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Abstract
The unique optical properties of biocompatible metal nanoclusters have attracted much attention in bio-
imaging and bioanalysis. In this contribution, the protocols of the design of gold nanoclusters \(GNCs)
and their nanocomposites for cancer cell imaging and tumor target bio-marking in small animal models
have been demonstrated. The gold nanoclusters impregnated on the reduced graphene oxide nanosheets
allow a clear �uorescence imaging of the edges and morphology of the cells. The speci�c and sensitive
self-bio-marking of cancer cells and tumors is also achieved through in situ biosynthesized �uorescent
GNCs, which are spontaneously and selectively biosynthesized by cancerous cells or tumor sites /
microenvironments when incubated with a biocompatible molecular Au\(III) species. These procedures
take various times ranging from 0.5 h to 3 d.

Introduction
Bio-imaging has become an indispensable technique for collecting relevant information in cancer
research, clinical trials and medical practice.1 Hitherto, new technologies for bio-imaging — such as
computed tomography \(CT), positron emission tomography \(PET), magnetic resonance imaging \(MRI),
sonography, �uorescence imaging — have been emerging for diagnosis and visualization of the tumor
behavior. Although these different technologies have greatly improved the ability of tumor diagnosis and
facilitated the surgical planning/resection of tumor, many challenges remain in medicine applications.
For instance, the modalities of CT/PET do not provide real-time intraoperative assistance; MRI is time
consuming and substantially adds to the length of surgery, anesthesia time, and �nancial costs2; the
spatial resolution of sonography only limits to several mm3. In view of these considerations, tissue-
selective �uorescence imaging is an emerging �eld which attains widespread biomedical application to
reveal highly diverse anatomical, physiological, and molecular features of the structure studied, and thus
attracts increasing attention for in vivo imaging of development, disease and drug discovery. In vivo
�uorescence imaging of tumors can be used to assess dynamic biological processes \(i. e. vascular
morphology4), and is also a potential technology for precise diagnosis of cancer and visualization of the
treatment processes5, 6. In this perspective, gold nanoclusters are novel promising biocompatible
nanoprobes, offering surfaces and cores exhibiting physicochemical properties \(e.g., optical chirality7, 8,
�uorescence9, 10, near-infrared photoluminescence9, 11, 12, and ferromagnetism13) that provide a panel of
suitable labels for cellular, subcellular and molecular imaging in clinical analysis and diagnostics. As
such, these materials will undoubtedly play a critical role in the early diagnosis and sensitive detection of
cancer. Recently, signi�cant interests have been rising in the potential biomedical applications of
functional nanocomposites, especially, nanocomposites based on carbon nanomaterials \(i.e.,
graphene14) and gold nanoclusters, as they can integrate the advantages of several nanomaterials and
overcome the weaknesses of a single material, re�ecting their "cooperation" strengths. Functional
nanocomposites have shown their great potential in biological imaging and biomedical applications,
such as the disease diagnostics and treatments as well as point of care testing. Wang group has
established a novel strategy through designing ultra-small gold nanoclusters \(GNCs) impregnated onto
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reduced graphene oxide nanocomposites \(GNC-RGO) as target optical labels for effective cancer cell
image.14 In this protocol, we report an approach that the prepared nanocomposites through impregnating
reduced grapheme oxide nanosheets with gold nanoclusters could allow a clear �uorescence imaging of
the edges and morphology of the cells by the swift absorption by cancer cells, but more interestingly for
oncotherapy it could carry anticancer agents such as doxorubicin \(DOX) inside the cells while leading to
some synergy in inducing karyopyknosis. Therefore, GNC-RGO could become a multimodal probe and
drug carrier for targeting, detection, and oncotherapy. In particular, in situ �uorescent bio-imaging can
