seeded at 1� 104 cells in
each well of 96-well plates. After 24 h, the cultured cells
were treated with different concentrations (1.78–56.98mM) of
free bLF, CGO-PEG-bLF, and their controls (PBS, CGO-PEG) for
48 h. Then, 20ll of MTT solution (5mg/ml in PBS) was added
to each well and the cells were incubated at 37 �C for
another 4 h. After that, the medium was discarded and 150 ml
of DMSO was added to dissolve the insoluble formazan. The
absorbance values were measured using a microplate reader
(AccuReader, M965 Series, Metertech, Taiwan) at 570 nm to
determine the viability of the cells. The percent of cell viabil-
ity was calculated by the following formula: (mean OD of
treated group/mean OD of control group) � 100.

FITC-Labeling of bLF and CGO-PEG-bLF
The bLF and CGO-PEG-bLF was labeled with FITC in order to
be used in cellular uptakes and cell cycle analysis. Briefly,
bLF and CGO-PEG-bLF (0.3mg protein) were mixed with
fluorescein isothiocyanate (FITC, 1mg/ml in DMSO) and
bicarbonate buffer (1ml, pH 10) for 2 h in a dark place, and
then filtrated (Millipore, Amicon Ultra-4, 10 kDa) to remove
excess unbound FITC and washed (7000� g, 20min, 4 �C)
several times by PBS (pH 7.4).

Cellular uptake efficiency
The TC-1 cells were seeded in 12-well plates (or seeded on
coverslips for confocal microscopy analysis) at a density of
2� 105 cells per well and were allowed to adhere for 24 h.
Then, the medium was replaced with a fresh medium con-
taining free bLF and CGO-PEG-bLF at the same concentration
of protein (28.5 mM). After incubation for 3 h, the cells were
washed with PBS, fixed (30min at RT in a dark place) with
3ml of cold and fresh 3.5% paraformaldehyde, and then
qualitatively analyzed by confocal electron microscopy (TCs
SP5 II, Leica Microsystems Co., USA). For quantitative analysis,
the cells were collected, washed, and suspended in 1ml of
PBS, and analyzed by flow cytometry (Partec GmbH, Munster,
Germany) using Flowjo Software (FlowJo, LLC, Ashland, OR).

Cell apoptosis assay
To detect and quantify apoptosis in TC-1 cells induced by
the free bLF and CGO-PEG-bLF, the cells were stained with
Annexin V-FITC kit (BioVision Inc., Milpitas, CA, USA), accord-
ing to manufacturer’s protocol. Briefly, TC-1 cells were
seeded at a density of 5� 105 in each well of 6-well culture
plates and incubated for an overnight at 37 �C in 5% CO2.
Then, the old medium was discarded, and fresh medium
containing 10 mM of free bLF and CGO-PEG-bLF was added
and the cells were incubated for 48 h. After that, the medium
was discarded and the cells were collected and washed twice
by PBS. The cells were suspended in 500 ml of 1X binding
buffer at a concentration of 5� 105 cells/ml. And then added

1238 A. NAJMAFSHAR ET AL.



5ll of Annexin V-FITC and 5 ll of propidium iodide (PI) solu-
tion, gently vortexed and incubated for 5min in the dark at
RT before analysis by flow cytometry (CyFlow SL, Partec,
Germany). Data analysis was performed by FlowJo software.

Cell cycle analysis
This study was performed to inspect the effect of free bLF
and CGO-PEG-bLF on cell cycle patterns. To do that, TC-1
cells were seeded at a density of 5� 105 in each well of 6-
well culture plates and incubated for 24 h at 37 �C in a
humidified atmosphere containing 5% CO2. Then, the old
medium was replaced with fresh medium containing 10 mM
of free bLF or CGO-PEG-bLF as triplicates and the cells were
incubated for 48 h. Afterward, the medium was discarded
and the cells were harvested by trypsin-EDTA, washed twice
by cold PBS, and fixed by 70% cold ethanol and placed on
ice for at least 2 h and then collected by centrifugation (200
� g, 6min). The cell was washed and resuspended in PBS
containing 20 mg/ml propidium iodide (PI), 1mg/ml RNase A
and 0.1% Triton X-100 and incubated at RT for 30min in a
dark place. The DNA contents and cell proportions in every
phase of the cell cycle were analyzed by a flow cytometer
(CyFlow SL, Partec, Germany) using FlowJo Software. In this
analysis, each sample contained at least 40,000 single cells,
and appropriate gating was employed to exclude cell debris
from the analysis.

