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The application of gold nanorods (AuNRs) and graphene oxide (GO) has been widely studied due to their unique
properties. Although each material has its own challenges, their combination produces an exceptional material for

many applications such as sensor, therapeutics, and many others

gold nanorods graphene oxide photothermal sensors Theranostic

| 1. Introduction

AuNRs are described as particles with an aspect ratio between 2 and 25. AUNRs are single-crystalline, which orient
in either the {100} or {111} or {110} directions, as shown in transmission electron microscopy images! [14]. AuNRs
produce the longitudinal surface plasmon resonance (LSPR) and transverse surface plasmon resonance (TSPR) in
the absorption spectroscopyliZI8l. TSPR occurs due to the oscillation of free surface electrons along the width of
the rod, which is usually observed in the visible region around Aabs = 510-530 nm. TSPR show a little dependence
on the aspect ratio of AUNRs. On the contrary, LSPR occurs due to oscillation along the length of the rod and is
observed in the near-infrared (NIR) region. LSPR strongly depends on the AR. The higher the aspect ratio, the
longer the absorption wavelength. AUNRs are also highly sensitive to local environmental changes, making them
excellent materials for many applications?!. Biomedical applications of AuNRs focus mainly on their potential to
deliver/control release drugs and their therapeutic action against cancer, bacteria, and virusesI8l, |n addition,
AuNRs have also been used in other fields such as optical power limiters, solar cells, light-emitting diodes,
stress/strain sensors, and catalysislZ& Graphene oxide (GO) is a single atomic layer thick two-dimensional
material, which is a derivative of graphene with various oxygen-containing functionalities such as epoxides,
hydroxyl groups, and carboxyl groups®. Unlike hydrophobic graphene, GO is hydrophilic due to the oxygen
functionalities and hence, it is soluble in waterll¥. GO has a honeycomb carbon structure with many defects
localized inside as well as over the surface planes and edges induced by oxidation:ll. The structural properties of
GO make it an ideal material of choice in the field of biomedicine, especially theranostic, due to its solubility in
aqueous mediums, better colloidal stability, cost-effectiveness, scalability, and large surface area (=2630 m2/g) and
thermal property mostly in the reduced forml23l14] GO has an exceptional capability to immobilize a huge
quantity of substances, including metals, drugs, biomolecules, and fluorescent probes and cells2®. Moreover, it
has been reported to have intrinsic and NIR absorbance properties, which make it useful as a photothermal agent
for cancer treatment2IL314I16] The combination of GO and AuNRs (GO-AuNRs) advances the applications of this

composite material in theranosticlLJ18][191[201[21][22][23[24] ' higcarrierl8li24] imaging[222326]i27] gnd also sensors/2E]

(29)(30181[32](33] The properties and application of GO—AuNRs composites are discussed below.
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| 2. Biocompatibility

The biocompatibility of all nanomaterials is very essential, especially if the materials are to be used for biological
application. Numerous studies on nanomaterials’ cytotoxicity have shown that the size, surface charge, and
capping agents are mostly responsible for the toxicity found in nanomaterialsiB4IB3EB6I37  AUNRs are mostly
synthesized with CTAB as a surfactant, which causes the toxicity of the materiall28], |n contrast, GO has been
shown to be biocompatible, and the combination of AuNRs and GO has been shown to produce a more
biocompatible composite compared to unmodified AuNRs. In a recent development, Qiu et al.[23 evaluated the
cytotoxicity of GO@AUNRSs against adenocarcinomic human alveolar basal epithelial cells (A549 cells) (Figure 1a).
They observed that GO@AuUNRs were more biocompatible even at 200 uM than bare AuNRs(22l. In another study,
gold nanorod-decorated (AUNRs—PEG-GO) nanocomposites were reported to be biocompatible when their
cytotoxicity was evaluated against epidermoid carcinoma cells (A431 cells). Cellular internalization from dark-field
microscopy, confocal Raman microscopy, and transmission electron microscopy (TEM) confirmed that AUNRs—
PEG-GO did not affect concentrations up to 1 ppm (Figure 1b—c)7.

(b)

Figure 1. (a) Cell viabilities of AuNRs and GO@AUNRs against A549 cells. Reproduced from2, with permission
from Dove Medical Press, 2017. (b,c) High-magnification transmission electron microscopy image of internalization
of AUNRs—PEG-GO composite in a cells. Adapted from[Z, with permission from Wiley, 2013.

