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Abstract
A nanotheranostics platform was synthesized based on PEGylated graphene oxide–gold nanoparticles and specified with
aptamer toward the MUC-1-positive tumor cells. Subsequently, it was loaded with doxorubicin, used for non-invasive
fluorescence imaging and therapy of breast and colon tumors. The success of the nano-coating at each synthesis step was
characterized through FTIR, XRD, TGA, FE-SEM, EDAX, Zeta-potential, and fluorescence spectroscopy. Besides, the
ability of the designed platform in targeted imaging, drug delivery, and in vitro therapy were evaluated using fluorescence
microscopy and flow cytometry. The selected aptamer acts as a quencher, resulting in an “on/off” fluorescence biosensor.
When the aptamer specifically binds to the MUC-1 receptor, its double strands separate, leading to the drug release and the
recovery of the fluorescence of (“On” state) at the excitation wavelength of 300 nm. Based on cell toxicity results, this
platform has more toxicity toward the MUC-1-positive tumor cells (HT-29 and MCF-7) compared to MUC-1-negative
cells (Hep-G2), representing its selective performance. Thus, this nano-platform can be introduced as a multifunctional
cancer nanotheranostics system for tracing particular biomarkers, non-invasive imaging, and targeted chemotherapy.
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Highlights
• GO@PEG/Au/Apt/DOX as a new type of smart theranostic agent was
fabricated.

• This new nanosystem has an “on/off” fluorescence biosensing ability.
• It also has selective performance against MUC-1-positive tumor cells.
• It is a nanotheranostics system for tracing particular biomarkers, non-
invasive imaging, and targeted chemotherapy.
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Introduction

Recent advances in nanotechnology have led to development
of effective drug delivery systems for simultaneous early di-
agnosis and treatment of cancer, known as cancer theranostics
[1–3]. A good nanotheranostics system utilizing tumor bio-
markers [4] would be highly desirable for achieving both non-
invasive diagnosis and targeted therapy [5, 6]. The identifica-
tion of biomarker molecules, including nucleic acids, proteins,
and small molecules associated with cancer that generally ex-
ist in human tissues and fluids (urine, blood, saliva, and cere-
brospinal fluids) [7], play a key role in cancer diagnosis at
early stages. Aptamers, as the single-stranded oligonucleo-
tides with the designed structures, can selectively interact with
specific biomarkers [8], such as Mucin 1 (MUC-1), a large
trans-membrane glycoprotein, presented in a variety of malig-
nant tumors [9]. Due to its unique properties including high
stability, reproducibility, adaptability, ease of modification,
and reduced immunogenicity and toxicity, aptamers offer an
advantage over other targeting molecules [10].

Currently, non-invasive fluorescence imaging technology
for molecular biomarker imaging has dramatically progressed
[11]. Fluorescence imaging probes with the intense emission
at far-red/near-infrared (FR/NIR) region (> 650 nm) are more
attractive due to their capability of overcoming the interfer-
ences of optical absorption, light scattering, and autofluores-
cence of endogenous substances such as hemoglobin, cyto-
chromes, and water molecules [12, 13]. Near-infrared fluores-
cence (NIRF) imaging detects the fluorescence emissions at
650–900 nm region, with the lower background (tissue) ab-
sorption for deeper penetration, thus making it suitable for
preclinical and clinical imaging studies [14, 15]. To date, a
large variety of materials, including organic dyes [16, 17],
fluorescent proteins [18, 19], and inorganic nanomaterials
[20] such as quantum dot (QD) [21, 22], have been widely
studied for fluorescence imaging. However, organic dyes and
fluorescent proteins have limited applications due to their mo-
lar absorptivity and low photobleaching thresholds [18].
Inorganic QDs, on the other hand, are highly cytotoxic, limit-
ing the scope of their biomedical applications [22]. Thus, the
discovery of a novel fluorescence probe with a high biological
compatibility, strong photobleaching resistance, and efficient
light emission is highly desirable for non-invasive imaging
[23]. Graphene oxide (GO) and gold nanoparticles (AuNPs)
have recently emerged as the autofluorescence materials for
non-invasive bio-imaging and targeted therapy [24] due to
their unique advantages such as synthetic versatility, low cy-
totoxicity, high photostability, tunable optical properties,
brightly emissive for high-contrast imaging, and facile surface
functionalization for specific targeting [25]. GO, a two-
dimensional sp2-hybridized carbon sheet with exceptional
electrical, mechanical, thermal, and chemical properties have
widely been attracted for biomedical applications, including

drug/gene delivery carriers [26–28], biosensors [29, 30], and
bio-imaging probes [31, 32]. The quenching of GO fluores-
cence by fluorophores, such as QD and AuNPs [33, 34], and
the quenching effect of GO on some fluorescence molecules
have both been reported [35–37]. In fact, the dual roles of GO
as a fluorophore and a quencher at the same time make it
attractive and highly promising for biosensor design. GOwith
the typical C/O ratio (2:4) tolerates the widespread fluores-
cence from visible to near infrared (NIR) range, with the max-
imum intensity located in the 500–800 nm range [38, 39].
Bidram et al. in 2016 showed the ability of GO derivatives
to emit in three fluorescence regions (blue, green, and red) for
the first time [40]. To increase the time circulation of GO in
the biological environment, low molecular weight polyethyl-
ene glycol (PEG) has been attached to the GO, reducing the
steric hindrance between the targeting ligand and biomarker,
and increasing the hydrophilicity of the modified polymeric
networks [41]. PEG has the ability to hide the conjugation
from reticulo-endothelial system (RES) evading their uptake
by macrophages and reducing the overall systemic toxicity
[42].

