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Abstract

Nanoparticle-based nucleic acid conjugates (NP-NACSs) hold great promise for theragnostic
(diagnostic and therapeutic) applications. However, several limitations have hindered the
realization of their full potential in the clinical treatment of cancer and other diseases. In diagnosis,
NP-NACs, combined with conventional optical sensing systems, have been applied for cancer
detection /n vitro, but low signal-to-noise ratios limit their broad /in vivo applications. Meanwhile,
the efficiency of NP-NAC-mediated cancer therapies has been limited through the adaptation of
alternative pro-survival pathways in cancer cells. The recent emergence of personalized and
precision medicine has outlined the importance of both accurate diagnosis and efficient
therapeutics in a single platform. As such, we report the controlled assembly of hybrid graphene
oxide/gold nanoparticle-based cancer-specific NACs (Au@GO NP-NACs) for multimodal
imaging and combined therapeutics. Our developed Au@GO NP-NACs shows excellent surface-
enhanced Raman scattering (SERS)-mediated live-cell cancer detection and multimodal
synergistic cancer therapy through the use of photothermal, genetic, and chemotherapeutic
strategies. Synergistic and selective killing of cancer cells were then demonstrated by using /n
vitro microfluidic models and nine different cancer cell lines by further incorporating near-infrared
photothermal hyperthermia, a Topoisomerase Il anti-cancer drug, and cancer targeting peptides.
Moreover, with distinctive advantages of the Au@GO NP-NACs for cancer theragnostics, we
further demonstrated precision cancer treatment through the detection of cancer cells /n vivo using
SERS followed by efficient ablation of the tumor. Therefore, our Au@GO NP-NACs could pave a
new road for the advanced theragnostics of cancer as well as many other diseases.

Graphical Abtract

TABLE OF CONTENTS: The effective modulation of tumor microenvironment requires both
efficient delivery of anti-cancer therapeutics and robust detection modalities. By incorporating
SERS monitoring functions and photothermal-gene therapies, graphene/gold nanoparticle-based
nucleic acid conjugates (Au@GO-NAC) were developed by self-assembly, which suppressed
growth of 9 cancer cell lines /n vitro and efficiently ablated metastatic tumors /n vivo, thereby
supporting the excellent potential of Au@GO-NACs for next-generation cancer nanomedicine.
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INTRODUCTION:

Cancer is considered one of the most complex and aggressive diseases that is dynamically
controlled by the complexity of the tumor microenvironment (TME) as well as a multitude
of genetic/epigenetic alternations leading to abnormal cell behaviors.[X: 21 Conventional
cancer therapeutic approaches have shown limited success against various cancers due to the
heterogeneity of the TME and complex oncogenic signaling pathways in cancer.[!: 3]
Regarding the current challenges and opportunities in cancer research, nanotheragnostics
have been demonstrated as advanced approaches for early cancer diagnosis, accurate cancer
prognosis, and effective cancer treatment.[4: 5 6] Typically, these nanotheragnostic systems
are multifunctional nanosystems that can integrate cancer-specificity, imaging, and treatment
modalities into nanomaterials for effectively combined cancer therapeutics.[”] For example,
the recent development of nanomaterial-based nucleic acid conjugates (NACs) has
demonstrated excellent potential as an innovative theragnostic tool for advanced cancer
research.[8 9. 10] Gjven that the primary goal of personalized medicine is to target the
disease-related genetic information about patients, NACs have a clear advantage by having
the ability to sense endogenous biomarkers.[11: 12I However, remaining issues include
enzymatic degradation and inefficient cellular uptake of NAC therapeutics, which need to be
addressed before the full realization of NAC-based cancer therapeutics is achieved.[8: 13. 14]
The integration of NACs into multifunctional nanomaterials can overcome the above
hurdles.

Among various nanomaterials for constructing nanomaterial-NACs, carbon- (e.g., graphene
and carbon nanotube) and noble metal (e.g., gold)-based plasmonic nanomaterials have
shown promising results for cancer applications due to their unique physicochemical
properties at the nanoscale.[>-17] Graphene oxide (GO) and its derivatives, with amphiphilic
surfaces and high surface areas, have been proven as excellent multifunctional delivery
platforms for small molecule drugs and nucleic acids.[*2 18. 191 Moreover, efficient binding
of single-stranded oligonucleotides onto GO surfaces and their reversible detachment in the
presence of complementary DNA/mRNA have enabled selective and sensitive detection of
crucial oncogenes in live cancer cells.[% Meanwhile, plasmonic nanomaterials have been
widely utilized for constructing ultrasensitive biosensors as well as developing advanced
phototherapies, owing to their unique ability to amplify optical fields non-linearly through
localized surface plasmonic resonance (LSPR).[26: 201 Furthermore, some recent studies have
reported synergistic therapeutic results between the two (carbon-based and plasmonic)
groups of nanomaterials for a variety of biomedical applications.[10: 21. 221 We hypothesized
that the combination of unique biological properties from NACs with the excellent
physicochemical properties of hybrid graphene oxide (GO)/plasmonic gold (Au)
nanoparticles would enable scientists to develop advanced cancer-specific multimodal
imaging and combined therapeutics. This task necessitates the innovative design and
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synthesis of hybrid plasmonic-graphene nanomaterial-based NACs for /n vitroand in vivo
nanotheragnostic applications.