Lim et al.ll8 reported the synthesis of plasmonic gold nanoshells (AuNSs) and AuNRs coated with rGO and
evaluated their cytotoxicity against human umbilical vein endothelial cells (HUVECs). HUVECs exposed to GO-
coated particles for 24 h at an optical density of 1.0 had no significant cytotoxicity28l. Another study by Sun et al.
28] reported the cell viability of the human pancreatic adenocarcinoma cell line (SW1990 cancer cells) against GO—
PSS—AuNRs (Figure 2a). Different concentrations of GO—PSS—AuUNRs nanohybrids (0-200 pg/mL) exposed to the
cells for 24 h were measured by a Cell Counting Kit-8 (CCK-8) assay, and all concentration tested showed no
significant toxicity, even at high concentration (200 pg/mL). The in vivo long-term toxicity assessment of the GO—
AuNRs after a month of exposure did not show obvious inflammation, cell necrosis, or apoptosis to normal organs
(Figure 2b)[28],
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Figure 2. (a) Cytotoxicity of GO—PSS—AuUNRs solutions with various Au concentrations against SW1990 cancer
cells. (b) Histological images of the heart, liver, spleen, lung, and kidney of the mice, obtained one month after
intravenous injection with phosphate buffer solution (PBS, 100 pL) and GO-AuNRs (0.026 M, 100 uL). Adapted

from[28, with permission from Springer Nature, 2016.

| 3. Photothermal Properties

The photothermal properties of AUNRs and GO have been researched widely as individual entities and both AUNRs
and GO have shown remarkable in vitro and in vivo photothermal efficiencyL7[18122]1231[26][39][40][41][42] = However,
GO needs to be reduced to have these properties, because GO has a highly oxidized structure with a disrupted 1
conjugation, which lowers its conductivity8[2ll The photothermal property of AuNRs is due to its surface
plasmonic resonance, and as mentioned earlier, AuNRs have two types of surface plasmonic resonance peaks43
(44][45][46][47][48] Numerous studies have shown that AUNRs can generate much heat when exposed to a specific
laser with a wavelength corresponding to its LSPRX3I4950 The combination of AuUNRs and GO for effective
photothermal properties has been studiedZI18I[191[20][22][23]241[27][42] ' Dembereldor et al.l? investigated the

photothermal effect of the AUNRs—PEG—GO nanocomposites against A431 cells. The AUNRs—PEG-GO was found

to produce heat when exposed to a laser with a 60 W/cm? for 5 min. This nanocomposite was able to significantly
destroy the cells by =40% when irradiated with light.2Z. Lim and co-workers 19 reported a comparative study of
AuNRs and gold nanoshells (AuNSs) coated with rGO. rGO-AuNRs showed outstanding photothermal property
compared to the uncoated AuNRs, AuNSs, and rGO—-AuUNSsid. Sun et al.l28! reported that the GO-PSS—AuNRs
displayed an outstanding photothermal effect in vitro (Figure 3a). The temperature of the GO-PSS—-AuUNRs
nanohybrids increased from 25 to 49.9 °C at a concentration of 50 yg/mL after irradiation with an 808-nm laser (0.4
W/cm?) for 6 min (Figure 3b). In addition, GO—PSS—AuNRs exhibited good optical and morphological stability and
photothermal properties, even after six cycles of laser irradiation28l. Khan et al. 18 prepared GO@AuUNRs by
functionalizing natural polymer gum arabic to reduce GO, which was further conjugated to AuNRs to increase its
photothermal profiling. An infrared camera was able to detect up to 59.3 °C heat produced by GO-AuNRs (Figure
3c)i28l. In another development, Turcheniuk et al.[23! investigated the potential of PEG-functionalized rGO-PEG
enrobed AuNRs conjugated to Tat protein for the photothermal destruction of human glioblastoma astrocytoma
(UB7MGQG) cells in mice. The Tat protein was used to make the composite target selective. In vivo studies showed

that the composite was able to suppress U87MG tumor growth in micel23,
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Figure 3. (a) Phototoxicity assay of SW1990 cells in the presence of different amounts of GO-PSS—AuNRs with or
without laser irradiation (808 nm) for 10 min. (b) Photothermal profiling of on and off cycle of GO—-AuNRs (50
pg/mL) for 4000 s. Adapted from28, with permission from Springer Nature, 2016. (¢) IR image of GO-AuNRs

irradiated with laser. Adapted from28 with permission from Elsevier, 2017.