AuNPs are very attractive due to their ultrafine size, large
Stokes shift, good biocompatibility, their capacity for binding
to biomolecules through Au–sulfur bonds, and light-scattering
properties [43]. The localized surface plasmon resonance
(LSPR) of AuNPs enables their development as a promising
bio-imaging probe in biomedical applications [44]. The
plasmonic properties of AuNPs provide us with the
opportunity to record high-resolution imaging, overcoming
the diffraction limit [45, 46]. Furthermore, they increase the
excitation of fluorescence probes, enabling deep tissue
imaging by enhancement of two/multi-photon absorption
[43].

In the present study, GO@PEG/Au platform was fabricat-
ed layer by layer, potentially applicable for non-invasive im-
aging based on autofluorescence. In order to target specific
tumor cells overexpressing MUC-1, a particular aptamer was
coupled to the gold nanoparticles and doxorubicin (DOX) as
the common anticancer agent was then loaded onto the obtain-
ed system. GO@PEG/Au/Apt (DOX) multifunctional cancer
nanotheranostics conjugate is introduced for a dual non-
invasive fluorescence imaging/targeted therapy.

Materials and methods

Materials

GO, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
and chloroauric acid (HAuCl4) were purchased from Sigma,
USA; polyethylene glycol (PEG6000) was purchased from
ROTH, Germany; and 4-dimethylaminopyridine (DMAP), di-
methyl sulfoxide (DMSO), sodium citrate, and DOX were
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purchased from Merck, Germany. 1,4-Dithiothreitol (DTT)
was purchased from Bio-Rad, Iran. Dulbecco’s modified
Eagle medium (DMEM), penicillin/streptomycin (pen/strep),
L-glutamine, non-essential amino acid (NEAA), and trypsin-
EDTA enzyme were purchased from Gibco, USA. 3-(4, 5-
Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) and fetal bovine serum (FBS) were purchased from
Sigma, USA. Aptamer (5′-GCCCGCCGTGGCTGGGTCTT
CCTTGGT CGGTCTACAAAAAAAAAA-SH-3′) was or-
dered from SBS Genetech Co. Ltd. MCF-7 (breast cancer cell
line), HT-29 (colon cancer cell line), and HepG-2 (liver cancer
cell line) were purchased from Pasteur Institute of Iran.

Characterization

The physico-chemical properties of the obtained nano-system
in each step were characterized using Fourier-transform infra-
red spectroscopy (FTIR; JACSO 6300, Japan), X-ray diffrac-
tion (XRD; Asenware AW-DX300, Germany), scanning elec-
tron microscopy (SEM; TESCAN MIR3, Czech Republic),
and fluorescence spectrometer (PerkinElmer, LS 55). In addi-
tion, zeta potential measurements were performed using a
Malvern Zeta instrument to investigate the charge surface of
nano-system. Inductively coupled plasma optical emission
spectrometry (ICP-OES; Varian-735-ES, Australia) was used
to determine the concentration of chemical elements, especial-
ly gold.

Methods

Synthesis of GO@PEG/Au/Apt platform

To prepare PEGylated graphene oxide, EDC and DMAPwere
used to covalently bond PEG onto the GO surface via ester
bond formation [47]. Afterwards, AuNPs were synthesized
separately using Turkevich method based on reduction of
the HAuCl4 by citrate in water [48]. Then, the synthesized
AuNPs were added to the GO@PEG solution under sonica-
tion. The synthesis of the final GO@PEG/Au/Apt conjugate
was performed according to our previous study [49], in which
the thiol (–SH) group at the end of aptamer was first activated
with DTT solution and then the activated aptamer was mixed
with GO@PEG/Au solution and linked to the AuNPs via co-
valent bond. The details of synthesis of each conjugate are
described in the electronic supplementary information (ESI).