In vitro release study
To quantify the release profile of bLF from CGO-PEG-bLF
complex, 1mg of the complex was added to 10ml of PBS
buffer with two different pH values (pH 7.4 as physiological
pH, and pH 5.2 was selected as tumor microenvironment pH)
and placed in shaking incubator (37 �C, 120 rpm, 72 h). At dif-
ferent interval times, 200ml of buffer was taken and replaced
with fresh buffer. The amount of released protein from the
complex was measured by Bradford assay and estimated
according to the standard curve that previously provided by
serial dilution of BSA (Onishi et al., 2007).

Western-blot assay
To elucidate the mechanism of action of free bLF or CGO-
PEG-bLF in TC-1 cells, the expression of the major proteins
involved in its biochemical pathways were studied by west-
ern blot analysis. To do this, 1� 106 cells/well of 6-well
plates were seeded and incubated at 37 �C in a humidified
atmosphere containing 5% CO2. After 24 h, the old medium
replaced with fresh medium containing 10mM of free bLF
and CGO-PEG-bLF, and the cells were incubated for 24 h and
48 h. Subsequently, the cells were washed three times with
cold PBS and lysed for 60min (by several vortex) on ice with
100ll of RIPA Lysis Buffer (20mM Tris-HCl pH 7.5, 0.5%
Nonidet P-40, 0.5mM PMSF, 100mM b-glycerol 3-phosphate,
and 0.5% protease inhibitor cocktail). The lysates were centri-
fuged at 12,000 � g for 10min at 4 �C, and the supernatants
were collected as the total cellular protein. Protein contents
were measured by Bradford assay. Protein (30mg) from each

sample was loaded on 10% SDS-PAGE and transformed onto
a PVDF membrane. To avoid nonspecific interactions, the
blots were blocked with 5% fat-free dry milk dissolved in
PBST buffer (PBS containing 0.1% Tween-20) and stirred at
RT for 2 h. Then, the membranes were incubated with the
primary antibodies (1:500) overnight at 4 �C. After that, the
membranes were washed twice with PBST and incubated
with an HRP-conjugated secondary antibody (1:500) for
about 2 h. Finally, after washing with PBST buffer, the chemi-
luminescence of the membranes was detected by ECL detec-
tion reagent (Millipore-Merck) in a ChemiDocTM XRS system
(Bio-Rad). The GAPDH, a housekeeping protein, was used as
the control for normalization.

Animal study
Female C57BL/6 mice (5 to 6-weeks-old, 18–20 g) were
obtained from the Pasteur Institute of Iran. All animal experi-
ments were performed in accordance with the institutional
ethics committee regulations and guidelines. Mice were
maintained in a 12 h light/dark cycle at a constant tempera-
ture of 24± 1 �C with free access to food and water ad libi-
tum. The tumor model of lung cancer was generated by
subcutaneous injection of 2� 106 of the TC-1 cells in 100 ml
PBS in the flank of the mice (Amiri et al., 2018). When tumor
size was reached to about 100mm3, the mice were randomly
divided into 4 groups (8 mice per group) for subsequent
experiments. The mice in each group were treated (3 times,
once every 3 days) with free bLF (50mg bLF per Kg/body
weight), CGO-PEG-bLF (containing 50mg bLF and 4.35mg
GO per Kg/body weight), CGO-PEG and PBS, respectively.
The animal weighs and tumor sizes were measured with a
digital balance and a digital caliper every week. The tumor
volume was calculated as the volume (mm3) ¼ (tumor
width)2 � (tumor length)/2. For pathology and histological
analysis, the solid tumor was fixed in 10% formalin,
embedded in paraffin and sectioned, stained with hematoxy-
lin and eosin (H&E), and studied under a light microscope.
Median survival time (MST) and the increased life span in
each group of mice was calculated according to the follow-
ing equation:

ILS% ¼ MST of treated mice=MST of control miceð Þ – 1½ �
� 100

(1)

Where MST means the time (day) at which half of the ani-
mals had died.