| 4. Applications
4.1. Biomedical Application: Theranostic Agent

The combination of therapy and diagnosis that is also known as theranostic is becoming one of the most
interesting studies in cancer research[®l due to its great potential in personalized cancer medicine. The theranostic
agent must have a characteristic such as the ability to diagnose a disease, its status, and its response to a specific
treatment while at the same time perform treatment®2. The coating of AuNRs with GO has produced a material
that is biocompatible and useful in biomedical application. However, studies of GO-coated AUNRs as a theranostic
agent are still rare in cancer therapy. The most common studies of GO-AuNRs are based on conjugation with a
cancer drug. Song et al.22 fabricated an rGO-AuNRs vesicle (Ve) with remarkably amplified photoacoustic (PA)
performance and photothermal effects when loaded with doxorubicin (DOX). Both the cavity of the vesicle and the
large surface area of the encapsulated rGO can be used for loading DOX, making it an excellent drug carrier. The
combination of chemo- and photothermal therapies revealed an effective inhibition of tumors. The in vivo studies of
rGO-AuNRsVe-DOX generated more heat even at low power density than bare rGO—AuNRsVe (Figure 4a). The
tumor-bearing mice were intravenously injected with PBS, DOX, and rGO-AuNRsVe-DOX and exposed to the 808
nm laser at different power densities (Figure 4b). The relative tumor volume was reduced when treated with rGO—
AuNRsVe-DOX irradiated at lower power density compared with bare rGO-AuNRsVe irradiated at higher power
density. The tumor tissue section under treatment with rGO—AuNRsVe-DOX irradiated with laser showed more
severe cancer necrosis and fewer cancer cells (Figure 4c). On the contrary, mice treated with PBS, laser

irradiation, or rtGO—AuNRsVe-DOX without laser irradiation did not exhibit any tumor necrosis(22],
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Figure 4. (a) Tumor region temperature changes of the mice treated with PBS, DOX, and rGO—AuNRsVe-DOX
irradiated with an 808 nm laser of different power densities for 5 min. (b) Relative tumor volume of the tumor-
bearing mice after intravenous injection of the samples and exposed to the 808 nm laser at different power
densities. Tumor volumes were normalized to their initial sizes. (¢) Images of H&E (hematoxylin and eosin)-stained
tumor sections harvested from the tumor-bearing mice treated with PBS and rGO-AuNRsVe-DOX with or without

laser irradiation. Adapted from[22 with permission from American Chemical Society, 2015. Ve: vesicle.

Khan et al.l28 also reported DOX conjugated to GO—AuNRs, however, with a little modification whereby GO was
first functionalized with GA before coating with AUNRs and conjugation with DOX. The drug release kinetics under
physiological conditions using standard statistical models demonstrated that at pH 5.8, 82% of DOX from GO-
AuNRs-DOX was released under laser irradiation (Figure 5a). GO—AuUNRs were shown to have low dark toxicity in
both Hela and A549 cells; however, when conjugated to DOX, a significant decrease in cell viability occurred, and
there was even more when the laser was applied (Figure 5b). The in vivo experiment results indicated that when
mice were treated by only DOX, it caused liver and kidney tissue damage (Figure 5c). In contrast to DOX, the GO—
AuNRs-DOX showed no damage to the organs. The tissue damage by DOX alone was believed to be due to the
high uptake of the drug; however, the biocompatibility of GA used on the complex and slow release of DOX was

reported to be the reason, while no organ was damaged, even after irradiation.[2&!,
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Figure 5. (a) Percentage of drug release with respect to time (1) without near-infrared (NIR) and (2) with NIR
irradiation. (b) 1Cgqg values on in vitro cell lines (1) without NIR irradiation and (2) with NIR irradiation. (c)
Histological images of a heart, kidney, and liver treated by DOX and f{GO-AuNR-DOX Adapted from28 [30], with

permission from Elsevier, 2017.

