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a B S t r a c t

Background: Despite the enormous effort has been done for cancer therapy, fabricating 
targeted drug delivery platform which can effectively eliminate cancer is a challenge. 
Methods: In this study, we have developed a novel platform composed of graphene 
oxide (GO), poly-l-lysine (PLL), Herceptin (Her) and doxorubicin (DOX) for 
chemo-photothermal therapy. GO has been prepared using the hummers method. 
The morphology of the prepared carriers has studied using transmission electron 
microscopy (TEM) and scanning electron microscopy (SEM). The successful conju-
gation of PLL and Her to the surface of GO has been examined using Fourier-trans-
form infrared spectroscopy (FTIR). DOX loading on GO sheets was characterized 
using UV-Vis absorption spectra. MTT and live/dead assay have been administrat-
ed to study the synergistic chemo-photothermal therapy potential of the carries.  
Results: FTIR shows the successful conjugation of the PLL and Hercep-
tin to the GO surface. TGA analysis suggests that, in comparison to GO, 
GO-PLL has higher thermal stability. In addition, DOX loading efficiency 
is around 78.5 ± 4.3 %. Also, Live /dead and MTT assays reveal that the intro-
duced carrier can effectively kill cancerous cells via chemo-photothermal effects.  
Conclusion: Our results have suggested that the novel carrier is a versatile platform 
for chemo-photothermal therapy application.
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INTRODUCTION:

Graphene oxide (GO) is a two-dimensional 
hexagonal lattice structure of carbon atoms, 
which has been employed for various appli-

cations such as batteries1, 2, transistors1-3 and in biolo-
gy4. Furthermore, GO is considered as an ideal platform 
for chemo-photothermal therapy due to its high number 
of functional groups, high aspect ratio, low production 
cost and satisfactory thermal conductivity5-8. Howev-
er, few studies have focused on the application of GO 
in chemo-photothermal therapy. Cheng et al. exam-
ined the synergistic photothermal effect of PEGylat-
ed GO sheets and Doxorubicin (DOX)5. Robinson et 
al. studied the antitumor effect of PEGylated reduced 
GO on cancer cell lines6,7. Hashmi et al. conjugated R9 
and Arginine peptide to the surface of reduced GO8,9. 
Even though GO has some promising properties for 
chemo-photothermal therapy application, the use of GO 
has been limited due to its low stability in an aqueous 
media10-14.
To overcome these obstacles, various biological or syn-
thetic molecules have been used to increase the stability 
of GO such as TAT15, pVEC16, R98,17 and poly-l-Argi-
nine18,19. Poly-l-lysine (PLL) is an important polymer 
found in protein foods which can improve the cellular 
uptake of the carriers it is attached to20. 
In this work, a novel targeted carrier composed of Her-
ceptin (Her) antibody functionalized PLL conjugated 
GO loaded DOX was synthesized. To meet this goal, 
we first conjugated PLL to the surface of GO (GO-
PLL). Afterwards, Her was conjugated to the surface of 
GO-PLL (GO-PLL-Her). Finally, DOX was loaded to 
the GO-PLL-Her to form GO-PLL-Her-DOX.

METHODS:
GO synthesis
GO was synthesized using Hammer’s method21. 4 

grams of graphite powder was oxidized using 12 ml 
of H2SO4 and 2.5 g of P2O5 after 4.5 h of stirring at 
80℃.  Then, graphite oxide was neutralized and im-
mersed in 120 ml of sulfuric acid. Subsequently, 15 g 
of KMnO4 was gradually added to the solution while 
the temperature was kept under 20℃. Afterwards, the 
temperature was increased to 40℃ while stirring for 2 
h, followed by the addition of 700 ml deionized water. 
The prepared GO was washed to remove excess metal 
particles. Finally, GO was purified using a dialysis bag 
(7000 Da) for the duration of one week.

PLL Functionalized GO (GO-PLL)
The GO suspension was sonicated for 2 h (60 W, Miso-
nix, USA).  Then, graphene conjugated PLL (GO-PLL) 
was obtained by stirring 2 mg of GO, 8 mg of PLL, 
and 10 mg of KOH in 10 ml of distilled water for 24 
h at 70℃22. Following that, the GO-PLL suspension 
was washed by centrifugation (5000 rpm for 10 min, 
Hitachi, Japan). 

Herceptin conjugated to GO-PLL (GO-PLL-Her)
1 mL EDC/Sulfo-NHS solution (0.08 M) was added to 
the GO-PLL (1 mg/ml). After 15 min, Herceptin with a 
concentration of 0.07 mg/ml was added to the GO-PLL 
and left for 2 h at room temperature. Unconjugated Her-
ceptin was removed using serial centrifugation.  