Statistical analysis

Data analysis was performed with GraphPad Prism v8
Software. Data were analyzed by t-test and analysis of vari-
ance (ANOVA); when statistical differences were detected,
Tukey’s Multiple Comparison test was performed. Data were
expressed as mean± SD of at least three independent experi-
ments and a value of p< .05 was considered significance.
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Results and discussion

Characterization

In this study, GO was prepared by a modified Hummers
method and subsequently carboxylated, PEGylated, and con-
jugated with bLF as mentioned above. To improve the solu-
bility, stability, and biocompatibility of GO in physiological
conditions, its conjugation with polyethylene glycol, as a

hydrophilic polymer, was performed. To do this and for
enhanced PEGylation yield, the hydroxyl and epoxy groups
of the GO were converted to carboxyl groups, by which GO
could conjugate with an amine group of NH2-PEG-
NH2through amidation (formation of amide bonds).
PEGylated GO was then covalently conjugated with bLF
through interaction between carboxyl groups of the protein
with free amine groups of PEG molecules. The amount of
conjugated bLF on GO was calculated by Bradford assay and
was obtained around 0.57mg/ml in the final product. The
successful carboxylation, PEGylation, and conjugation of GO
with protein were confirmed by FTIR, DLS, UV-Vis and AFM
methods. The results of FTIR analysis was indicated in
Figure 1.

In FTIR analysis of GO, the adsorption peaks around at
3400, 1720, 1620, and 1100 cm�1 are related to hydroxyl
(-OH), carboxyl (C¼O), aromatic (C¼C) and epoxy (C–O–C)
bonds, respectively (Lu et al., 2020). After the carboxylation
of GO, the resulting derivative (CGO) showed stronger
absorption band at 1620 cm�1, a decrease in hydroxyl bond
around at 3400 cm�1, and an increase in hydroxyl bond
around at 2800–3200 cm�1 which confirmed the formation of
extra carboxyl groups on the surface of GO. Furthermore, a
reduction in epoxy peaks (C–O–C) at 1100 cm�1 which
observed in CGO possibly attributed to the synergistic effects
of the carboxylation process on both epoxide and hydroxyl
groups (Zhang et al., 2011). Successful PEGylation of GO
could be verified by the peaks approximately at 2850 cm�1

(C–H bond), 1650 cm�1 (NH–CO or amide bond), and
1100 cm�1 (C–O–C bond), respectively. By PEGylation and
formation of an amide bond between carboxyl groups of GO
and amine groups of NH2-PEG-NH2, the sharp peak at
1720 cm�1 of GO was decreased and shifted to a peak
around 1650 cm�1 (–NH–CO–), which confirm the decreasing
of many oxygen groups, the formation of amide groups and
successful PEGylation (Wang et al., 2012; Chen et al., 2014;
Xu et al., 2014). The peaks approximately at 1240 cm�1

(C–N), 1430 cm�1 (C–C), 2950 cm�1 (N–H), and 3350 cm�1

(O–H), confirmed the conjugation of protein on the surface
of GO.

Figure 1. FTIR spectra of GO (a), CGO (b), CGO-PEG (c) and CGO-PEG-LF (d).