Xu et al.24] demonstrated that AUNRs encapsulated in GO decreased the toxicity of the surfactant-coated AuNRs
and offered high surface area for the conjugation of hyaluronic acid. The composite was used to load DOX, which
was demonstrated to be more effective than chemo- and photothermal therapy when used separately24. Zang et
al.[27 introduced mesoporous silica on an rGO-AuNRs composite (Au/SiO,/rGO) and also conjugated it to DOX.
Au/SiO,/rGO nanohybrids exhibited photothermal stability and good drug release.l2. Qi et al. recently reported the
immobilization of AUNRs onto the surface of GO-PEG via polydopamine (PDA) to fabricate AUNRS/GO@PDA
hybrid nanosheets. The AuNRs/GO@PDA hybrid nanosheets were photostable and biocompatible with a
photothermal conversion efficiency of 14.1%, which was higher than the bare AuNRs. In addition,
AuNRs/GO@PDA was an efficient drug carrier that possessed a loading ability for DOX of up to 86.16%[23. More

studies using GO-coated AuNRs still need to be conducted to advance its usefulness as a theranostic agent.

4.2. Sensors

The application of GO—AUNRs as an analytical sensor has gained more interest due to their unique properties of
both AuNRs and GO. The surface plasmon resonance (SPR) of AUNRs is one of the reasons why it has emerged
as an excellent tool for sensing applications4, while the GO with various oxygen functional groups can also act as
a molecular sensor®®. The integration of AuNRs-decorated GO have been shown to enhance the sensing
performance28](281291(32[33][57[58][59][60]  Both of these materials have been used for various applications from
biosensors to chemosensors, for the detection of DNA, pollutants, diseases, and drugs, to mention a few. Fu et al.
1] developed GO-AuUNRs for the detection of heparin by applying the color-quenching capacity of GO. Briefly,
AuNRs were self-assembled onto the surface of GO through electrostatic interaction (Figure 6a), which decreased
the LSPR as well as its appearance. The original color was restored by adding polycationic protamine due to its
strong interaction with GO and its strong affinity for heparin over GO. The sensor experiments were carried out in a
4- (2-Hydroxyethyl)-1-piperazineethanesulfonic acid buffer (pH 7.4, 10 mM) at room temperature. The result
showed a linear relationship to heparin concentration, ranging from 0.02 to 0.28 pg/mL (R = 0.9957) with a
detection limit of 5 ng/mL (Figure 6b). Figure 6¢c shows the photographic images of the corresponding colorimetric

responses with the increase of heparin concentration21,
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Figure 6. (a) Schematic of GO-AuNRs protamine mixed sensor for detecting heparin. (b) Absorption spectra of
GO-AuNRs protamine mixed solution with difference heparin concentrations. Inset: heparin detection calibration
curve (c) Photographic images of the corresponding colorimetric responses with the increase of heparin

concentration. Adapted from1, with permission from Elsevier, 2012.

In another development, Zhang and co-workers[®ll reported an SPR-based biosensor for the detection of
transferrin using GO decorated with AuNRs—antibody conjugates carried out in a reactor using phosphate buffer
solution (PBS) as the baseline solution. In this study, AUNRs were anchored on the surface of GO with the antibody
(rabbit anti-transferrin), which served as an enhancer for the detection of transferrin. The AUNRs—GO antibody
conjugate biosensor showed a detection response to transferrin in the concentration range of 0.0375-40 pg/mL[E2.
Deng et al.28 also reported the coating of a glassy carbon electrode (GCE) with AuNRs-decorated GO
nanosheets. The AuNRs facilitated the electrochemical reduction of GO. The electrochemically reduced graphene
oxide decorated with AUNRs demonstrated high accumulation efficiency and considerable surface enhancement
effects for the electro-oxidation of sunset yellow and tartrazine. The probe had a linear response to sunset yellow
and tartrazine in the concentration range of 0.01-3.0 uM and 0.03-6.0 M with detection limits of 2.4 and 8.6 nM,
respectively®8, Arvand and Gholizadeh28 investigated an AuNRs—-GO nanocomposite incorporated carbon
nanotube paste-modified glassy carbon electrode. The square wave voltammetry electrochemical method was
used for the determination of indomethacin in agueous media (PBS, pH 8.0). This probe demonstrated a high
effective surface area, more reactive sites, and excellent electrochemical catalytic activity toward the oxidation of
indomethacin with two linear calibration ranges of 0.2-0.9 and 2.5-91.5 pM and exhibited an excellent limit of
detection of 1.7 x 1072 pM. The sensor was further used to detect indomethacin in pharmaceutical samples (tablet
and capsules), human blood serum, and urine obtained from the patients who underwent treatment with
indomethacin. The accuracy of determination was not different from the labeled values on the pharmaceutical
samples by more than 2.56%. The recovery of indomethacin from the blood and urine was reported to be from
98.0% to 103.5%, respectively[28],