also be used as “the third eye” to help doctors monitoring the expression and activity of tumor bio-
markers in vivo and evaluating how their location changes over time, which could be further utilized to
assess the activity of the biological process that in�uence the behavior of tumors and/or their
responsiveness to therapeutic drugs1. This may also raise the possibility for the surgical excision of
tumors following self-imaging of small tumor rami�cations in order to reduce potential risks associated
to metastasis. This is, however, balanced by the di�culty of targeting nanoparticles synthesized ex-situ
towards one type of cell, and by the fact that such nanoparticles are prone to easily disseminate inside
most cells neighboring the targeted ones. In addition, even if when injected intravenously, circulating
nanoparticles may be transferred to tumors through pores created in blood capillaries in the vicinity of
tumors,15 it remains that such nanoparticles will be readily recognized by the immune system, removed
from circulation, and stored in the liver and kidneys, unless they are �rst capped with speci�c molecules
to elude the immune system. Faced with these di�culties, we reported a gold nanocluster-based
approach for speci�c cellular imaging and in vivo self-bio-marking of tumors, where the gold
nanoclusters could be in situ biosynthesized in the speci�city of tumor sites or microenvironments16

taking advantage of the fact that cancer cells have a completely different redox homeostasis from
normal cells. They are generally quali�ed as being in “high oxidized status” because they spontaneously
produce high quantities of oxidants \(ROS and RNS, viz., reactive oxygen or nitrogen species).17, 18

However, ROS and RNS are ultimately generated inside such cells by reduction of dioxygen in order to
eliminate excesses of electron production due to their high metabolic status. This peculiarity is exploited
hereafter by providing cancer cells with an alternate biocompatible Au\(III) electron acceptor short-
circuiting these mechanisms and forcing them to biosynthesize in situ �uorescent gold nanoclusters
inside their cytoplasms. This approach is established using chloroauric acid biocompatible salts, which
are shown to undergo a more rapid and e�cient spontaneous reduction into gold nanoclusters inside
cancerous cells than in normal ones, enabling self-bio-imaging of cancer cells and tumors by long-lasting
�uorescent markers. We report hereafter a protocol that offers an alternative to the injection of the
precursor of �uorescent nanoparticles by letting the tumor cells biosynthesize themselves excellent
�uorescent labels leading to their sensitive bio-imaging with remarkable targeting and no toxicity. As a
simple, safe and inexpensive bio-imaging strategy, this method excludes side effect of nanoparticles and
provides a challenging multimode platform for cancer diagnosis and therapy, which could be also utilized
for example by surgeons for excision of tumors \(i. e., to see their exact mass during surgery).

Reagents
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• Milli-Q water \(18.2 MΩ•cm; Millipore) • Chlorauric acid \(HAuCl4•3H2O; Sigma-Aldrich) •
Tetraoctylammonium bromide \(TOAB) \(Sigma-Aldrich) • 1-Dodecanethiol \(1-DT) \(Sigma-Aldrich) •
Sodium borohydride \(NaBH4) \(Sigma-Aldrich) • Chloroform \(Sigma-Aldrich) • Hexadecyl trimethyl
ammonium bromide \(CTAB) \(Sigma-Aldrich) • Chitosan \(Sigma-Aldrich) • Reduced graphite oxide \
(RGO) • Sodium phosphate monobasic, >99% \(NaH2PO4; Sigma-Aldrich, cat. no. S3139) • Sodium
phosphate dibasic, >99% \(Na2HPO4; Sigma-Aldrich, cat. no. S3264) • Sodium chloride, >99.5% \(NaCl;
Sigma-Aldrich, cat. no. S7653) • Potassium chloride, >99.5% \(KCl; Sigma-Aldrich, cat. no. S) • Ethanol,
>99% \(A.R., Sinopharm Chemical Reagent) • Sulfuric acid, 98% \(wt/wt) \(H2SO4; G.R., Sinopharm
Chemical Reagent) • Hydrochloric acid \(HCl; G.R., Sinopharm Chemical Reagent) • Sodium hydroxide \
(NaOH; G.R., Sinopharm Chemcial Reagent) • Hydrogen peroxide 30% \(wt/wt) \(H2O2; G.R., Sinopharm
Chemical Reagent) \! CAUTION: H2SO4, HCl, NaOH and H2O2 are capable of causing very severe burns,
especially when they are at high concentrations. Wear goggles, lab coat and face mask during