Figure 2. UV-Vis spectrophotometry of GO and its derivatives. Maximum absorbance for CGO-PEG-LF was obtained in range of 250–280 nm.
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According to the UV-vis spectra (Figure 2), the maximum
optical density of GO was obtained around 230 nm which is
a characteristic peak of GO that was assigned to the p–p�
transition of C¼C, while a shoulder peak near to 300 nm cor-
responded to n–p� transition of C¼O bonds. By PEGylation
and conjugation with lactoferrin, the UV-vis spectra of GO
was relatively changed. So, the near-infrared and visible
absorbance of GO was increased and the maximum absorp-
tion was obtained around 250–280 nm. The increase of
optical density could be related to the hydrolysis of the ester
bond and opening of epoxide groups of GO during the carb-
oxylation process. Furthermore, this evidence confirmed the
existence of bLF on the surface of GO that showed max-
imum absorbance at 280 nm due to the presence of aromatic
amino acids in the structure of the protein.

The morphology of GO and CGO-PEG-bLF was visualized
by AFM, as shown in Figure 3, the thickness of GO was
obtained around 1–2 nm (single-layered) with a relatively
smooth surface and sharp edges, which was accordance to
the previous reports (Stankovich et al., 2006; Li et al., 2008;
Emadi et al., 2017), but it was obviously increased to

4–10 nm and become more roughly with coarser edges after
PEGylation and conjugation with bLF that confirmed the suc-
cessful formation of CGO-PEG-bLF. The lateral size of the GO
and CGO-PEG-bLF was obtained around 89–130 nm, respect-
ively; which is a suitable size for a drug carrier.

The results of DLS analysis have presented in Table 1. As
shown in this table, the mean particle size of GO and the
final construct was obtained around 95 and 153 nm which is
in the optimum range for a drug delivery system (Li et al.,
2010; Akbari et al., 2020). As illustrated, the mean size of GO
and CGO-PEG-LF obtained from AFM is seemingly smaller
than that measured by DLS analysis. This difference may be
attributed to the hydrodynamic effect of the aqueous layer
that covers the vesicles and relatively enhanced the size of
the particles measured by the DLS technique. By the addition
of PEG and then bLF, the size of the GO was increased sig-
nificantly and its zeta potential became more positive.
Increasing the size and zeta potential confirmed the success-
ful PEGylation and conjugation of LF on the surface of the
GO. Carboxylation of GO decreased its surface charge
because of the negative charge of carboxyl groups. In

Figure 3. AFM images of GO (A) and CGO-PEG-LF (B). The images were taken in contact mode. Sharp edges and smooth surface with thickness of 1–2 nm was
obtained for GO whereas the CGO-PEG-LF showed coarse edges and rough surface with thickness of 4–10 nm.
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contrast, PEGylation with NH2-PEG-NH2positively increased
the zeta potential of GO due to the positive charge of amine
groups of PEG molecules. By conjugation to bLF, the positive
charge of the GO was dramatically increased and reaches to
about �9.2 ± 1.7mV. This increase in zeta potential could be
related to the positively-charged nature of the protein
(Qiang et al., 2020).

In vitro cell viability assay

The cytotoxic effect of free bLF and CGO-PEG-bLF was inves-
tigated on lung cancer TC-1 cells by MTT assay. As shown in
Figure 4, CGO-PEG-LF showed significantly higher cytotoxicity
compared to free bLF. Both free bLF and its conjugated form
showed significant cytotoxicity against the cells in a dose-

dependent manner. The half-maximal inhibitory concentra-
tion (IC50) for free bLF and CGO-PEG-bLF were obtained
around 28.62 ± 2.38mM and 11.05 ± 1.28mM, respectively. It
means that with the same bLF concentration, the anticancer
activity of CGO-PEG-bLF against TC-1 cells is approximately
2.5-fold higher than that of free bLF. The increased cytotox-
icity can be attributed to the synergistic effect of CGO-PEG
as a nanocarrier to improve cellular uptake of bLF through
enhanced permeability and retention (EPR) effect. No consid-
erable cytotoxicity (about 20%) was detected for CGO-PEG
(control) even at the maximum concentration that used in
the study (400mg/ml), suggesting that this carrier was not
cytotoxic by itself and did not significantly impact on the
cytotoxicity of bLF against the cancer cells. It should be
noted the dosage of CGO-PEG adopted in our experiments
was blew the 100 mg/ml. No cytotoxicity of CGO-PEG may be
related to the optimum amount of CGO-PEG and the exist-
ence of PEG molecules in the structure of formulation that
improves the biocompatibility and decreasing the cytotox-
icity of the complex. Moreover, the cell type and exposure
time may be effective in the cytotoxicity of the carrier.