AuNRs-decorated GO sheets have also been used as a simple electrochemical sensor for sensitive and selective
DNA detection. Differential pulse voltammetry (DPV) was used to monitor the DNA hybridization occurrence with

methylene blue as an electrochemical indicator. The methylene blue peak currents were linear with the logarithm of
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the concentrations of complementary DNA from 1.0 x 1079 to 1.0 x 10714 M, and the detection limit of the probe
was measured to be 3.5 x 1071> M. Furthermore, this electrochemical sensor probe can distinguish complementary
DNA sequences in the presence of a large amount of single-base mismatched DNA (1000:1), indicating that the
biosensor has high selectivity32. Similarly, an electrochemical biosensor for the detection of specific-sequence
target DNA has been reported by Shi et al.f9. The biosensor was fabricated based on a “sandwich-type” detection
strategy, which involved a capture probe immobilized on the surface of the AuNRs-decorated rGO sheets, gold
nanoparticles as a reporter probe to flank the target DNA, and adriamycin. Adriamycin was used as an
electrochemical indicator because of its ability to electrostatically bond with anionic phosphate of DNA strands. The
peak currents of adriamycin in DPV were linear with the logarithm of target DNA concentration in the range of 1.0 x
10716 to0 1.0 x 107° M. The probe had a detection limit of 3.5 x 10717 M. This sandwich-type sensor exhibited good
selectivity, even for single-base mismatched target DNA detection. In another study by Azimzadeh et al.22, GCE
modified with a thiolated probe-functionalized AuNRs-decorated GO sheet was used to detect a different nucleic
acid (miRNA), using oracet blue as an indicator in a DPV. In addition, AUNRs—GO exhibited high specificity, with
the ability to differentiate between complementary target miRNA, single-, three-base mismatch, and non-
complementary miRNA. The GCE modified with thiolated-functionalized GO-AuNRs has an electrochemical signal
(peak current) linear relationship with the concentration of the target miRNA ranging from 2.0 fM to 8.0 pM and a
detection limit of 0.6 fM. All electrochemical sensing was carried out in a phosphate buffer solution (pH 7.0)2. Cao
et al.BY constructed GO-AuUNRs multi-labeled with glucose oxidase (GOD) and streptavidin (SA) to form a luminol-
based electrochemiluminescence (ECL) aptasensor for detecting prostate-specific antigen (PSA) (Figure 7a). To
achieve multiple signal amplification, GOD and SA-biotin—-DNA were deposited on GO-AuNRs to form a signal
probe. The addition of glucose produced H,O, due to the catalytic effect of GOD incorporated on the probe, while
the AuNRs reacted with the H,O, to produce reactive oxygen species in a luminol ECL reaction. The combination
of SA with biotin—-DNA was used to intensify the ECL signal intensity. The addition of PSA interfered with the
interaction between signal amplifiers and the electrode by attaching to PSA aptamers to block/cleave the signal
amplifiers, which caused the loss of the ECL signal, as shown in Figure 7b. This ECL biosensor had a linear range
of 0.5 pg/mL to 5.0 ng/mL with the detection limit of 0.17 pg/mL (S/N = 3). The ECL biosensor was further used to
detect PSA in human serum samples; the recoveries were between 81.4% and 116.0%, with a relative standard
deviation varying from 2.8% to 10.2%[39,
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Figure 7. (a) Schematic diagram of GO—AuNRs multi-labeled with glucose oxidase and streptavidin toward
luminol-based electrochemiluminescence (ECL) aptasensor for prostate-specific antigen detection. (b)
Electrochemiluminescence intensity changes with prostate-specific antigen (PSA) concentrations (ng/mL), insert:

The detection of prostate-specific antigen calibration curve. Adapted from2Y, with permission from Elsevier, 2018.