DOX loading on GO-PLL-Her (GO-PLL-Her-
DOX) 
DOX was dissolved in DMSO with a concentration of 
1.5 mg/ml and then mixed with 0.5 mg/ml of GO-PLL. 
GO-PLL-Her-DOX was then washed by centrifugation 
(4000 rpm) to remove unloaded DOX. The loading ef-
ficiency of DOX on GO-PLL-Her-DOX was analyzed 
using UV-vis spectroscopy at 480 nm. 

Instrumentation
Surface morphology was examined by transmission 
electron microscopy (TEM, Zeiss, EM10C) and scan-
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ning electron microscopy (SEM, Hitachi S-5500 SEM/
STEM, Japan). Fourier transform infrared (FTIR) was 
recorded using a Spectrum RX I (PerkinElmer). The 
X-ray diffraction (XRD, PANalytical, Netherlands) 
was achieved using Cu Kα radiation source.  UV-vis 
spectroscopy was performed (Infinite M200, Tecan 
Systems Inc., USA). Thermogravimetric analysis 
(TGA) was carried out using a thermogravimetric ana-
lyzer (TGA Q500, Delaware).

GO-PLL-Her-DOX photothermal response
GO-PLL-Her-DOX with a different concentration was 
transferred to a 96-well plate. The samples were irra-
diated with an 808nm diode laser with variable power 
densities (1, 2, 4 and 8 W.cm-2). Increasing temperature 
was monitored using an InSb IR camera. Light emitted 
from the tip of multimodal optical fiber was imaged to 
a 6 mm diameter circular spot.

In vitro chemo-photothermal therapy
The Chemo-photothermal therapy potential of GO-
PLL-Her-DOX was evaluated on the BT474 cell line 
using MTT and live/dead assays. Cells (50,000 cells/
well) were seeded in a 96-well plate overnight. Then, 
the medium was replaced with complete DMEM con-
taining various DOX concentrations (0,1.25, 2.5, 5, 10, 
20 µg.ml-1) in the form of free DOX and GO-PLL-Her-
DOX for 24 h. After that, the laser groups cells were ex-
posed to NIR light laser (8 W/cm2, 5 min). Cell viability 
was measured using MTT assay23. 
Live/dead assay was used to visualize the effect of GO-
PLL-Her-DOX on BT474 cell lines. 50,000 cells/well 
were seeded in a 96-well plate. After 24 h, cells were 
treated using 15 mg/ml of GO-PLL-Her-DOX. After 
another 24 h, cells were washed with PBS (3 times) fol-
lowed by exposure to NIR irradiation (8 W/cm2, 5 min). 
After one hour of incubation, cells were stained using 
calcein AM (2 M) and ethidium homodimer-1 (EthD–
1) (4 M) for 15 min. Images were taken using an invert-

ed fluorescent microscope (Evos, Life Technologies).

RESULTS & DISCUSSION:
The morphology of synthetic GO was examined using 
TEM and SEM. As shown in Figure 1A and B, the 
morphology of GO was smooth and regular. Successful 
conjugation of PLL to the GO surface was examined 
using FTIR. As shown in Figure 1C, the GO spectrum 
showed characteristic peak at 3440 cm−1, 1733 cm−1, 
1614 cm−1 and 1085 cm−1 which corresponded to the 
stretching vibration of O–H, C=O, C=C and C–O bonds, 
respectively. The FTIR spectrum of GO-PLL exhibited 
GO-PLL absorption feathers, for example C–N at 1313 
cm−1, C=O at 1624 cm−1 and N-H at 3278 cm−1. 
After confirming GO-PLL formation, FTIR spectrum 
was used to confirm the conjugation of Her to the GO-
PLL surface (GO-PLL-Her). As shown in Figure 2A, 
the GO-PLL-Her spectrum represented the formation 
of a new peak at around 1540 cm−1 which is related to 
the amide groups and confirmed GO-PLL-Her develop-
ment. Also, decreasing the intensity of carboxyl groups 
(~3443 cm−1) leads to the reduction of GO-PLL during 
conjugation of Her. 
The UV-vis absorption spectrum of DOX, GO-PLL and 
GO-PLL-Her-DOX were shown in Figure 2B. DOX 
is an aromatic and hydrophobic drug which could be 
loaded onto the surface of GO via hydrophobic-hydro-
phobic and π-π stacking interactions24. As shown in 
Figure 2B, the presence of DOX absorption feathers 
on the surface of GO-PLL-Her confirmed GO-PLL-
Her-DOX formation. UV-Vis absorption analysis also 
showed that the amount of DOX loaded onto the sur-
face of GO-PLL-Her-DOX was around 78.5 ± 4.3 %. 
The stability of GO-PLL-Her-DOX was studied using 
TGA thermogram. As shown in Figure 2C, two-large 
shoulders in the TGA thermogram were located at 
around 150 and 300°C. Weight loss at a temperature less 
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than 100°C was related to moisture evaporation while 
weight loss between 150-270°C led to PLL melting25. 
In the GO-PLL thermogram, the amount of weight loss 
at a temperature less than 100°C is 4% more than GO, 
which may lead to incomplete drying due to the pres-
ence of heavy chain PLL. At a range of 100-200°C, 
GO and GO-PLL showed 34% and 26% weight loss, 
respectively. This may be attributed to the presence of 
labile oxygen in the structure which decreased due to 
the conjugation of PLL to the GO surface25-27. Weight 
loss between 300 to 400°C could be related to PLL 