Cellular uptake study

Cellular uptake of CGO-PEG-bLF and free bLF was studied by
flow cytometry (quantitatively) and confocal electron micros-
copy (qualitatively). The results of the experiment showed
that in both methods, a greater amount of CGO-PEG-bLF has
been taken up by the TC-1 cells (Figure 5). This fact clearly
demonstrated that CGO-PEG facilitates and enhanced the
penetration of the bLF across the cell membranes (Xu et al.,
2015). The higher uptake of CGO-PEG-bLF respect to free bLF
was in agreement with the results of cytotoxicity in TC-1 cells
that showed significantly more cytotoxic effect for CGO-PEG-
bLF compared to free protein.

Apoptosis study

A decrease in cell proliferation can be related to inhibition of
cell division or induction of cell apoptosis. Induction of

Table 1. Characterization of GO and its derivatives using DLS analysis.

Formulation Size (nm) Zeta potential (mV) PDI

GO 95.3 ± 1.7 �33.3 ± 2.3 0.31 ± 0.03
CGO 100.2 ± 2.1 �43.1 ± 2.1 0.24 ± 0.04
CGO-PEG 123.7 ± 3.6 �27.8 ± 2.3 0.22 ± 0.04
CGO-PEG-bLF 153.4 ± 4.8 �9.2 ± 1.7 0.38 ± 0.07

Results are presented as mean ± SD (n¼ 3).

Figure 4. Effect of free bLF, CGO-PEG-bLF and its control (CGO-PEG) on the via-
bility of TC-1 cells. Results are expressed as mean ± SD of 3 independent experi-
ments (�p< .05, ��p< .01, ���p< .001 and ����p< .0001).

Figure 5. Cellular uptake of free bLF and its conjugated form (CGO-PEG-bLF) by TC-1 cells. The experiment was studied by flow cytometry (A) and confocal elec-
tron microscopy (B, C). (B) The cell treated by CGO-PEG-bLF and (C) the cells treated by free bLF.
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apoptosis is the main mechanism of anticancer agents to
inhibit the growth of cancers (Dasari et al., 2018). To address
this issue, the ability of free bLF and CGO-PEG-bLF to induce
apoptosis was evaluated by Annexin V-FITC staining assay.
The results of this experiment were illustrated in Figure 6.
The results showed that treating the TC-1 cells with free bLF
or CGO-PEG-bLF led to increasing the percentage of early
(AVþ/PI�) and late apoptotic cells (AVþ/PIþ) after 48 h of
incubation compared with control. The total percentage of
early and late apoptotic cells in CGO-PEG-bLF, free bLF, and
control was obtained 35.3 ± 2.6%, 25.4 ± 1.3%, and 2.2 ± 0.4%,
respectively. The induction of cell apoptosis by CGO-PEG-bLF
was significantly (p< .05) higher than that of free bLF.
According to these data, cell growth inhibitory effect of bLF
and CGO-PEG-bLF can be attributed to its role in the induc-
tion of apoptosis. This result was in agreement with the
results of cell cycle analysis in which a higher level of sub-G1
cells, as an index of apoptosis, was observed for the treated
cells (Villanueva et al., 2018). The induction of apoptosis by
bLF was reported in several studies. This effect was mainly
dependent on the cell type, dose of treatment, and time of
the experiment and involved with different signaling

pathways (Zhang et al., 2014; Chea et al., 2018; Guedes
et al., 2018).