Another ECL aptasensor based on a dual-potential signal amplification strategy triggered by graphene/hemin/gold
nanorods/G-quadruplex—hemin (rGO-H-AuNRs—-G4H) composite was reported by Govindaraju et al.2. The rGO-
H-AuNRs—-G4H showed a good linear detection of thrombin ranging from 100 ng/mL to 0.5 pg/mL linearly, with a
detection limit of 4.2 fg/mLE3]. Jayabal et al. 3l reported reduced graphene oxide—AuNRs embedded in an amine-
functionalized silicate sol-gel matrix (rGO—Au—-TPDT NRs) composite for the electrochemical sensing of nitric
oxide (NO). The mechanism of this probe was based on the oxidation of NO by the synergistic catalytic effect of
the composite material. The amperometric current of this probe exhibited a linear relationship with the NO
concentration ranging from 10 to 140 nM. The probe had a detection limit of =6.5 nM. Nirala et al.2% proposed a
bioelectrode from partially reduced GO—AuUNRs reinforced with chitosan fabricated on Indium Tin Oxide (CH-
prGO—-AuUNRSs/ITO) for glucose detection. These CH—prGO—AuUNRSs/ITO bioelectrodes showed a high sensitivity of
current 3.2 pA/(mg/dL)/cm?. CH—-prGO-AuNRs exhibited a linear range of 25-200 mg/dL with a low detection limit
of 14.5 mg/dL. Furthermore, these CH-prGO-AuNRs/ITO-based electrodes demonstrated synergistically
enhanced sensing properties when compared to simple graphene oxide-based CH-GO/ITO electrode. Liu et al.[84
presented a different approach by applying the surface-enhanced Raman spectroscopy (SERS) method with GO—
AuNRs as a probe for the detection of hepatitis B surface antigen (HBsAg). This biosensor showed a SERS signal
that increased as the HBsAg concentration increased from 1 to 1000 pg/mL with a detection limit of 50 x 1073
pag/mL. They further used the sensor probe to detect hepatitis B in human blood samples from nine infected
patients, the detection relative standard deviation was less than +5%, and the recovery was 96-104%641. Ly et al.
(63 reported a different approach, where bovine serum albumin-coated silver indium sulfide quantum dots (BSA-
AIS) were used as photoelectrochemical (PEC) sensors fabricated with AuNRs and GO for the detection of
dopamine (DA). GO and AuNRs were used to enhance the catalytic and photoelectric properties of the sensors.
The BSA-AIS/AuNRs/GO-based PEC probe showed sensitivity in the linear range of 0.3—10 uM and detection limit
of 66.8nM. The same probe was shown to be selective for DA detection over the interfering substances of ascorbic

acid and uric acid(®2,

4.3. Other Applications

GO-AuNRs have also been applied in antibacterial, photoacoustic, and SERS biocimaging application. Turcheniuk
and co-workers developed non-antibiotic-based treatments against bacterial infections by Gram-negative
apathogenic. Their report illustrated that AuNRs coated with rGO-PEG (rGO-PEG—-AuNRSs) functionalized with
multimeric heptyl a-D-mannoside can selectively kill uropathogenic Escherichia coli UTI89 bacteria causing urinary
infection#2, In another work, Moon et al. reported the photoacoustic (PA) performance of rtGO—AuNRs. Simulation
results revealed that rGO—AuNRs can generate a higher magnitude of the enhanced electromagnetic field, which is
a promising deep-tissue imaging probe due to remarkably high PA amplitudes!29. Qiu et al. investigated GO-
AuNRs for ultrafast NIR SERS bioimaging. The GO-AuUNRs in vitro study indicated that it had a higher NIR SERS
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activity in comparison to traditional gold nanostructures. Hence, it can be a promising probe for NIR SERS-based
bioimaging applications22,

| 5. Conclusions, Remarks, and Future Prospects

In conclusion, the application of GO—AuNRs composites is growing continuously. The cytotoxicity of GO-AuNRs
were discussed, which revealed the biocompatibility of GO—AuNRs composite in both cell and animal studies. The
photothermal properties of GO—AuNRs from different reports showed that GO is not only making AuNRs
biocompatible but also increasing its photothermal properties. Furthermore, different applications of GO—AuUNRS in
photothermal therapy, theranostics, sensors, as an antibacterial agent, photoacoustic, and SERS bioimaging were
also discussed. Although AUNRs—GO composites have been useful for many applications, some issues such as
the weak interaction of AUNRs with GO, which leads to the aggregation and the non-uniform distribution of AUNRs
on the GO sheet, still need to be addressed. In addition, the biological application of GO—AuUNRs still needs further
investigation. The toxicity of this composite needs to be deeply understood by studying the mechanism of
interaction between the cell and the composite, as well as the cellular uptake. Furthermore, the biosensor of this

composite needs to be investigated more in real samples.
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