experiments. • Dimethyl suffoxide \(DMSO), 99.9%, anhydrous \(Sigma–Aldrich, cat. no.67685) • HepG2
human hepatocarcinoma cells \(Shanghai Institute of Cells, see REAGENT SETUP) • Leukemia K562 cells
\(Shanghai Institute of Cells, see REAGENT SETUP) • L02 human embryo liver cells \(A gift from
Professor Chongyang Liu’s research group of Third Military Medical University) • Three-week-old BALB/c
athymic nude mice, \(Peking University Health Science Center) \! CAUTION: All experiments involving
mice were approved by the National Institute of Biological Science and Animal Care Research Advisory
Committee of Southeast University, while experiments conducted following the guidelines of the Animal
Research Ethics Board of Southeast University. • Iso�urane \(Aerrane; Baxter Healthcare, NDC 10019-773-
60). It can be stored at <20 °C until expiration date. • pH 7.2 Phosphate buffered saline \(PBS, 1x; Gibco,
cat. no. 10010-056) • pH 7.2 Phosphate buffered saline \(PBS, 10x; Gibco, cat. no. 70011-044) • RMPI-
1640 medium \(Gibco, cat.no. 11875-093) • High-glucose DMEM medium \(Gibco, cat.no. 21063-045) •
Fetal bovine serum \(Sigma, cat.no. 10437-028) • Penicillin–streptomycin, liquid \(10,000 U penicillin;
10,000 mg streptomycin) \(Sigma, cat. no. 15140-163) • Trypsin 0.25% solution \(HyClone, cat. no.
HS30042. 01) • 1 mL syringe \(Becton Dickson, cat. no. 309659) • 30G ½ in syringe needles \(Becton
Dickson, cat. no. 305106) • 0.22 μL sterile vacuum �lter apparatus \(Millipore, cat. no. SCGPU02RE) • 28G
½ in Insulin syringe \(Becton Dickson, cat. no. 329461) • Thiazolyl Blue Tetrazolium Bromide \(MTT;
Sigma-Aldrich, cat. no. 298-93-1) \! CAUTION: MTT is very toxic by inhalation and harmful if swallowed.
Wear goggles, lab coat and face mask during experiments. • Titer 96 kit \(for cell viability MTS assay;
Promega, cat. no. G3580) • Sterile 35-mm culture dishes \(thickness 0.17 mm; NEST Biotechnology Co.
LTD) • Quartz substrate, diameter 25 mm \(thickness 0.17 mm; Starbar Japan) • Stainless holder for 25
mm glass or quartz, diameter 35 mm \(Invitrogen, cat. no. A-7816) • Stainless holder for 25 mm glass or
quartz, diameter 50 mm \(Tokai Hit, cat. no. 50SUS dish)

Equipment
Milli-Q ultra-pure water system \(Thermo) Ultrasonic cleaning \(Shanghai Ultrasonic Instruments) Vortex
mixer \(Vision Scienti�c) pH meter \(Mettler Toledo Instruments) Centrifuge \(Eppendorf) Freeze dryer,
XIAN OU-12N \(Nanjing Xianou Instruments Mannufacture CO., LTD.) Fully functional enzyme mark
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instrument, Synergy H1 \(Biotek.) UV-Vis-NIR spectrophotometer \(Shimadzu, UV3600), Fluorescence
spectrometer \(PerkinElmer, LS-55), Field-emission scanning electron microscope \(FE-SEM) \(Zeiss, Ultra
Plus). JEM-2100 transmission electron microscope \(TEM) \(JEOL) X-ray photoelectron spectrometer \
(ULVAC-PHI, PHI 5000 VersaProbe) Confocal laser scanning microscopy \(Zeiss, Lsm710) Renishaw
micro-Raman spectroscopy \(Renshaw) Iso�urane vaporizer system \(E-Z Systems, cat. no. EZ-7000):
Includes a iso�urane vaporizer capable of supporting multiple breathing outlets, induction chamber, nose
cones, tubing, and waste gas scavenging system Multispectral imaging system \(Cambridge Research &
Instrumentation, Inc., Maestro EX)

Procedure
I In situ biosynthesized gold nanoclusters for self-imaging of cancer cells and in vivo self-bio-marking of
tumors | Preparation of in situ biosynthesized gold nanoclusters ● TIMING 75 h 1 | Culture HepG2 cells in
7 × 9 culture �asks in 15mL medium at 37 °C, 5% CO2. Prepare the cells of a whole culture �ask to be
tested. 2 | Incubate HepG2 cells of a whole culture �ask with 10 μmol/L HAuCl4 solution for 24 or 48 h at
37 °C, 5% CO2. 3 | Trypsinize the incubated HepG2 cells and harvest the cells in eppendorf tubes. 4 |
Disperse the cells in PBS, centrifuge the mixture at 1000 rpm for 5 min and collect the cells. 5 | Repeat
this procedure three times. 6 | Re-disperse the collected cells in 2 mL Milli-Q water and use the cells for
extracting the gold nanoclusters. 7 | Extract the gold nanoclusters from incubated HepG2 cells by a
frequently repetitive freeze-thaw method from -20 °C to 37 °C for ~5 h. ▲CRITICAL STEP Avoid any
biochemical reagent to decompose the structure of gold nanoclusters during this procedure. ?