Herein, we describe a novel strategy for the design, synthesis, and application of
multifunctional hybrid graphene oxide/plasmonic gold-based nucleic acid conjugates
(Au@GO NP-NACSs) for the advancement of precision cancer medicine. Remarkably, we
demonstrate the controlled assembly of different graphene/gold hybrid nanostructures and
identified Au@GO NP as an ideal platform for constructing the theragnostic NACs. As a
proof-of-concept, we demonstrated its potential applications for overcoming critical hurdles
in precision cancer therapy, such as the identification of effective multimodal therapeutics,
site-specific drug/gene delivery, and non-invasive imaging [FIGURE 1a]. Our typical
Au@GO NP-NACs has i) a core-shell structure with high colloidal stability and efficient
cellular uptake; ii) excellent dark-field cell imaging (DFI) modality; iii) distinctive surface-
enhanced Raman spectroscopy (SERS) properties for probing oncogenes in a non-
destructive manner, and iv) a dual cancer therapeutic platform [photothermal (PT) and
chemotherapies] [FIGURE 1b]. Further, cancer imaging and detection are achieved by
conjugating Raman dye (Cy5)-labeled nucleic acid [e.g., AntiSense OligoNucleotide
(ASON)] that specifically targets oncogenes (BCL2) onto Au@GO NP via rt-mt stacking
(Au@GO NP-BCL2-NAC for short). While our system is highly modular and a variety of
different oncogenes can be targeted, we focused on BCL2 as a proof-of-concept, as the
upregulated pro-survival BCL2 gene has been identified as a cancer hallmark and proven to
be a suitable target for cancer diagnosis.

To construct the cancer nanotheragnostic platform based on Au@GO NP-NAC, we further
demonstrated the accurate detection of tumor markers followed by the effective suppression
of tumor growth, which could address the critical issue of tumor heterogeneity. Using
Au@GO NP-BCL2-NAC, we can successfully differentiate cancer cells from control cells
using SERS [FIGURE 1b]. More specifically, the delivery of an Au@GO NP-BCL2-NAC
conjugated with Cy5 Raman dye (Au@GO NP-Cy5-BCL2-NAC) into cancer cells resulted
in selective binding between ASON and the over-expressed BCL2 mRNAs, leading to the
disruption of -1t stacking via duplex formation and the subsequent release of Raman dye
(Cy5) molecules as indicated by the reduced SERS signal [FIGURE 1b]. Meanwhile, the
targeted oncogene (BCL2) expression was reduced simultaneously. By combining the
delivery of clinically approved anti-cancer drugs (e.g., doxorubicin), repression of the drug-
resistance gene (BCLZ2) expression through antisense ASON, and phototherapies in a single
platform, a near-complete removal of cancer cells was achieved in vitroand in vivo
[FIGURE 1c]. Moreover, a multi cancer cell line (9 different lines with distinctive cancer
origins) assay was performed to testify the general applications of our therapeutic platform.
Taken together, the successful development of our Au@GO NP-NACs platform could
significantly advance cancer theragnostics by providing distinctive cancer detection
modalities and effective combinatorial therapies.
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Design and synthesis of hybrid graphene oxide/gold nanoparticles (Au@GO NPs) for the
specific and efficient delivery of therapeutic modalities to cancer cells

Plasmonic metal-graphene hybrid nanomaterials have shown a wide spectrum of attractive
properties for cancer theragnostics, but colloidal instability or bulkiness limits some of them.
[23, 24] Also, the physical and biological properties of plasmonic metal-graphene hybrid
nanomaterials are highly sensitive to their hybrid structures, requiring a versatile method for
precisely controlling the assembly between metal nanoparticles and GO.[17] To this end, we
first established an electrostatic self-assembly method to create different plasmonic metal-
GO hybrid nanomaterials in a controllable manner, which include core-shell structured GO-
encapsulated gold nanoparticles (Au@GO NPs, experimental condition), reduced GO-
encapsulated gold nanoparticles (Au@rGO NPs), GO-encapsulated gold nanorods (Au@GO
NRs), as well as gold nanoparticle-decorated GO (Au NP-GO assembly) [FIGURE 2a-b,
S1-S2]. Specifically, the core-shell hybrid nanostructures were synthesized by the slow
addition of positively charged, diluted solution (<100 pug/mL) of gold nanoparticles (+33
mV, ~40 nm, for Au@GO NP and Au@rGO NP) or gold nanorods (+11 mV, 10 nm width
and 40 nm length, for Au@GO NR) into concentrated solutions (>3.0 mg/mL) negatively
charged GO (54 mV, 110 nm) with (for Au@rGO NP) or without (for Au@GO NP)
reduction by ascorbic acid [FIGURE 2a, S1-S2]. Meanwhile, the Au NP-GO assembly is
synthesized by simply reversing the order of reaction by adding diluted GO solution into a
concentrated solution of Au NPs [FIGURE 2a]. All these structures show excellent
enhancement effect on the electromagnetic field, according to our finite-difference time-
domain (FDTD) simulation, which is desired for our following applications in cancer
imaging and PT therapies [FIGURE 2a, S2]. However, although rGO, Au NR, and Au NP
assemblies have been reported to show stronger photothermal properties than GO and Au
NP alone, we found that the Au@rGO NPs and Au NP-GO assembly show poor colloidal
stability, likely due to their hydrophobic surfaces and bulkiness, respectively [FIGURE 2c,
S3]. Au@GO NRs showed improved colloidal stability, but they were slightly cytotoxic at
higher concentrations (100 ug/mL), which could originate from the
cetyltrimethylammonium bromide (CTAB) ligands based on previous literature [FIGURE
2d].[25] Considering that our following applications would require several steps of surface
modifications, and a mild photothermal effect is sufficient for our purpose of sensitizing
cancer cells, we focused on the Au@GO NPs that have excellent colloidal stability,

biocompatibility, as well as a proper size range for cellular uptake for the current study.
[17, 23]