Loading DOX into the GO@PEG/Au/Apt

DOX was dissolved in phosphate buffer (pH 7.4) and then
was mixed with GO@PEG/Au/Apt aqueous dispersion (with
the weight ratio of 1:1; nano-system—DOX)while vigorously
shaken for 24 h. To quantify free DOX, standard curve was
prepared by measuring the UV absorbance of a series of DOX

solutions at 488 nm with the known concentrations in phos-
phate buffer. The DOX loading capacity and the entrapment
efficiency were calculated based on the following Eqs. 1 and
2:

%Loading capacity LCð Þ

¼ Total DOX added wtð Þ−DOX unentrapped wtð Þ
Total nanocarrier wtð Þ

� 100 ð1Þ
%Entrapment efficiency EEð Þ

¼ Total DOX added wtð Þ−DOX unentrapped wtð Þ
Total DOX added wtð Þ

� 100 ð2Þ

Drug release investigation

To investigate the in vitro drug release, GO@PEG/Au/Apt
(DOX) solution (1 wt.%) was transferred to 2.0-mL vials
against phosphate buffer (pH 6.6, pH 7.4). At predefined in-
tervals, the buffer solution at the vials was collected for UV–
Vis analysis at 488 nm and replaced with fresh buffer solution.
The percentage of drug release was calculated using Eq. (3):

% Drug release ¼ Drug release concentration

Drug loading concentration
� 100 ð3Þ

Cell viability assay

Cell viability was measured by MTT assay. Briefly, MCF-7,
HT-29, and Hep-G2were cultured in DMEMmedia with 10%
(v/v) FBS, 1% pen/strep, 1% L-glutamine, and 1% NEAA.
The cells were incubated at 37 °C in a humidified incubator
containing 4% CO2 in 25 cm3 tissue culture-treated flasks.
MCF-7, HT-29, and Hep-G2 (104 cells/ well) were seeded in
96-well plates in full medium and were incubated overnight at
37 °C. Three cell lines were then treated with GO@PEG/Au/
Apt and GO@PEG/Au/Apt (DOX) at different concentrations
(5.0, 7.5, 10.0, 15.0, and 20.0 μg mL−1) for 48 h. Free DOX
(19.8 μg mL−1) and untreated cells were considered as posi-
tive and negative controls, respectively. After 48 h, the super-
natant was removed and cell pellet washed immediately with
PBS. Then, an aliquot of 90μLDMEM and 10μLMTT stock
solution were subsequently added to each well and incubated
for 4 h at 37 °C. MTT solution was then removed and 100 μL
of DMSO added to each well and incubated for 40 min at
37 °C. Finally, the absorbance was read at 490 nm with an
ELISA reader (Bio-Rad USA), and each experiment was per-
formed in triplicate.
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Hemolysis assay

Hemolysis assay was used to investigate the biocompati-
bility of the synthesized cancer nanotheranostics system.
Briefly, blood sample (1.0 mL) was centrifuged at
1500 rpm for 5 min and washed three times with PBS
separating the supernatant from pellets. Then 200 mL of
washed blood was completely mixed with 4.0 mL of PBS.
Diluted blood solutions (200 μL) were added to 800 μL of
different concentrations of the sample (GO@PEG/Au/Apt
(DOX)—5, 7.5, 10, 15, and 20 μg mL−1) and vortexed
slowly. Pure water and PBS were used as a positive and
negative control, respectively. The vials were kept at room
temperature for 2 h and then were centrifuged at 1600 rpm
for 5 min. The absorption of supernatant fluid was then
read at 541 nm by spectrophotometry (Jenway 7315, UK)
to determine the hemolysis. The percentage of hemolysis
was calculated using Eq. (4):

%Percent hemolysis

¼ Sample absorbance–Negative control absorbance

Positive control absorbance–Negative control absorbance

ð4Þ

Cell imaging

MCF-7, HT-29, and Hep-G2 cells were cultured in DMEM
media with 10% (v/v) FBS, 1% pen/strep, 1% L-glutamine,
and 1% NEAA and were allowed to adhere to the glass
cover slip in a 12-well plate for 24 h (105 cells/well). The
cells were then exposed to 5 μg mL−1 of GO@PEG/Au/
Apt (DOX) for 2 h at 37 °C. The culture medium was then
aspirated and cells were washed three times with PBS re-
moving the excess nanosystem. The obtained samples were
finally fixed with 4 wt.% paraformaldehyde in PBS for
15 min. The experiment was performed in triplicate for
statistical analysis.

ICP-OES analysis

Intracellular uptake behavior of the targeted (GO@PEG/Au/
Apt) and non-targeted (GO@PEG/Au) nanosystem was in-
vestigated using an ICP-OES, in which the known number
of cells from each sample was analyzed regarding their gold
content. Three cell lines were cultured in 24-well plates at the
concentration of 5 × 104 cells/well for 24 h. Cells were then
exposed to 5 and 20 μg mL−1 of GO@PEG/Au and
GO@PEG/Au/Apt for 24 h. Then, cells were washed with
PBS and digested with Trypsin enzyme followed by centrifu-
gation at 1500 rpm for 5 min. After removing the supernatant,
cells were dispersed in PBS and the same concentrations
(75 × 103 cells) of each cell lines were mixed with 2 μL

hydrochloric acid (HCl). The samples were then incubated at
37 °C for 1 h and were stored at 24 °C for 24 h. Finally,
samples were analyzed with ICP-OES to quantify the gold
content (ppb). The experiments were performed in triplicate.