Cell cycle analysis

Cell cycle arrest is one of the main mechanisms by which
anticancer agents inhibit the growth of cancer cells. The
effect of free bLF and CGO-PEG-bLF on cell cycle progression
was studied by flow cytometry. As presented in Figure 7, the
representative cell cycle distribution images indicated that
exposure to CGO-PEG-bLF, induce more growth inhibitory
effect on the cell cycle progression for the TC-1 cells com-
pared to free bLF. Compared with the control, the proportion
of cells at G2/M phase increased in both free bLF and its
conjugated form; but, the effect of CGO-PEG-bLF in arresting
the cells was significantly higher than that of free bLF.
Despite our results, several reports have demonstrated that
bLF arrested the cell cycle in the G1/S phase in some types
of cancers (Zhou et al., 2008; Xu et al., 2010; Chea et al.,
2018). Induction of cell cycle arrest at the G2/M phase in
MDA-MB-231 and T-47D cells has been reported by Zhang
et al. which was in agreement with our findings (Zhang

Figure 6. Dot plots of flow cytometric analysis to study the effect of free bLF and CGO-PEG-bLF to induce apoptosis in TC-1 cells after 48 h treatment. (A) The cells
treated by control (CGO-PEG), (B) the cells treated by free bLF, and (C) the cells treated by CGO-PEG-bLF.

Figure 7. Cell cycle analysis of TC-1 cells treated by CGO-PEG-bLF (A), free bLF (B), and the control (C) for 48 h by the same amount of protein concentra-
tion (10mM).
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et al., 2014). It seems that this variation in the function of
bLF in disrupting cell cycle progression pattern is cell type-
or treatment time-dependent and may be affected by the
bLF concentration and genetic background of the cells.
Besides, the percentage of the hypodiploid subpopulation
cells (sub-G1) was significantly increased in the cells treated
by free bLF and CGO-PEG-bLF compared to control.
Although, the increment of sub-G1 fraction in CGO-PEG-bLF
treated cells was much more than that of free bLF. Increased
percentage of sub-G1 cells as an index of apoptotic cells was
in agreement with the results of apoptosis study.

In vitro release study

In vitro release profile of bLF from CGO-PEG-bLF construction
at two different pH values (5.2 and 7.4) was illustrated in
Figure 8. As indicated, in both pH values, the initial burst
release during the first 6 h was followed by a slow and sus-
tained release rate. In physiological condition (pH 7.4), the
release of bLF was about 6.26 ± 0.4% at the burst phase and
then became slow and remained constant till the end of the
experiment and reached to 8.03 ± 0.36% after 72 h. The same
release profile was obtained at pH 5.2 (simulate the pH of
cancer cells) with a significantly faster rate so that the total
release of bLF was reached to 9.05 ± 0.47% at the end of the
experiment. A similar biphasic profile of release was reported
before (Pan et al., 2019). The burst effect of release is prob-
ably attributed to superficially attached bLF molecules. In
vitro release study revealed that CGO-PEG-bLF had excellent
stability in both pH values, in which a very low amount of
bLF was released from GO-PEG-PTX complex within 72 h. The
low release of bLF keep its effective blood concentration for
a long time and let it more time to reach the target and
exert its therapeutic effects.

Western blot analysis

Bovine LF has been demonstrated to induce apoptosis in
many types of cancers through upregulation and downregu-
lation of several proteins including caspases and AKT pro-
teins. Western blot analysis was performed to understand
the mechanism of action of bLF in inducing apoptosis. For
this purpose, the protein expression of AKT, p-AKT, Caspase
3, pro-Caspase 3, and GAPDH (house-keeping protein, con-
trol) were determined at 24 and 48 h post free bLF and CGO-
PEG-bLF treatment. The results indicated that both free and
CGO-PEG-conjugated bLF could significantly downregulate
the protein expression levels of p-AKT (Ser473 and Thr308)
and pro-Caspase 3 (Figure 9). In contrast, the protein level of
cleaved caspase 3 was significantly increased in TC-1 treated
cells. Although a stronger effect was obtained for CGO-PEG-
bLF compared to free bLF. Furthermore, these events
occurred in a pronounced time-dependent manner. So, by
increasing the exposure time, the upregulation or downregu-
lation of the mentioned proteins were increased. There were
no changes in the expression of GAPDH in the treated cells.
These findings demonstrated that cell growth inhibitory
effects of free bLF and CGO-PEG-bLF are possibly mediated
by AKT and caspase 3 signaling pathways. Although, other
proteins may be involved in this process. Similar results
regarding effect of bLF on the three cell lines of oral squa-
mous cell carcinoma (HSC1, HSC2, HSC3) have been reported
by Chea et al (Chea et al., 2018). Their findings indicated that
bLF downregulated the phosphorylation of AKT and upregu-
lated the cleaved-caspase 3 protein selectively in HSC3 cells
but not in RT7 (normal human oral keratinocytes).