Moreover, we hypothesized that our synthesized Au@GO NP could incorporate high-
contrast imaging of cancer cells with a robust plasmonic effect and achieve high cellular
uptake efficiency with a proper size and shape range for endocytosis [FIGURE 3a]. We
confirmed our hypothesis by first investigating the plasmonic effect using FDTD simulation,
which shows a clearly enhanced light field intensities in the proximity of Au NPs [FIGURE
3b]. The GO encapsulating the Au NP could readily absorb the enhanced light, which is
evidenced by the over 3-fold higher absorption at the NIR range of light in the UV-Vis
spectrum of Au@GO NP as compared to Au NP or GO alone [FIGURE 3c]. As a result, we
observed an exponentially increased D and G band peak intensities of GO in the Raman
spectra of Au@GO NP compared to GO alone, an effect known as surface-enhanced Raman
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scattering (SERS), which is desired for our SERS-based cancer biosensing and imaging
applications [FIGURE 3d].[1%] Additionally, a high contrast DFI imaging modality was also
enabled by the plasmonic core in the Au@GO NP [FIGURE 3e]. Although many
fluorescence-based cancer imaging methods have been widely applied for nanoparticle-
based drug delivery systems, graphene and GO can quench the fluorescence of conjugated
dyes via Forster Resonance Energy Transfer (FRET), leading to poor quality of fluorescence
imaging.[26. 271 In this regard, Au@GO NP could address this challenge as both DFI and
SERS signals are typically sharp and not affected by GO. Utilizing the DFI and SERS, we
successfully confirmed the high delivery efficiency of Au@GO NP into cancer cells that are
crucial for our therapeutic platform (DFI, FIGURE 3e). Specifically, cancer cells that uptake
Au@GO NPs show extremely high contrast and low noise levels, further supporting
Au@GO NP as an excellent reagent for non-invasive cancer imaging /n vitro, as DFI is
compatible with live cell detection. As a control, cells cultured with GO alone did not yield
any noticeable DFI signals, thereby supporting the LSPR origin of Au@GO NP-enhanced
DFI [FIGURE 3e]. Taken together, our Au@GO NPs exhibited excellent cellular uptake by
cancer cells, high biocompatibility with somatic cells, and have distinctive imaging
modalities, all of which are desired for cancer theragnostic applications.

Mild photothermal hyperthermia induced by Au@GO NPs for sensitizing cancer cells

Another critical criteria for constructing our cancer therapeutic platform is the capability of
Au@GO NP to enhance photothermal (PT) hyperthermia, which has been proven as a robust
strategy to improve the outcome of gene therapy and chemotherapy by activating the heat
shock protein (HSP) pathway and sensitizing cancer cells towards a pro-apoptotic status in a
spatiotemporally controlled manner.[28-30] Specifically, our cancer therapeutic approach is
based on the delivery of BCL2 antisense oligonucleotide (BCL2-ASON) and a
Topoisomerase Il anti-cancer drug (doxorubicin) to synergize with the activation of HSP by
mild hyperthermia for suppression of DNA repair mechanisms, as well as activating caspase
pathways [FIGURE 1c]. In this regard, we hypothesized that our core-shell Au@GO NP
with GO adjacent to plasmonic nanoparticles could be advantageous through amplifying the
local light field and enhancing photothermal effects, which has been supported by the FDTD
simulation as well as UV-Vis absorption spectrum experiment [FIGURE 3a—c].[22] To
directly validate our hypothesis on the enhanced PT hyperthermia from Au@GO NPs, we
then performed additional characterization on the NIR laser-induced temperature increase
from Au@GO NP compared to its two individual components (Au NP alone and GO alone)
[FIGURE 3f]. As shown in FIGURE 3f, at identical concentrations and low NIR laser
intensity (1.2 W/cm?), water alone resulted in a negligible temperature increase (AT<2 °C),
suggesting minimal non-specific heating from the laser. In contrast, the temperature of Au
NP and GO solutions increased by 5 °C and 7 °C, respectively, which is consistent with
literature reports as both Au NP and graphene nanomaterials are widely used photothermal
reagents.[17: 221 However, the Au@GO NP solution showed the highest temperature increase
of 15 °C. Therefore, we can conclude that a synergy exists between Au NP and GO for PT
hyperthermia induction. Although only mild temperature increase is typically required to
sensitize cancer cells, the increased PT effects in Au@GO NP can ensure a better tumor
tissue penetration depth for /n vivo applications. As such, we validated that Au@GO NP
displays synergistically enhanced NIR PT hyperthermia for cancer therapeutic applications.
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Next, we sought to investigate whether the Au@GO NP-based NIR PT hyperthermia could
sensitize cancer cells by analyzing HSP and caspase gene expression through a quantitative
reverse transcription-polymerase chain reaction (QRT-PCR). First, we verified the capability
of NIR PT hyperthermia for cancer sensitization based on a significantly enhanced
expression of the HSP gene family found in the NIR exposed group compared to the control
(without NIR exposure) group after treating cancer cells with an identical concentration of
Au@GO NPs [FIGURE 3g]. Indeed, the upregulated HSP genes have been widely
associated with reduced DNA repair in cancer cells and utilized for sensitizing cancer cells
towards DNA-intercalating drugs such as doxorubicin.[2: 301 Therefore, Au@GO NPs could
potentially lead to /7 vivo modulation of HSP genes /7 vivo by simply controlling laser
intensities. Additionally, the Caspase 3 gene, a master cancer apoptotic gene, also
dramatically (>4-fold) increased in the experimental Au@GO NP combined with NIR
condition. Notably, unlike conventional PT-based anti-cancer therapy, our Au@GO NP-
based mild PT hyperthermia effectively upregulated Caspase pathways without sacrificing
cell viability [FIGURE S4]. However, when higher efficiency of cancer necrosis is needed,
Au@GO NP can also induce cancer necrosis at over 90% efficiency by increasing laser
intensity or nanoparticle concentration [FIGURE S4]. Considering the efficient PT induction
of HSP and Caspase 3 at low laser intensities, Au@GO NP can effectively sensitize cancer
cells towards gene and chemotherapies without potential photo-toxicities. Moreover, the
spatiotemporally controlled gene regulation by PT hyperthermia can be desired for precise
cancer therapy as well.