Flow cytometry analysis

In order to assess the internalization of DOX, flow cytom-
etry analysis was performed. MCF-7, HT-29, and HepG2
cells were cultured in 24-well plates for 24 h (5 × 104 cells/
well). The cells were then exposed to 5.0 μg mL−1 of DOX
(positive control), GO@PEG/Au/Apt (negative control),
and GO@PEG/Au/Apt (DOX) (containing 4.95 μg mL−1

of DOX) for 24 h at 37 °C. After that, cells were washed
with PBS and were digested with enzyme followed by
centrifugation at 1500 rpm for 5 min. After removing the
supernatant, the cells were dispersed in PBS. The fluores-
cence of DOX in the red region was used to detect the
localization of DOX in the cells. The experiment was per-
formed in triplicate.

Results and discussion

Scheme 1 demonstrates a schematic of overall procedures in
the synthesis of the presented cancer nanotheranostics system.
Accordingly, in the present study, the GO was used as a
nanocarrier and autofluorescence agent due to its high me-
chanical strength, photo-stability, easy surface modification,
and excitation-wavelength-dependent photoluminescence
(PL) with the widespread fluorescence from visible to NIR
range that make it appropriate for drug delivery and bio-
imaging purposes. The major concern limiting the use of
GO in biomedical applications is its unpredictable toxicity.
Nevertheless, certain modifications are essential to improve
the biocompatibility of GO inside the living organisms.
Herein, we modified GO with PEG to increase the hydro-
philicity of the GO, reducing the steric hindrance between
the targeting ligand and biomarker, and reducing the over-
all systemic toxicity. Since AuNPs are potentially applica-
ble as a direct fluorescence imaging system and had a large
absorption cross-section bond overlapping with GO spec-
trum, where the emission peaks shifted from UV to NIR
region, it can improve the detected GO fluorescence be-
havior [50, 51]. Therefore, using AuNPs in this system
can assist the high-sensitivity recognition of biomarkers.
Besides, the presence of targeted aptamer (MUC-1) in this
system allows ultra-sensitive detection of biomarkers and
increase therapeutic efficiency. Eventually, to achieve the
therapeutic target, DOX was loaded onto the final
nanosystem.
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Characterization

PEGylated graphene oxide (GO@PEG)

The chemical composition and interfacial interaction of the
GO@PEG nano-conjugate were investigated utilizing FTIR.
Figure 1a shows the FT-IR spectra of GO, PEG, and
GO@PEG. According to the FT-IR spectrum of GO, the broad
band at 3424 cm−1 is attributed to the stretching vibrations of
the O–H groups [52], while the peak at 1737 cm−1 corresponds
to the stretching vibrations of C=O of the carbonyl and carboxyl
groups [53]. The spectrum of pure PEG is characterized by the
stretching vibration of the C–H at 2847 cm−1, the C–O bending
vibration at 1104 cm−1, the deformation vibration of the C–H
bonds at 1468 and 1342 cm−1, the bending vibration of the O–H
at 1280 and 1242 cm−1, and the C–O stretching vibration at
1149 cm−1 [54]. Themain absorption peaks of PEG andGO are
preserved in GO@PEGwith a slight shift in peak positions and
changes relative in intensity. In addition, since there are C=O
and O–H groups in GO and PEG, respectively, FTIR shows the
ester bonding between carboxyl groups of GO and hydroxyl
group of PEG after GO surface acylation using EDC and
DMAP reducers.

The crystalline phase of GO, PEG, and GO@PEG were
investigated using an X-ray diffractometer and the obtained
results displayed in Fig. 1b. The XRD pattern of the pure GO
was recognized based on a sharp diffraction peak at 2θ =
10.4°, corresponding to the (001) crystalline plane diffraction

peak of GO [55]. The XRD diffraction pattern of PEG was
confirmed by the characteristic diffraction peaks at 19.2°,
23.3°, and 26.4° [54], whereas the XRD diffraction pattern
of GO@PEG was broad at 2θ = 15° and 29°, indicating that
the obtained nano-conjugate has become more amorphous
[55]. It is shown that the GO has a significant influence on
the arrangement of the PEG molecular chain in the polymer
crystal lattice, destroying its crystalline order and crystallinity
confirms an effective conjugation of PEG to GO nanosheets
through ester bonding.

To measure the thermal stabilities of pure GO and
GO@PEG, TGA was applied by heating the samples under a
nitrogen atmosphere to 800 °C. The TGA curve of GO shown
in Fig. 1c exhibited the first weight-loss stage below 100 °C due
to the removal of physically adsorbed water. The second stage
occurring around 180–220 °C attributed to pyrolysis of the
oxygen-containing groups on GO sheets [56], when overall
GO lost almost 40% of its total weight. In contrast, the TGA
curves of GO@PEG demonstrated the main weight loss around
a temperature range from 320 to 420 °C, attributed to the ther-
mal degradation of the PEG chains and pyrolysis of the carbon
skeleton in GO [56]. In addition, the weight loss around 180–
220 °C is associated with the degradation of more stable oxy-
gen functionalities in the GO [57]. Based on these results, the
content of grafted polymer was estimated about 55 wt.%, mak-
ing the nano-conjugate more water soluble, stable, and biocom-
patible, promoting the synthesized modified GO as a platform
for cancer simultaneous imaging and therapy.