Antitumor efficacy in an animal model

Tumor inhibitory effect of free bLF and CGO-PEG-bLF was
studied on TC-1 lung tumor bearing- C57BL/6 mice. The
median survival time (MST) of the mice treated with CGO-
PEG-bLF was increased significantly compared to free bLF

Figure 8. Release profiles of bLF from CGO-PEG-bLF complex in two different pH values at 37 �C. �p< .05. Each points represents the mean ± S.D. (n¼ 3).
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and controls (PBS and CGO-PEG groups), and their MST levels
of CGO-PEG-bLF, free bLF, PBS and CGO-PEG were obtained
around 62, 52.5, 51, and 49.5 days, respectively. The MST lev-
els in the free LF and control groups were not obviously dif-
ferent from each other and no significant tumor-suppressing
effect or longer survival time was obtained for the free bLF
group. Moreover, the increased life span (ILS%) of the mice

in CGO-PEG-bLF and free bLF groups was increased
by approximately 25 and 5% with respect to their
controls (Figure 10). It meant that the ILS% in the mice
treated by CGO-PEG-bLF was 5-fold higher than that of free
bLF. As illustrated in Figure 11, the CGO-PEG-bLF suppressed
tumor growth more efficiently than free bLF (p< .01) and
the controls (p< .001). No significant difference in body
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Figure 9. Expression of apoptosis-related proteins (AKT and caspase 3) in TC-1 lung cancer cells exposed to 10mM of protein as free bLF and/or CGO-PEG-bLF for
different times. The protein levels of phospho (p)-AKT, pro-caspase 3 and cleaved caspase 3 in the cells were analyzed using Western blot. GAPDH was used as
house-keeping protein. Results are expressed as mean ± SD (n¼ 3).
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weight was observed between the groups until the end of
the 6th week. More tumor inhibitory effect of CGO-PEG-bLF
compared to free bLF could be attributed to its long circula-
tion time due to enhanced stability of protein, more cellular
uptake, and higher cytotoxic effect. No antitumor activity of
control indicated that the CGO-PEG acts only as a carrier and
has no cytotoxic itself. Reports have been shown that the
cytotoxicity of GO is dependent on its concentration
and exposure time (Chen et al., 2014; Xu et al., 2015;
Zhu et al., 2017). Moreover, it seems that type of the treated
cells, size and the functional groups of GO may be effective
on its cytotoxicity.

Conclusions

In this work, PEGylated GO as a drug carrier was successfully
prepared in nanoscale dimensions. For enhancing the bio-
compatibility, solubility, and stability of GO in physiological
conditions, more aminated-PEG molecules were covalently
grafted (through amide bonds) on the surface of GO after
carboxylation of its oxygen-containing molecules. This carrier

was then successfully conjugated with bLF. In the final com-
plex, bLF acts as an anticancer agent as well as a targeting
molecule. The anticancer efficiency of the final product was
evaluated in vitro and in vivo. In both situations, more anti-
cancer and tumor growth inhibitory effects were obtained
for bLF in conjugated form. Bovine LF as conjugated with
CGO-PEG, was more uptook by the TC-1 lung cancer cells
and showed significantly higher cytotoxicity against these
cells through enhancement of apoptosis and disturbing the
cell cycle progression. Our findings highlight the usefulness
of GO-based nanocarrier as a promising drug delivery system
for enhancing the therapeutic efficacy of anticancer drugs.
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