Sensitive detection and effective suppression of cancer pro-survival gene using Au@GO

NP-NACs

The upregulated expression of the pro-survival BCL2 gene has been proven to be a cancer
hallmark and suitable target for cancer diagnosis. As such, the unique physical properties
(e.g., LSPR) and surface chemistry (e.g., reversible attachment and detachment of ASON) of
Au@GO NP make it an excellent bifunctional platform for the monitoring and knockdown
of BCL2 [FIGURE 4a].[31. 32. 331 We demonstrated this by taking advantage of a reversible
binding phenomenon between the GO and ASON interface. First, we loaded a Raman dye
(Cy5)- labeled ASON (Cy5-ASON) onto Au@GO NP (Au@GO NP-Cy5-BCL2-NAC)
based on the -t interactions between ASON and graphene.[10] When in the proximity of
the Au NP core, the SERS signal from the dye is strong, due to the LSPR effect. When the
target complementary DNA or mRNA (e.g., BCL2 mRNA) is present in a double helix form,
and the Cy5-ASON detaches from the surface of Au@GO NP. This leads to a Raman signal
reduction [FIGURE 4a]. Accompanying this process, the fluorescence of Cy5 is quenched in
the proximity of Au@GO NP due to FRET and recovered when bound to the
complementary DNA/mRNA sequence.[19: 261 Based on this mechanism, we first validated
the detachment of the dye- conjugated ASON in the presence of complementary DNA/
mMRNA in a FRET assay [FIGURE 4b].

Next, we sought to investigate the possibility of mMRNA detection via SERS by first using a
solution-based assay followed by live-cell detection. From our results, as hypothesized, we
found that when the dye- conjugated ASON was loaded onto the Au@GO NP, multiple
distinctive Cy5 Raman peaks appeared [FIGURE 4c]. As soon as we incubated the Au@GO
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NP-ASON conjugates with complementary DNA sequences in a buffered solution, all
characteristic peaks (e.g., 1120 cm™1, aliphatic C-C vibration mode) of Cy5 diminished,
suggesting the feasibility of SERS-based gene detection [FIGURE 4c]. Meanwhile,
considering the cellular uptake mechanism could vary among different cell types, we can
also use an internal reference peak from GO (G band at 1650 cm™1) to normalize different
Au@GO NP-NACs uptake efficiency of various cells, thereby improving the reliability of
the Au@GO NP-NAC-based sensing system.

Moreover, we demonstrated SERS-based non-destructive monitoring of cancer cells through
a similar mechanism based on a reversible binding of ASON on the surface of Au@GO NP
[FIGURE 4d-€]. Specifically, transfecting a cancer cell known to express higher BCL2
mMRNAs and a control non-cancerous cell line with the Au@GO NP-Cy5-BCL2-NAC
resulted in significantly different SERS spectrums. SERS peaks (1120 cm™1) characteristics
of the dye were 3-5 times lower in cancer cells compared to the control cells, suggesting a
higher expression level of BCL2 [FIGURE 4d-e]. Conventional gene analysis methods such
as qRT-PCR validated the higher BCL2 mRNA expression in cancer cells with similar fold
change, suggesting the potential of our Au@GO NP-NAC-based SERS platform for
quantitative gene detection.[34] However, quite interestingly, our approach does not require
the lysis of cells for analysis, thereby providing live-cell detection. Additionally, since we
used a NIR laser during SERS detection, our detection method could also be translated into
in vivo systems. Considering the difficulties of non-destructively monitoring gene
expression levels in live cells through a non-destructive manner and the significant
difference in BCL2 mRNA levels between cancer and non-cancerous cells, our Au@GO
NP-NAC-based platform holds great promise in imaging and detecting cancer cells.

Next, we confirmed the suppression of BCL2 mRNAs by Au@GO NP-NAC. Suppression of
the overexpressed pro-survival BCLZ2 gene has been established as a promising treatment for
cancer.3 However, many of BCL2 gene therapies have failed clinical trials, which are
partially attributed to the inconsistent therapeutic outcome due to poor cellular uptake and
enzymatic cleavage of genetic materials (e.g., ASON and siRNA).[31. 33. 35] |n this regard,
both Au NP and GO have shown the potential to prevent enzymatic cleavage of antisense or
siRNAs. Here, our Au@GO NP, with excellent cell transfection efficiency, could provide a
unique platform for ASON delivery [FIGURE 4f].[19: 361 W first tested the efficacy of
Au@GO NP-NAC:s for gene regulation based on a GFP knockdown assay using EGFP-
labeled cancer cells [FIGURE 4f—g]. We specifically designed the 21mer ASON sequence to
bind with EGFP mRNAs and then loaded them onto Au@GO NP (Au@GO NP-GFP-NAC).
By quantifying GFP fluorescence levels 48 hours after treatment, we found gene suppression
(around 30%) in our experimental group (Au@GO NP-GFP-NAC) compared to the non-
treated control. Further, to show the capability for cancer treatment, we delivered Au@GO
NP-BCL2-NAC into cancer cells and monitored the gene expression using gRT-PCR
[FIGURE 4h]. Consistent with the GFP knockdown assay, we reduced BCL2 mRNA by
40% in our experimental (Au@GO NP-BCL2-NAC) condition compared to the control (no
treatment). Therefore, using protein and gene expression assays, we successfully validated
the enhanced delivery of ASONs and the suppression of a pro-survival (BCL2) gene in
cancer cells via gene expression and protein assays.
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Multi-cancer cell line validation of a target-specific synergistic therapeutic platform