2
GO Dilution

Graphene Oxide (GO)

PEG6000

EDC, DMAP

GO@PEG

Sodium citrate HAuC14

GO@PEG/AuGO@PEG/Au/AptGO@PEG/Au/Apt (DOX)

DOX MUC-1 Apt

Scheme 1 The schematic of nanosystem synthesis
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The morphology of the GO and GO@PEG was studied
using FE-SEM showing that the GO has a layered distribu-
tion, stacking together in a flocculent manner (Fig. 1d). The
surface is relatively flat and the edges are more obvious. As
the FE-SEM image of GO@PEG (Fig. 1e) shows, the edges
are curled into an irregular shape due to the intermolecular
ester bonding.

GO@PEG/Au

The crystallographic structure of the prepared GO@PEG/Au
was studied using XRD (Fig. 2a). The distinguished peaks at
38.2°, 44.59°, and 64.7° correspond to the (220), (200), and
(111) planes, respectively, confirming the formation of Au
nanoparticles (AuNPs) on the nano-conjugate [58].
Considerably, the connection between some AuNPs and GO
sheets or PEG chains results in the weak peaks of Au at the
obtained graphs.

Figure 2b shows the FE-SEM micrographs of GO@PEG/
Au. The selected area has indicated the uniform dispersion of
AuNPs at the entire surface of GO@PEGwith an average size
of ~ 15–20 nm. To characterize the chemical composition of
GO@PEG/Au, EDX analysis was utilized. A meaningful pic-
ture of element distribution on the surface verified the pres-
ence of carbon, oxygen, and gold elements throughout the
surface of GO@PEG/Au (Fig. 2c). EDX spectra represented

in Fig. 2d further showed the related peaks of carbon (C),
oxygen (O), and gold (Au) at the final conjugate.

GO@PEG/Au/Apt (DOX)

The designedMUC-1 aptamer (Apt) is composed of one (Apt-
L1) or three (Apt-L3) loop sequences with three important
parts that were described in our previous study [49]: (1) a thiol
linking the aptamers to the AuNPs by formation of thiol–Au
bonds; (2) molecular docking and the binding sites of the drug
interacting with Apt-L1 and Apt-L3, respectively; (3) an
aptamer loop segment to specifically bind target tumor cells.
The designed aptamer was conjugated to the surface of
GO@PEG/Au to selectively target the MUC-1 biomarker on
the particular tumor cells.

According to the FT-IR spectrum of GO@PEG/Au/Apt,
the broad band at 621 cm−1, attributed to the heterocyclic
groups of the aptamers, confirms the successful conjugation
of Apt to the surface of GO@PEG/Au (Fig. 3a). Moreover,
the decreased intensity of the CC–H band at 955 cm−1 indi-
cated the effective graft of Apt on the obtained nano-conjugate
[59, 60]. The appearance of GO@PEG/Au/Apt has been
changed compared with GO@PEG/Au, considering the FE-
SEM results (Fig. 3b). EDX analysis also provided a mean-
ingful picture of element distribution on the surface of nano-
conjugate, verifying the presence of sulfur element which
linked at the end of Apt (Fig. 3c). EDX spectra illustrated
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the related peaks of C, O, Au, and sulfur (S) on the conjugate
(Fig. 3d).

Loading DOX, an effective anticancer drug, into
nano-conjugate was done as the last step of the synthe-
sis. DOX either intercalates into the double-stranded re-
gions of the aptamers through non-covalent intercalation
or is adsorbed on the GO surface via π-π stacking and
hydrophobic interactions [61, 62]. The DOX-loading ca-
pacity and the entrapment efficiency were calculated
based on adsorption of free DOX after loading mea-
sured based on the standard curve of DOX/phosphate
buffer (Fig. S1), in which the amount of entrapped
and loaded DOX was about 99.96%.

Besides, the zeta-potential analysis was utilized as the
last characterization analysis to assay the nano-conjugate
surface charge in each synthesis step (Fig. S2). The zeta
potential of GO@PEG at − 12.3 mV indicates the negative
charge of the conjugate. The obtained GO@PEG/Au after
modification with Au NPs makes zeta potential more neg-
ative to − 13.2 mV due to the presence of sodium citrate
carboxyl groups. The connection between aptamers and Au
NPs increased zeta potential negatively to −20.9 mV due to
the negative charge of DNA. The conjugate of DOX al-
tered the zeta potential to − 4.49 mV, simply due to its
positive charge. These results confirmed the effective load-
ing of DOX onto the GO@PEG/Au/Apt nano-conjugate.