TROUBLESHOOTING 8 | Centrifuge the mixture at 1500 rpm for 3 min. Discard the precipitated cell debris
and collect the supernatant with gold nanoclusters. PAUSE POINT The above supernatant is stable at 4 ˚C
up to about 2 weeks. | UV/Vis absorbance spectra measurement for gold nanoclusters ● TIMING 0.5 h 9 |
Dilute the above supernatant 5 times. 10 | Add 2 mL of the above diluted mixture to a cuvette. 11 | Place
the cuvette at the sample cell position. 12 | Record UV/Vis absorbance spectra \(700-200 nm) for the
obtained gold nanoclusters with scan speed 120 nm/min. | Fluorescence spectra measurement for gold
nanoclusters ● TIMING 0.5 h 13 | Dilute the above supernatant 5 times. 14 | Add 2 mL of the above
diluted mixture to a cuvette. 15 | Place the cuvette at the sample cell position. 16 |Record �uorescence
spectra \(500-700 nm) for the obtained gold nanoclusters with a scan speed of 60 nm/min at excitation
wavelength 470 nm \(Excitation Slit 3 nm; Emission Slit 3 nm). | Transmission electron microscope \
(TEM) of gold nanoclusters ● TIMING 16 h 17 |Further sonicate the above supernatant for ~3 h.
▲CRITICAL STEP Keep gold nanoclusters in good monodispersion. 18 | Disperse 5 μL the above
supernatant with decuple dilution on copper grids, and dry overnight. 19 | Acquire the TEM image of gold
nanoclusters. | X-ray photoelectron spectra ● TIMING 15 h 20 | Freeze-dry the above supernatant
overnight and collect the pale yellow powder. PAUSE POINT The above collected powder is stable at 4 ˚C
up to about 2 months. 21 | Record the X-ray photoelectron spectra of the gold nanoclusters from the
mixture. 22 | Set the typical operating pressure at around 5 × 10 -10 Torr in the analysis chamber. 23 |
Take survey spectra \(0–1000 eV) at a constant analyzer pass energy of 160 eV. 24 | Acquire all high-
resolution spectra for Au4f, with a pass energy of 60 eV, a step of 0.1 eV and a dwell time of 1000 ms. 25
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| Fit the XPS peaks by using the publicly available software XPSPEAK v. 4.1. Use the Shirley function as a
background and �t the individual peaks by a Gaussian-Lorentzian cross-product. | SEM images of the
cells interspersed by in situ biosynthesized gold nanoclusters ● TIMING 80 h 26 | Seed HepG2 cells on
ITO glass substrate in a cell culture dish containing DMEM with 10% \(vol/vol) FBS and 1% \(vol/vol)
penicillin-streptomycin, respectively. Incubate the cells at 37 °C in a humidi�ed 5% CO2 atmosphere
overnight. 27 | Add 2 μL of HAuCl4 stock solution \(10 mmol/L) to a �nal concentration of 10 μmol/L.