An ideal cancer theragnostic system would allow the detection of cancer cells, followed by
the effective suppression of tumors.[: 6 371 Considering that gene therapy usually only
targets specific pathways, recent evidence has suggested combinatorial treatment can
significantly facilitate cancer gene therapy.[X3. 331 In this regard, recent reports from our
group, as well as many others, have shown synergy between hyperthermia and BCL2 gene
downregulation for sensitizing cancer cells towards chemotherapy.[28: 29. 32. 331 Our AU@GO
NP-based theragnostic platform is unique, as it not only can provide hyperthermia, BCL2
suppression, and anti-cancer drug delivery in a spatiotemporally controlled manner, but also
allows for imaging of cancer cells and monitoring of gene delivery [FIGURE 5]. More
specifically, our Au@GO NP was employed to deliver doxorubicin (Au@GO NP-DOX), a
topoisomerase Il inhibitor anti-cancer drug, in an effort to initiate apoptotic pathways. In
response to the doxorubicin, DNA repair mechanisms and anti-apoptotic mechanisms in
cancer take action to prevent cell death.[38] To this end, Au@GO NP inhibits this process
through overcoming two cancer therapeutic resistance mechanisms by i) inducing NIR-
based PT hyperthermia, which stimulates HSP and reduces DNA repair, and ii) inhibiting
the overexpressed BCL2 gene and shifting cancer cells towards pro-apoptotic status.[32 33]
Therefore, synergistic induction of cancer apoptosis can be realized in a single platform
[FIGURE 5a-b].

First, we verified their synergistic therapeutic effects using a cell apoptosis assay [FIGURE
5c]. Consistent with our previous results, the Au@GO NP-based NIR hyperthermia alone
does not induce noticeable cell death, suggesting minimum toxicity from our controlled mild
hyperthermia. However, the NIR hyperthermia significantly increased the toxicity of
doxorubicin, indicating a robust synergistic effect between anti-cancer drugs and mild
hyperthermia. Similarly, the delivery of Au@GO NP-BCL2-NAC sensitized cancer cells
towards doxorubicin in a concentration-dependent manner. However, most importantly,
Au@GO NP-BCL2-NAC combined with NIR hyperthermia promoted a significantly higher
percentage of cell death compared to the control groups of the ASON alone (Au@GO NP-
BCL2-NAC-DOX, by around 31%) and NIR hyperthermia alone (Au@GO NP-DOX, by
around 17%) at the DOX loading concentration of 10 pg/mL. The result from our optimized
condition may originate from the simultaneous suppression of pro-survival BCL2 mRNAs
(by ASON delivery) and an increase of pro-apoptotic mRNAS (e.g., Caspase, by NIR
hyperthermia), which simultaneously enhance the potency of the delivered anti-cancer drug
[FIGURE 5a].

Moreover, considering the high potency of the Au@GO NP-based platform, target-specific
delivery would be essential to avoid any side-effect on surrounding non-tumor tissues. For
this purpose, iRGD-conjugated lipid ligands were conjugated (iIRGD-Au@GO NP) via
hydrophobic interactions between a long carbon chain in the lipid and GO surfaces. Many
cancer cells overexpress surface integrins, such as avp3 and iRGD, which has been
established as a useful ligand for selective binding towards these integrins as well as
enhancing tumor penetration 77 vivo.[3% We confirmed the selective delivery of iRGD-
Au@GO NP into avp3 overexpressing malignant cells (MDA-MB-231) based on higher
intracellular DFI signals comparing to a control cell line (MCF7) that does not overexpress
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the avp3 integrin [FIGURE 6al-a2]. Most importantly, the selective delivery of the iRGD-
Au@GO NP-BCL2-NAC-DOX combined with PT hyperthermia further resulted in an
increased percentage of apoptotic malignant cells [FIGURE 6a3]. Furthermore, not only for
the breast cancer cells (MDA-MB-231), our iIRGD-Au@GO-based therapeutic platform was
further tested to be effective across nine different cancer cell lines with distinct origins (liver,
pancreas, lung, mammary gland, skin, and brain) in a combinatorial multi-cancer test
[FIGURE S5-S6]. Taken together, we established Au@GO NP-based synergistic cancer
therapeutic platform for efficient and generalized cancer-killing without introducing
significant toxicity in non-tumor tissues, which are of utmost interest in clinical anti-cancer
applications.