In vitro bioactivity study

DOX release

The pH-responsive release of DOX was studied at two
different pH (7.4 and 6.6), considering the normal and
tumor physiological conditions (Fig. 4a). The release pat-
tern is separated into three parts: (1) burst release of DOX
at first 3 h, the physically associated DOX at the nano-
conjugate surface; (2) first sustained release, attributed to
the drugs presented on the GO surface and PEG chains;
(3) second sustained release, related to the drug molecules
located between the two strands of aptamer. The total
drug release of 47 and 62% at pH values of 7.4 and 6.6
were measured during 10 days, respectively. The acceler-
ated release at acidic conditions might be attributed to the
protonation of the existed –NH2 groups on DOX mole-
cule. Therefore, the hydrophobicity and solubility of DOX
increase as well as reducing the hydrophobic interaction
between DOX and nano-conjugate. In addition, compar-
ing the mean percentage release in the above three stages
confirmed that more than 50% of release occurred specif-
ically in the last stage. To reduce the nonspecific release
of nano-conjugates, it was used after washing three times
with PBS.

Sensitivity and selectivity study

MTT analysis was performed to evaluate the specific cell tox-
icity and targeted therapy of the cancer nano-theranostic sys-
tem. For this purpose, GO@PEG/Au/Apt, GO@PEG/Au/Apt
(DOX), and free DOX were used to treat the three different
cell lines. Considering Fig. 4b, all the treated cell lines show
no appreciable viability loss after treatment with a variety of
GO@PEG/Au/Apt concentrations. These results demonstrate
the excellent biocompatibility of the synthesized nano-conju-
gate. The cytotoxicity of the parent DOX and GO@PEG/Au/
Apt (DOX) was then investigated. According to the MTT
results shown in Fig. 4c, non-selective cytotoxicity of parent
DOX (20 μg mL−1) on the three cell lines indicates its adverse
side effects on normal tissues. While the toxicity of the
GO@PEG/Au/Apt (DOX) at all concentrations in MCF-7
and HT-29 cells (as overexpression MUC-1 receptor cell line)
are significantly higher than Hep-G2 (as negative control cell
line). These results show the efficiency of the proposed system
for transporting the chemotherapeutic drugs into the desired
tumor cells as a cancer nanotheranostic carrier. Besides, based
on results, 5.0 μg mL−1 concentration of the nano-conjugate
showed a significant difference in toxicity in both positive and
negative tumor cells. Therefore, this concentration of nano-
conjugate (5.0 μg mL−1) was introduced as an optimum con-
centration to be used for further studies.

Furthermore, the effect of MUC-1 aptamer on the cellular
uptake of nano-system was investigated based on Au element
uptake in the MUC-1-positive cells (MCF-7 and HT-29) and
MUC-1-negative cells (Hep-G2), using ICP-OES analysis. To
this end, the uptake efficiency of GO@PEG/Au and
GO@PEG/Au/Apt (wi th two concent ra t ions—5,
20 μg mL−1) were evaluated. Considering Fig. 4d, the uptake
of the GO@PEG/Au/Apt conjugate by MCF-7 and HT-29
cells is significantly higher than Hep-G2. Likewise, the uptake
of the GO@PEG/Au/Apt conjugate by positive cells has sig-
nificantly increased compared with GO@PEG/Au conjugate.
These results confirm that this nano-conjugate can be selec-
tively taken up by the MUC-1 biomarker with high affinity
and ensure of its selectivity for delivery of toxic cargo such as
DOX.

Hemolysis assay

As an intravenous injectable drug carrier, the effect of
GO@PEG/Au/Apt (DOX) on RBC was further evaluated,
using hemolytic assay. The results represented in Fig. 4e
showed only less than 1% hemolysis of RBCwhen introduced
to the various concentrations of GO@PEG/Au/Apt (DOX).
So, according to the American Society for Testing and
Materials (ASTM F 756-00, 2000), GO@PEG/Au/Apt
(DOX) is considered as a hemo-compatible conjugate, even
in the presence of drug molecules.
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Fluorescence study

The fluorescence behavior of each component present in the
synthesized nano-conjugate was evaluated through the fluores-
cence spectroscopy, and the details are explained in the supple-
mentary information. Briefly, the results indicated that GO has
the broad emission spectrum from 200 to 800 nm, in which the
maximum intensity of the emitted fluorescence detected at

excitation wavelength of λex: 300 nm, with emissions peaked
at λem: 595 nm (Fig. S3A). On the other hand, we demonstrat-
ed a continuous emission spectrum of PEG6000 with good
intensity at the range of 200–500 nm for the first time (Fig.
S3B). Likewise, the maximum intensity of the emitted fluores-
cence occurs at the excitation wavelength of λex: 300 nm, with
emissions peaked at λem: 582, 590, and 605 nm. The synthe-
sized AuNPs with the sizes ranges from 10 to 15 nm have a
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high fluorescence intensity with sharp emission peak, which
makes them proper as the sensing signal (fluorescent biosen-
sors). Besides, AuNPs exhibited an emission spectrum in the
range of 200–600 nm, in which the maximum intensity detect-
ed at excitation wavelength was 300 nm (λex = 300 nm, λem =
585 nm), as shown in Fig. S3C. Fluorescence property of the
modified GO with PEG molecule (GO@PEG) and AuNPs
(GO@PEG/Au) were further investigated. Considering Fig.
S3D and E, both conjugates show high fluorescence intensity,
in which the maximum intensity occurs at an excitation wave-
length of 300 nm, with emission peaks at λem: 370, 597 nm.