evaporation25. Furthermore, weight loss above 350°C  
could be related to carbon pyrolization25-27. As shown 
in Figure 2C, the slope of the GO-PLL thermogram 
was lower than GO, indicating that the decomposition 
rate of GO-PLL is lower than GO at a temperature be-
tween 50 to 200°C.
The morphology of the synthesized GO-PLL-Her-
DOX was studied using SEM. As shown in Figure 
2D, the morphology of GO-PLL-Her-DOX had clearly 
changed after conjugation and there were no visible in-
dividual sheets. Similar morphology was observed by 

Figure 1. A. SEM and B.  TEM images of GO (The scale bar is 500 nm), C) FTIR spectrum 
of GO and GO-PLL,
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Ewa et al28 and Hashemi et al22,29.
After physio-chemical characterization of GO-PLL-
Her-DOX, the photothermal behavior of the carriers 
was studied during NIR laser irradiation. As shown 
in Figure 3A, the temperature increase was depend-
ent on the carrier’s concentration. As the concentration 
increased, there was an increase in the amount of tem-
perature raised. However, the temperature increase for 
water as a control sample was 0.16 ± 0.1°C. The pho-
tothermal behavior of the carriers was power density 
dependent. As shown in Figure 2C, the temperature 

increase for 15 mg/ml of GO-PLL-Her-DOX with a 
power density of 8 w/cm2 was 30.2 ± 2.1°C which was 
sufficient for photothermal therapy. Afterwards, the 
chemo-photothermal behavior of GO-PLL-Her-DOX 
was studied using MTT and live dead assay on the BT-
474 cell line. As shown in Figure 3B, BT-474 cells 
were treated with various DOX concentrations in the 
form of free DOX and GO-PLL-Her-DOX with and 
without NIR laser irradiation (5 min, 8 W.cm-2). All 
groups showed concentration-dependent toxicity. Fur-
thermore, to visualize the chemo-photothermal effect 

Figure 2. A. FTIR spectrum of GO and GO-PLL, B. UV-Vis absorption spectra of DOX, GO-PLL, GO-
PLL-Her-DOX, C) TGA spectra of GO, GO-PLL, GO-PLL-Her, DOX, D) SEM image of GO-PLL-Her-DOX
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Figure 3. A. The photothermal response of various concentrations of GO-PLL-Her-DOX at different 
power densities (1, 2, 4, 8 W/cm2), B. In vitro cell toxicity of various DOX concentration in the form of 

free DOX and GO-PLL-Her-DOX

Figure 4. Study the chemo-photothermal effect of GO-PLL-Her-DOX on BT-474 cell lines.
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of GO-PLL-Her-DOX, a live/dead assay was applied to 
the BT-474 cell lines. As shown in Figure 4, dead cells 
exhibited red fluorescent light while live cells radiated 
green fluorescence. In the group treated with GO-PLL-
Her-DOX nanoparticles, there was an increase in dead 
cells compared to the control group, representing the 
antitumor effect of GO-PLL-Her-DOX30.

CONCLUSION:   
GO-PLL-Her-DOX, a dual chemo-photothermal ther-
apy carrier was successfully prepared. GO served two 
purposes, first as a photo-transducer which absorbed 
NIR light and converted it to heat, and second as a car-
rier for loading DOX. The morphology of the carrier 
was examined using SEM and TEM, and the success-
ful conjugation of PLL and Her to the GO surface was 
studied using FTIR. Furthermore, the thermal stability 
of the samples was analyzed using TGA. Finally, MTT 
and live/dead assay were administrated to study the 
chemo-photothermal effect of GO-PLL-Her-DOX on 
BT-474 cells. Our results suggest GO-PLL-Her-DOX as 
a potential candidate for chemo-photothermal therapy. 
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