Additionally, we validated the effects of the Au@GO NP-based therapeutic platform for
targeted cancer treatment in a microfluidic model. In the past few decades, many therapeutic
strategies that killed cancer cells 7 vitro have failed in clinical trials due to heterogeneous
cancer populations and complex tumor microenvironments in cancer patients.[4] To this
end, we evaluated the therapeutic potential of the IRGD-Au@GO NP-BCL2-NAC- DOX
using a co-culture microfluidic model [FIGURE 6b, FIGURE S7]. More specifically, two
cell pairs of high clinical relevance are carefully selected to validate the therapeutic effects
of our platform: i) a control cell line (MCF-7) with low-integrin expression and a malignant/
metastatic cancer cell line (MDA-MB-231) with high integrin expression, and ii) non-
cancerous astrocyte cell line and cancerous glioblastoma cell line. Compared to conventional
in vitro cancer apoptosis assays, our microfluidic model may better represent the tumor
microenvironment by providing: i) a center microchannel composed of photo-crosslinked
gelatin-methacrylate hydrogels that mimic tumor vascularization; ii) a proper fluid flow rate
that mimics the elution of nanoparticles and drugs /n vivo; and iii) spatial patterning of
heterogeneous cell populations that represent the heterogeneous structure of tumor tissues.
Interestingly, we observed a robust migration of cancer cells through the micro-channels
one-week after the establishment of the microfluidic model, indicating potential relevance to
cancer invasion and metastasis [FIGURE 5b2, FIGURE S7]. We mimicked intravenous and
intratumoral injection of anti-cancer therapeutics by flowing drug-loaded Au@GO NP
through the central channel and from the side channels, respectively. Two days after
nanoparticle treatment using an intravenous injection model followed by NIR treatment, we
quantified cell apoptosis at each channel and found a higher (over 60%) reduction of cell
viability and full ablation of migrating cells (MDA-MB-231) in the metastatic cancer cell
channel [FIGURE 5b3]. A similar trend was identified in the astrocyte-glioblastoma
microfluidic model. In addition, the intratumoral injection model resulted in near 100%
ablation of cancer cells (MCF7 and glioblastoma) without significantly reducing the survival
of control cells [FIGURE S7]. These phenomena further confirmed the robust therapeutic
effect from the Au@GO NP-based platform.

Au@GO NP-NACs for Advanced In Vivo Cancer Cell Imaging and Combined Therapeutics

With distinctive properties of Au@GO NP-NACs demonstrated /n vitro, we then further
performed an /n vivotumor growth assay to evaluate their theragnostic performance
[FIGURE 7a]. Considering the critical challenge of tumor heterogeneity, next-generation
precision cancer medicine would require the treatment of cancer to start with detection,
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followed by the effective killing of cancer cells. While there have been quite a few
nanoparticle-based NACs that effectively reduced tumor growth, there is still limited
development of single-platform gene detection methods for probing cancer cells /n vivo. In
this regard, our Au@GO NP-NAC, which can target nucleic acids (e.g., BCL2 mRNA) in
cancer and show significant changes in Raman signal, may provide a promising solution. To
this end, we performed /n vivo SERS on tumor and normal tissues one-day after nanoparticle
injection. Consistent with our /n vitro experimental results as well as /n vivo gene analysis,
we found lower SERS signals at tumor sites compared to surrounding tissues, indicating a
higher expression of BCL2 in vivo by cancer cells after the injection of Au@GO NP-Cy5-
BCL2-NAC [FIGURE 7b—c]. Similar trends were confirmed by Raman mapping as well
[FIGURE 7b]. While more detailed analysis would be required to evaluate the reliability of
Au@GO NP-based SERS cancer gene detection, our results indicate the feasibility of
Au@GO NP-NACs for monitoring cancer cells /n vivo. Next, we sought to investigate the
anti-cancer therapeutic effects from the iRGD-Au@GO NP-BCL2-NAC-DOX. Consistent
with our /n vitro anti-cancer assays, our experimental group, which combines PT
hyperthermia with gene and chemotherapies in a single platform, almost completely
removed the tumor at the end of the /n vivo assay (3 weeks) [FIGURE 7d—e]. In contrast, all
three control groups showed significantly lower tumor suppression, as quantified by the
time-dependent tumor growth volumes. As such, we successfully validated the robust effect
of our multifunctional Au@GO NP-based platform.

Additionally, gene analysis of the tumor tissues further revealed consistent mechanisms for
cancer-killing, with a significant increase in the expression of apoptotic genes such as BID,
BAX, Cyto-C, and Caspase 3 in our experimental group [FIGURE S8]. Also, no signs of
toxicity from the conjugates were detected in normal tissues [FIGURE S8]. Taken together,
we can conclude that the Au@GO NP-NAC-based treatment has an outstanding
performance in tumor ablation with minimal toxic effects on non-cancerous cells both /n
vitroand in vivo, which are all desired for precision cancer therapy.

CONCLUSIONS

In the past two decades, nanoparticle-based NACs have shown great potential for
theragnostic applications towards the treatment of cancer as well as many other diseases, but
several limitations hindered their clinical applications. To this end, we developed a novel
core-shell Au@GO NP-NACs with distinctive physical (e.g., NIR PT hyperthermia, DFI,
SERS, and LSPR), chemical (e.g., reversible binding towards ASON) and biological
properties (drug/gene delivery). In the Au@GO NP-NAC, a high contrast DFI modality
enables cancer imaging /n vitro, and selective detection of an over-expressed cancer gene
was successfully achieved by SERS sensing. The suppression of a pro-survival gene,
combined with phototherapy and chemotherapy mediated by Au@GO NP-NAC, led to the
synergistic induction of cancer apoptosis. The establishment of a cancer co-culture
microfluidic model validated the target-specificity of Au@GO NP-NAC, and /n vivo tumor
growth assays supported its clinical promise of combinatorial treatment of cancer. While
many nanoparticles and NACs have been studied for cancer theragnostics, our approach
based on Au@GO NP-NACs allows the practical identification and robust killing of 9
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different types of cancer cells with distinctive tissue origins in a single platform, which is
desired for next-generation precision cancer therapy.