Furthermore, the fluorescence intensity investigations
of nano-conjugate by fluorescence microscopy shown in
Fig. 5a confirmed the obtained results from the fluores-
cence spectroscopy; the fluorescence of GO was decreased
in GO-PEG, while the AuNPs conjugation increased the
GO fluorescence. Several studies have shown that GO or
AuNP can quench the emitted fluorescence. As an energy
donor in FRET, GO is quenched by AuNPs. It requires the
donor’s emission energy overlap the acceptor’s absorption
spectrum. For this purpose, the donor and the acceptor
need to be so closed to each other (Förster radius =
6 nm). On the other hand, if GO acts as an energy acceptor,
it quenches the fluorescence of AuNPs, while the effective
quenching distance (Förster radius) extends to around
30 nm. In the present study, the fluorescence properties
of both components (GO and AuNPs) in the final conju-
gate have been preserved with good intensity. This could
be due to the presence of PEG chains, which extends the
distance between the two fluorophores.

Moreover, the present study represented the capability
of GO, GO@PEG, and GO@PEG/Au to emit in three

fluorescence regions (blue, green, and red). Since all
structural components of this conjugate are highly fluo-
rescing at excitation wavelength of 300 nm (Fig. 5b),
the fluorescence behavior of nano-conjugate at the same
wavelength was further evaluated.

From Fig. 6a, GO acts as an energy acceptor in GO@PEG,
quenching the fluorescence of PEG as an energy donor at
λem: 588 and 605 nm emission wavelengths. On the other
hand, the fluorescence of GO was also quenched at the range
of λem: 450–550 nm and λem: 650–750 nm as GO acts as a
charge donor. Based on these results, GO can act as an energy
acceptor and charge donor simultaneously. In other words,
this shows the potential of GO not only as a fluorophore but
also as a quencher at the same system. This provides new
opportunities for the development of innovative fluorescence
biosensors and bio-imaging systems detecting multiple bio-
markers on a single biosensor. On the other hand, conjugation
of AuNPs to GO@PEG is represented in Fig. 6b, increasing
the fluorescence intensity as well as emerging two new emis-
sion peaks at 390 (blueshift) and 742 nm (redshift). Since the
performance of detecting imaging signals is limited by the
broad fluorescence of GO, the narrow fluorescence of
GO@PEG/Au in three fluorescence regions (blue, green,
and red) makes this system ideal for bio-imaging applications.
In fact, AuNPs cause plasmon-enhanced fluorescence once
conjugated to a fluorophore within an optimal separation dis-
tance (5 nm). Due to the charge transfer from nano-conjugate
to Apt, a two-stranded aptamer quenches the GO@PEG/Au
fluorescence, creating an “on/off” fluorescence biosensor
(Fig. 6c). In other words, the energy transfer occurred between
the base pairs in the hairpin of dsDNA aptamer and GO results
in a lower fluorescence intensity. The specific binding of
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aptamer to the MUC-1 receptor leads to the separation of the
two strands, recovering the fluorescence signal to produce an
“On” state. Therefore, the synthesized GO@PEG/Au could be
applicable for fluorescence imaging study and plays a key role
in targeted delivery and definite therapy.

The interaction of DOX with different concentrations of
nano-conjugate (1–8μgmL−1) was alsomonitored using fluo-
rescence spectroscopy with excitation wavelength of 488 nm.
The results in Fig. 6d revealed that the emission of DOX is
gradually quenched by increasing the concentration of
GO@PEG/Au/Apt, representing Apt as a quencher.

Targeted imaging study

The ability of the GO@PEG/Au/Apt(DOX) nano-conjugate
as the labeling agent was evaluated using fluorescent micros-
copy utilizing the inherent fluorescence properties of the
GO@PEG/Au. It is assumed when the aptamer specifically
binds to the MUC-1 receptor, the double strands of aptamer
separates resulting in drug release and reversing the fluores-
cence properties of the GO@PEG/Au. From the fluorescent
images of the tumor cells (Fig. 7a), the fluorescence intensity
of the nano-conjugate in the desired cells (MCF-7 and HT-29)
is significantly higher than the control cells (Hep-G2). In ad-
dition, it is evident that the nano-conjugate shows fluores-
cence emission in three regions (blue, green, and red) in
in vitro conditions. Based on these results, the synthesized
GO@PEG/Au/Apt (DOX) exhibits cell specificity which se-
lectively taken up by the MUC-1-positive cells.