Shake the dish gently to ensure good mixing. 28 | Incubate the dish at 37 °C in a humidi�ed 5% CO2
atmosphere for 24 or 48 h depending on the cell proliferation state. 29 | Rinse the incubated cells three
times with PBS. 30 | Dehydrate through the following series of 15 min ethanol washes: 30%, 50%, 70%,
90%, 95% and 100%, respectively. ▲CRITICAL STEP Make sure the cytoskeleton maintain good during the
above gradient dehydration and �xation procedure. 31 | Transfer to critical point drying apparatus
containing ethanol as intermediate reagent. Use a suitable holding device. 32 | Smaller-area
contamination spots can be examined at electron accelerating voltages compatible with Energy
Dispersive X-ray Spectroscopy. 33 | Reduce penetration of low kinetic energy electrons probes closer to
the immediate material surface. 34 | Visualize by high-resolution FE-SEM at electron accelerating voltage
2.00 kV and with the work distance 4.4 mm from low kinetic energy electrons probes to the immediate
material surface. 35 | Record the energy dispersive X-ray spectroscopy of the gold nanoclusters
interspersed on cytomembrane from a random region of 2 μm × 2 μm with electron accelerating voltage
2.00 kV. | Preparation of cell optical imaging ● TIMING 3 d 36 | Seed HepG2, K562, or L02 cells on quartz
substrate in a cell culture dish containing DMEM with 10% \(vol/vol) FBS and 1% \(vol/vol) penicillin-
streptomycin, respectively. Incubate the cells at 37 °C in a humidi�ed 5% CO2 atmosphere overnight. 37 |
Prepare the �uorescence or Raman imaging sample by following Steps 24-26 of the PROCEDURE. A | Cell
�uorescence imaging ● TIMING ~1.5 h i | Place the prepared cell sample on CLSM objective stage.
▲CRITICAL STEP Make sure the cells maintain normal physiological status during �uorescence signal
record process. ? TROUBLESHOOTING ii | Record cell imaging for the incubated cells by a confocal laser
scanning microscopy with a 488-nm excitation laser beam focused using a 20 × IR coated objective. B |
Cell Raman spectroscopy ● TIMING ~1.0 h i | Gently remove PBS and transfer the prepared cell sample
on Raman microscope objective stage. ▲CRITICAL STEP Make sure the cells maintain good status
during Raman signal record process. ii | Record cell Raman spectroscopy by confocal Raman microscopy
with an excitation wavelength at 532 nm, 50% laser intensity, and overlaying twice with 100 s integration
time. | Preparation of injected mice for imaging ● TIMING 3 d 38 | Inject HAuCl4 solution prepared in PBS
\(100 μL of 10 mmol/L for each mouse) into BALB/c mice bearing HepG2 or K562 tumors near the tumor
location through the subcutaneous injection. 39 | Normally maintain the injected mice in a speci�c
pathogen free \(SPF) house at 24 ± 2 °C with a standard 12-hour light/12-hour dark cycle for 24, 48 or 72
hours. | In vivo bio-imaging ● TIMING ~1.0 h 40 | Anesthetize the experimental mouse with 5% iso�urane
\(21% oxygen, balance nitrogen) in an induction chamber until breathing is slow and deep, at different
time points post injection \(e.g. 24, 48, or 72 h). 41 | Position the mouse on its back on a microscope
stage for imaging, during the imaging procedures under iso�urane anesthesia. ▲CRITICAL STEP Perform
all imaging procedures under iso�urane anesthesia for experimental reproducibility and to minimize the
torment of experimental anmimals. ? TROUBLESHOOTING 42 | Select the appropriate excitation



Page 7/16

wavelength \(488 nm) and adjust the mouse’s posture as needed while monitoring the live image. 43 |
Record in vivo image of the mice under Maestro EX in vivo �uorescence imaging system \(CRI, Inc.) at
different time points post injection \(e.g. 24, 48, or 72 h). 44 | Euthanatize those mice after 1 week post
injection. \! CAUTION The animal bodies should be collected in a designated freezer for radioactive
contaminated biohazardous waste. II Gold nanoclusters and graphene nanocomposites for cancer cell
imaging | Preparation of gold nanoclusters ● TIMING 2d 1. Dissolve 1.0 g HAuCl4•4H2O with Millipore
water in a 100 mL volumetric �ask to make 1% \(w/v) HAuCl4•4H2O solution. 2. Load 169.2 g TOAB into
16mL chloroform in a 50 mL three-neck �ask. 3. Add 6 mL 1% \(w/v) HAuCl4•4H2O solution to the �ask,
and place the stoppers in all the necks. 4. Add a magnetic stir bar and mix the bi-phase solution
vigorously at room temperature \(23℃ to 25℃) until HAuCl4 is transferred into the organic phase. The
aqueous phase should be transparent while the organic phase should have a color of bright amber. 5.