Non-destructive diagnosis and selective modulation of genes have been utilized to facilitate
the development of many biomedical fields. Combining gene therapy with phototherapies
(e.g., PT hyperthermia) has also shown promise for cancer treatment, regenerative medicine,
and neurodegenerative diseases.[> 411 For this purpose, our Au@GO NP-NAC, as a modular
theragnostic platform, holds great potential for a variety of advanced applications. For
example, the detection and silencing of miRNAs that regulate cancer metastasis can lead to
new devices that facilitate cancer therapies. Similarly, both photothermal treatment and
nanoparticle-mediated siRNA delivery have been considered promising approaches for
modulating tumor microenvironments. Also, further enhancement of the distinctive physical
properties of Au@GO NP-NAC, such as the LSPR, could improve its overall therapeutic
effects. These could be achieved by modulating the shape and components of the plasmonic
core nanoparticles. Additionally, developing biodegradable or bio-cleavable versions of
Au@GO NP by controlling its composition may also speed up its clinical translation
significantly. Moving forward, we expect to establish quantitative and multiplex gene
detection for a better understanding of complex diseases.

Taken together, the successful further development of multifunctional Au@GO NP-NAC-
based nanotheragnostic platform would pave new roads for next-generation precision
medicine, not only for the treatment of but also to accurately diagnose and effectively
prognose cancer and other diseases that are complicated by a multitude of genetic/epigenetic
alternations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Schematic diagram illustrating the hybrid graphene oxide/gold nanoparticles -
nucleic acid conjugates (Au@GO NP-NACSs) for cancer cell imaging and multimodal
therapeutics.

a) Schematic diagrams showing the working principles of Au@GO NP-NAC-based
multimodal cancer nanotheragnostics. By constructing an Au@GO NP-NAC-based
multifunctional platform that provides photothermal hyperthermia-enhanced chemo/gene
therapy, tumor heterogeneity could be targeted effectively with strong suppression of cancer
cell growth /in vitroand in vivo through combined cancer therapeutics. b) Schematic
diagram of the Au@GO NP-NAC-mediated cancer cell imaging, which includes SERS
imaging and dark-field imaging (top row) and gene therapy that targets a cancer pro-survival
gene responsible for drug resistance in many cancer cells (bottom row). In the top row,
Raman dye-functionalized antisense oligonucleotide (ASON) loaded on Au@GO NP
demonstrates SERS due to the localized surface plasmon resonance (LSPR) from Au NP
core, the detection of genes based on the selective detachment of ASON in the presence of
complementary RNA for surface-enhanced Raman scattering (SERS)-based imaging, and
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the simultaneous silencing of a drug resistance (BCL2) gene in cancer cells (shown in the
bottom row). Scale bar in the DFI imaging on the right: 100 um. *P<0.05 by student’s t test.
n=3 from independent experiments. c) Proposed mechanisms on the synergistic multimodal
cancer theragnostics based on the Au@GO NP-ASON therapeutic platform, which is
mediated through collective activation of intracellular pro-apoptotic pathways and
suppression of anti-apoptotic pathways.
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FIGURE 2. Controlled synthesis of gold-graphene hybrid nanomaterials.
a) Schematic diagrams showing the controlled synthesis of varying differentially structured

gold-graphene hybrid nanomaterials with distinct colloidal stability, biocompatibility, and
capability of inducing photothermal hyperthermia. NP represents nanoparticles, RGO
represents reduced graphene oxide, and NR represents nanorods. b) Representative
transmission electron microscope (TEM) images showing the successfully synthesized
graphene/gold hybrid nanoparticles. c) Higher colloidal stability of Au@GO NP and
AUNR@GO compared to the Au@rGO NP based on a graph comparing the aggregation
index of different structures of graphene/gold nanoparticles. d) A better biocompatibility of
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Au@GO NP compared to Au@GO NR based on a MTS assay and using cancer and
fibroblast cell lines. The CTAB ligands in the Au NRs may contribute cytotoxicity of
Au@GO NR. *P<0.05, by student’s t test. n=3 from independent experiments.
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FIGURE 3. Au@GO NP-based high-contrast cancer cell imaging and mild photothermal
hyperthermia for sensitization of cancer cells.

a) A schematic diagram showing the imaging modalities and photothermal sensitization of
cancer cells enabled by the plasmonic effect of the Au NP core. synthesis of Au@GO NP
via the controlled electrostatic assembly. b) FDTD simulation on the electromagnetic field
enhancement nearby the surface of a 40 nm-sized gold nanoparticle. This simulation further
explains LSPR-enhanced light matter interactions and photothermal effects. ¢) UV-Vis
absorption spectroscopy showing enhanced absorption at NIR region in the Au@GO NP. d)
Raman spectroscopy of GO and Au@GO NP showing the significantly enhanced D and G
bands of GO for SERS biosensing. €) DFI imaging of a GFP labeled cell line using Au@GO
NP (left) and cysteamine-functionalized gold nanoparticle (Au NP, image on the right).
Scale bar: 100 um. The red color was used as a pseudocolor for the DFI signals scattered
from Au@GO NP. DFI from Au@GO NP can be observed intracellularly with high contrast
while GO barely show signals. f) A photothermal assay using a low-density laser for
irradiating the Au@GO NP aqueous solution as well as the control solutions. Only the
Au@GO NP solution shows a distinctive temperature change, which suggests an enhanced
photothermal effect. g) The activation of HSPs and Caspases by mild photothermal
hyperthermia using a NIR laser to sensitize cancer cells towards apoptosis by activating HSP
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and Caspase pathways. *P<0.05, **P<0.01 by student’s t test. n=3 from independent
experiments.
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FIGURE 4. Au@GO NP-NACsfor BCL 2 gene suppression and live cancer cell detection.
a) A schematic diagram showing the mechanism for gene sensing using Au@GO NP-NACs.

d. b) Fluorescence quenching of a Cy5 labeled single-strand DNA during the adsorption
onto Au@GO NP, and the fluorescence recovery after the antisense strand binds to the
complementary DNA. The strong fluorescence at 670 nm wavelength from Cy5 labeled
single-strand DNA [ssDNA-Cy5, grey line] was quenched immediately after the addition of
Au@GO NP (red line) due to the FRET interaction between Cy5 and GO, and after adding
complementary single-strand DNA (blue line), the ssDNA-Cy5 detached from the Au@GO
NP and around 75% fluorescence was recovered. (c-d) SERS spectra of in solution c) and /n

Adv Funct Mater. Author manuscript; available in PMC 2022 January 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Yang et al.