Targeted drug delivery study

To determine the targeting properties of GO@PEG/Au/Apt
(DOX) and drug delivery efficiency, the three cell lines have
been treated with both free DOX and drug-loaded carrier
(GO@PEG/Au/Apt (DOX)). Flow cytometry analysis was
applied to evaluate the nano-conjugate uptake by the MUC-
1-positive and MUC-1-negative cells. As shown in Fig. 7b,
98% of free drug was uptaken by all three cell lines (MCF-7,
HT-29, Hep-G2) based on the fluorescent signals generated
by free DOX, whereas the drug uptake of GO@PEG/Au/Apt
(DOX) for MUC-1-positive HT-29 and MCF-7 cells is about
68.24 and 54.10%, respectively. For MUC-1-negative HepG2
cells, however, the fluorescent signal generated byGO@PEG/
Au/Apt (DOX) is remarkably lower to about 11%. Thus, these
results confirm that GO@PEG/Au/Apt (DOX) is selectively
taken up by the MUC-1-positive tumor cells, and the interca-
lation of DOX within the MUC-1 aptamer does not affect its
binding properties. Likewise, the comparison between free
DOX and GO@PEG/Au/Apt (DOX) uptake demonstrated
the targeted and controlled drug delivery.

Considering all the obtained results, GO@PEG/Au/Apt
(DOX) deserves to be introduced as a cancer nanotheranostics
system for simultaneous non-invasive fluorescence imaging
and targeted therapy. We have also compared our platform
in the present study with recent best studies in this field and
evaluated the advantages and disadvantages of our nano-sys-
tem. The results are described in Table 1.

With reference to the aforementionedmerits demonstrated in
Table 1, our nanotheranostic platform has some advantages that
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make it noticeable, including (1) simultaneous presence of three
fluorophore components (GO, PEG, and AuNPs), which pre-
serve their fluorescence property with high intensity in the final
detectable system (GO@PEG/Au), creating a switchable “on/
off” biosensor; (2) non-invasive and low-cost detection tech-
nique with good efficiency in comparison with other optical
detection; (3) the tunable fluorescence of the GO@PEG/Au
conjugate between ultraviolet, visible, and NIR with a robust
intensity, making it applicable in in vivo biomedical studies;
and (4) the drug loading and release behavior of our platform
compared with other similar studies showingmuch higher load-
ing efficiency and better performance in response to the acidic
environment of tumor tissue, which could be attributed to the
three loading sites in the nanosystem.

It is noteworthy that our proposed nano-theranostic platform
may also show some drawbacks. Two major limitations are as
follows: (1) Due to the multi-layer structure of the nanosystem,
the drug releasing in long term may be limited. (2) Due to the
short lifespan of aptamer in the environment, the stability and
maintenance of the nanosystem for long time is difficult.

Conclusions

In summary, we developed a cancer nanotheranostic system
GO@PEG/Au/Apt (DOX) that could selectively attach to the
MUC1-positive breast and colon tumor cells in order to trace,
image, and target the chemotherapy agents to the desired sites.

Blue region Green region Red region OverlayBright field
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(1)

(2)

(3) (1)
(2)

(3) (1)

(2)
(3)

HT-29 MCF-7 Hep-G2

Fig. 7 a Bright-field, fluorescent (blue, green, and red regions), and
overlay microscopic images of HT-29, MCF-7, and Hep-G2 after
incubation with GO@PEG/Au/Apt (DOX). b Flow cytometry

histograms of the three mentioned cell lines after incubation with
20 μg mL−1 of free DOX and 5 μg mL−1 GO@PEG/Au/Apt (DOX)
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Interestingly, when the MUC-1 target on the specific cells
(MCF-7 and HT-29) is introduced, due to the stronger binding
affinity of the aptamer to its target, the aptamer prefers to form
an aptamer–target complex rather than the dsDNA. Hence, the
two strands of aptamer are separated, and slight fluorescence
is obtained after the introduction of GO@PEG/Au due to the
weak affinity of the generated mononucleotides to GO.
Therefore, by monitoring the change of fluorescence signal,
the target could be detected. The results of in vitro imaging
study indicated a good fluorescence intensity of the platform
in three fluorescence regions (blue, green, and red), introduc-
ing that as an “on/off” biosensor. Besides the biocompatibility
of the GO@PEG/Au/Apt as a nanocarrier, the GO@PEG/Au/
Apt (DOX) represented more cytotoxicity toward the targeted
tumor cells in comparison with the non-targeted cells. The
proposed platform is therefore applicable as a therapeutic
agent reducing the dosage of drug, preventing drug resistance
of tumor cells.

Considering the absorbance of GO and AuNPs at near-
infrared region, further investigation is required to study the
great potential of this platform in hyperthermia of the targeted
tumor cells. Besides, due to the application of AuNPs in var-
ious imaging techniques (photoacoustic, CT, SERS), this plat-
form is ideal for multimodal imaging, in which fluorescence
imaging combines with other imaging modalities, such as CT.
This strategy would be assessed in future work, as a powerful
tool to improve the sensitivity and accuracy, which are critical
in improved cancer diagnosis and treatment. Moreover, based
on the type of aptamer and chemotherapeutic agent, this nano-

theranostic platform has the potential to be used for the detec-
tion and treatment of various tumors. Overall, it is suggested
that GO@PEG/Au/Apt (DOX) may have great latent poten-
tials in biomedical applications achieving the precision med-
icine goals.
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