Add 40.2 μL 1-DT into the �ask, and stir for 10 minutes. 6. Prepare 1.55 mol/L NaBH4 solution
▲CRITICAL STEP The NaBH4 solution should be freshly prepared. 7. Load 25 mL 1.55 mol/L NaBH4
solution drop wisely. With the addition of the reducing reagent, the color of organic phase should change
from bright amber to deep purple within a few seconds. 8. The nucleation should be completed within 20
minutes. Keep stirring for 3 hours and stop. 9. Separate the organic phase \(upper layer) with a
separating funnel, and load it into a 50 mL �ask. 10. Evaporate the separated organic solution with a
rotary evaporator at 50℃ for 4 minutes. 11. Re-dissolve the product in 2 mL chloroform. 12. To remove
the leftover organics, like TOAB and 1-DT, precipitate the product in 80 mL ethanol in -4℃ refrigerator
overnight. 13. Get the dark brown precipitant by 15,000 rpm centrifugation at 4℃. Filter it out and wash it
with ethanol for two to three times and re-dissolve it in 2mL chloroform. Repeat step 11. 14. The �nal
solution should contain 1.46×10-4 mol gold nanocluster. 15. Mix 500 μL gold nanocluster solution \
(contains 3.64×10-5 mol Au) with 10mL CTAB solution \(contains 6.86×10-2 g CTAB, according to molar
ratio Au : CTAB = 1:5). Stir the mixture vigorously until not any phase boundary can be observed.
▲CRITICAL STEP From this step on, the reactions need to be conducted in the dark as much as possible.
16. Leave the solution to stand in 55℃ water bath for 3 hours to evaporate the chloroform and get the
aqueous solution of gold nanoclusters. 17. Make 3.64×10-2 mol/L aqueous solution of goldnanocluster.
The color of the solution should be light brown. PAUSE POINT The �nal aqueous gold nanocluster
solution can be stored at 4℃ in dark. After lyophilization, the sample can be stored at 4℃ for months.
18. The diameter of such prepared nanoclusters is 2 - 3 nm. It does not exhibit the surface plasmon
resonance characteristic peak at around 520 nm, but around 490 nm. | Functionalization of gold
nanocluster with RGO. ● TIMING 1 d 19. Prepare pH 5.0 acetic acid/sodium acetate buffer. And make 4
mL 0.5 mg/mL chitosan solution with the buffer with 30 minutes sonication at room temperature. 20.
Dissolve 0.8 mg RGO in 1.5 mL chitosan solution with about 1 hour sonication at room temperature until
there is not any black precipitant. 21. Add the aqueous solution of RGO to the aqueous solution of GNCs \
(3.64×10-5 mol) in a 10:1 molar ratio of RGO/ GNCs and homogenized in an ultrasonic bath for 30 min.
22. Incubate the above reaction mixture in the dark for 1 hour to allow loading of the GNCs onto RGO. 23.
The �nal mixture then needs to be separated by centrifugation at 15000 rpm for 10 minutes. 24. Remove
the supernatant and wash the aggregates with Millipore water twice to remove the residual RGO. 25. The
sample can be stored at 4℃ refrigerator after lyophilization. | Drug loading on GNC-RGO
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nanocomposites. ● TIMING 1d 26. Prepare 1μg/mL aqueous solution of GNC-RGO nanocomposites. 27.
Incubate the nanocomposites with 0.22μg/mL Doxorubicin \(DOX) solution for 1 hour at 37℃ in the
water bath. 28. Drug-loaded GNC-RGO samples were separated through centrifugation at 10000 rpm for
15 min and carefully washed three times with ultrapure water. PAUSE POINT The sample can be stored at
4℃ in dark after lyophilization. \! CAUTION Do not freeze the aqueous solution of GNC-RGO
nanocoposites or drug-loaded GNC-RGO nanocomposites. | Acquisition of confocal �uorescent images of
cells treated with GNC, GNC-RGO nanocomposites ● TIMING 3 d 29. Seed 500,000 HepG2 cells in 35 mm
petri dish with glass bottom, overnight. 30. Load 0.25 μg/mL DOX or DOX-laoded GNC-RGO
nanocoposites and incubate with cells for 24 h. 31. Wash the cells twice with PBS and load fresh
medium. 32. Acquire images on confocal �uorescent microscope using a 490 nm excitation laser beam
and 40 X objective lens.