Page 22

vitro d) cellular detection of target complementary DNA (c-DNA, c) or BCL2 mRNA
overexpressed in cancer cells (d). €) SERS mapping of cancer (el) and control (€2) cells.
The higher level of BCL2 mRNA expression in cancer cells results in the detachment of
Raman-dye conjugated DNA probe and loss of SERS signals. f) A schematic diagram and
fluorescent microscopy images representing the enhanced delivery of the GFP-ASON on the
Au@GO NP delivery platform and the GFP knockdown in the U87-EGFP cell line. Scale
bars: 100 um. g) Summarized graphs showing the reduced green fluorescence in the GFP-
labeled cancer cell line induced by Au@GO NP-GFP-ASON conjugates. h) Efficient BCL2
knockdown by Au@GO NP-BCL2-NAC. n=3 biological replicates. *P<0.05 by one-way
ANOVA with Tukey post-hoc analysis.
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FIGURE 5. Synergistic cancer therapeutics based on Au@GO NP-NAC-enabled chemo/gene
therapy and NIR PT hyperthermia.

a) A schematic diagram depicting synergistic co-sensitization of cancer cells towards anti-
cancer drug (DOX) through combined PT hyperthermia (NIR laser) treatment and BCL2-
ASON delivery. b) The combined treatment mediated by Au@GO NP-NACs leads to
synergistic cancer cell apoptosis. ¢) The cell viabilities of glioblastoma cells treated with the
Au@GO NP carrying DOX only or both DOX and BCL2-ASON with or without NIR
exposure. Without NIR irradiation (left), 1C5o decreased from 10 pg/ml for Au@GO NP-
DOX to around 6.7 ug/ml for Au@GO NP-DOX-BCL2-ASON. Through a further NIR
irradiation, however, the ICgy of Au@GO NP-DOX-BCL2-ASON was decreased to 2.4
pg/ml. On the other hand, NIR irradiation only (Au@GO NP-DOX on the right) decreased
the ICsg of DOX from 10 pg/ml to 5.4 pug/ml. The apoptotic assay together with the
aforementioned gene pathway studies supported the hypothesis in (&) that cancer cells can
be synergistically sensitized towards chemotherapy by the combination of PT hyperthermia
and BCL2-ASON in a single platform through a collective effect on the intracellular
apoptotic pathways in cancer cells. n=3 biological replicates. **P<0.01 (compared to the
control) by student’s t-test.
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FIGURE 6. Targeted Kkilling of cancer cellsand the multi-cancer cell line validation of
therapeutic effect of Au@GO NP-ASON platform.

a) A schematic diagram (al) representing the functionalization of Au@GO NP with iRGD
moieties (RGD-Au@GO NP) for the targeted delivery into cancer cells, and the
corresponding DFI images (a2, scale bar: 100 um) showing the selective uptake of iRGD-
Au@GO NP by high integrin cells (MDA-MB-231) compared to the low integrin cells
(MCFT7). As a result, the selective killing of high integrin-expression cancer cells (MDA-
MB-231) was achieved (a3). b) Schematic diagram (b1), fluorescent microscope image
(b2), and quantifications (b3) on the selective killing of targeted cells (GFP-MDA-MB-231,
with RFP-MCF-7 as a control cell line) using a hydrogel-based microfluidic co-culture
model. In the center channel, Gel-MA hydrogels were placed to mimic the /n vivo capillary
vessels followed by the injection of iRGD-functionalized Au@GO NP particles. Error bars
are standard deviation around the mean. n=3 biological replicates. Scale bar: 100 pum.
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*P<0.05, **P<0.01 by student’s t test. n=3 from independent experiments. c) Robust
therapeutic effect of Au@GO NP-ASON platform validated in 9 cancer cell lines with
distinctive tissue and organ origins.
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F_IGURE 7. Au@GO NP-ASON conjugates for detection and efficient suppression of tumor in
VIVO.

a) Schematic diagrams (in the left and middle panel) showing the Au@GO NP-based
theragnostic applications for /n7 vivo cancer nanotheragnostic applications. Photographs on
the right illustrates the process of photothermal treatment at the tumor sites and the detection
of genes through SERS. (b-c) A schematic diagram (left panel in b), SERS mapping results
(Right panels in b) and representative /n vivo SERS spectrum supporting the effective
detection of cancer cells /n7 vivo by observing a significant different in the SERS signals at
the tumor site and surrounding non-tumor tissues showing. c) /n7 vivo SERS spectra
illustrating the distinctive differences between Au@GO NP-ASON conjugates injected at
the tumor site and non-tumor tissues. d) Representative photographs of tumor extracted from
mice after 3 weeks of treatment under different conditions showing the robust anti-cancer
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effects in vivo of the Au@GO NP-NAC-based combined therapeutics. €) Time-dependent
change of tumor volume under different treatment under different conditions. This result
shows the significant tumor suppression by Au@GO NP-ASON conjugates loaded with
DOX and irradiated by NIR laser, leading to a near-complete ablation of tumors. ***P<0.01
by one-way ANOVA. n=3 from independent experiments.
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