Timing
I Steps 1-8, preparation of in situ biosynthesized gold nanoclusters: 75 h Steps 9-12, UV/Vis absorbrance
spectra measurement for gold nanoclusters: 0.5 h Steps 13-16, Fluorescence spectra characterization of
gold nanaclusters: 0.5 h Steps 17-19, TEM of gold nanoclusters: 16 h. Steps 20-25, XPS measurement for
gold nanoclusters: 15 h Steps 26-35, SEM images of the cells interspersed by in situ biosynthesized gold
nanoclusters: 80 h. Steps 36-37, preparation of cell optical imaging: 3 d Steps A \(i-ii), cell �uorescence
imaging: 1.5 h Steps B \(i-ii), cell Raman spectroscopy: 1.0 h Steps 38-39, preparation of injected mice for
imaging: 3 d Steps 40-44, in vivo bio-imaging: ~1.0 h II Steps 1-18, preparation of gold nanoclusters: 2 d
Steps 19-25, functionalization of gold nanocluster with RGO: 1 d Steps 26-28, drug loading on GNC-RGO
nanocomposites: 1 d Steps 29-32, preparation and acquisition of �uorescence imaging of cells: 3 d

Troubleshooting
TABLE 1 | Troubleshooting table. Step Problem Possible reason Solution I-7 The extraction yield of gold
nanoclusters is very low. The extraction agents may decompose the structure of gold nanoclusters. Only
use the physical method to break cells during extraction of gold nanoclusters. Do not use any
biochemical reagents. I-A \(i) The normal physiological status of cells is wrecked. PBS in the cell dishes is
vaporized out. Su�cient PBS should be kept in cell dish to prevent the incubated cells from drying out. I-
41 The experimental mice could die prematurely during anesthesia. The concentration of iso�urane is too
high, or the anesthesia time of experimental mice is too long. Oxygen should be supplied at an
appropriate rate and mice are maintained breathing slow and deep at iso�urane dosage of ~1.0%.

Anticipated Results
Self-imaging of cancer cells based on in situ biosynthesized gold nanoclusters In the case of HepG2 cells
incubated with chloroauric acid solutions, scanning electron microscopy \(SEM) \(\(Fig. 3A), black or
gray areas) showed that cells retained their shape and morphology. The energy dispersive X-ray
spectroscopy \(EDS) observation indicates that after HepG2 cells incubation with chloroautic acid
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solutions, the calculated atom content of Au reaches 0.66% \(from a random region of 2 μm × 2 μm, Fig.
3A inset). Simultaneously, the oxygen and nitrogen contents are ca. 23.01% and 20.54%, respectively,
which originate from the cell components. It is then evident that a signi�cant quantity of gold
nanoclusters could be obtained by in situ biosynthesis inside cytoplasms of HepG2 cells. The absence of
cytotoxicity of this protocol in cells was established by MTT assays \(see Fig. S1 in Supplementary
Information \(SI)). The SEM images also demonstrated the presence of in situ biosynthesized gold
nanoclusters \(white spots indicated by the white arrows in Fig. 3 \(B)) by HepG2 cells incubated with
chloroauric acid solutions. It is noted that initially, large gold nanoclusters with a rather uniform size
distribution could essentially be spotted by SEM near the cell membranes \(Fig. 3 B), but these were
ultimately disseminated in the whole cell cytoplasm, as shown by �uorescence microscopy \(Fig. 4 A for
HepG2; see Fig. S3 in SI for K562) and �uorescence tomography images \(Fig. S2 in SI for HepG2). These
observations proved that gold nanoclusters could readily be prepared by in situ biosynthesis by live tumor
cells in their inside, offering a promising opportunity for in vivo bio-imaging applications. TEM analysis \
(Fig. S4 \(A) in SI) veri�ed that 90% of the in situ biosynthesis gold nanoclusters ranged between 2–3 nm
in diameter. HRTEM \(Fig. S4 \(A), inset) showed that the gold nanoclusters kept their interplanar Au–Au
spacing at ~0.2 nm. To further con�rm the formation of gold nanoclusters by in situ biosynthesis inside
the cells, XPS was used to investigate the valence of gold atoms in the gold nanoclusters after the
reaction. As shown in Fig. S5, there were two peaks located at the binding energies of 84.15 and 87.53 eV,
which was consistent with the emission of 4f photoelectrons from Au\(0),19 thereby indicating the
successful formation of gold nanoclusters. The present biosynthesized gold nanoclusters displayed the
same typical UV/Vis absorption spectrum \(Fig. S4 \(B)) as observed for chemically prepared �uorescent
gold nanoclusters. In addition, the �uorescence of gold nanoclusters biosynthesized in situ could be
observed clearly \(Figs. 2-3 and Figs. S2-S3 in SI), which corresponded with the steady-state �uorescence
spectrum of gold nanoclusters in aqueous solution with an emission peak at ca. 580 nm. The bright
green �uorescence of gold nanoclusters biosynthesized in situ inside HepG2 and K562 cancer cells
appears to be adequate for their use for in vivo bio-imaging of relevant live tumor cells. This is validated
in Fig. 4 and Fig. S3 in SI, which also demonstrates that after incubation with 10 µM chloroauric acid
solutions, a biologically safe molecular Au\(III) precursor, the gold nanoclusters biosynthesized in the
cells were well distributed in the cells, so that the resulting edges and morphologies of the cells were
neatly delineated. Importantly, the �uorescence intensity increased with incubation time, especially in the
nucleoli regions \(Fig. 4 B). On the basis of the relative cellular �uorescence intensities, comparison
between the �uorescence micrographs in Fig. 4 A and Fig. 4 B clearly demonstrates that the
concentration of biosynthesized gold nanoclusters inside the cells not only increased with time in the
cytoplasm, but also progressively settled inside or around the nucleoli at longer times, suggesting that the
gold nanoclusters are biosynthesized in the cell cytoplasm and then migrate towards their nuclei. Raman
spectroscopic investigations of HepG2 cells after 48 h-incubation with 10 µmol/L chloroauric acid
solutions \(see Fig. S6 in SI) evidenced that the biosynthesized gold nanoclusters interacted with
biomolecules inside or around the nucleoli,14, 20-23 giving rise to Raman enhanced effect spectroscopic
bands. This con�rmed the above �uorescence studies demonstrating that biosynthesized gold
nanoclusters progressively settled inside or around the nucleoli \(Fig. 4 B) involving close interactions
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with proteins and nucleic acids.20-22 Importantly, this biosynthesis of nanoparticles from chloroauric acid
solutions seem speci�c to the cancerous cell model, since no formation of gold nanoparticles was
observed in control experiments involving normal embryo liver cells \(L02 cells). This is indicated in Fig. 4
C and 4 D, which show that there is no signi�cant �uorescence for L02 cells subjected to the same
incubation conditions as used for the HepG2 cells. This is further con�rmed by a quantitative comparison
of the �uorescence pixels collected along the indicated lines in Fig. 4 C and 4 D for both cell types, as
shown in Fig. 4 E. Moreover, mounting evidence suggests that, compared with their normal counterparts,
many types of cancer cells have increased levels of reactive oxygen species \(ROS) originating from
dioxygen reduction15, 23, 24. Thus, when easily reducible Au\(III) salts are offered to the cells, their
reduction may compete with that of dioxygen provided that gold nanoclusters may be formed. However,
reduction of Au\(III) into nanoclusters requires the simultaneous presence of speci�c ligands prone to
favor the aggregation of gold\(0) nuclei. Yet, it is reported that hydroquinones and hydrogen peroxide25

could act as such ligands, both species being present at higher levels in cancer cells than in normal ones.
Hence, there are circumstances of established factors, which support our present �nding that cancer cells
submitted to HAuCl4 solution generate spontaneously gold clusters. In vivo self-bio-marking of tumors
through biosynthesized gold nanoclusters The above results established the in vitro validity of the
present approach, forcing these cancer cells to spontaneously produce and con�ne self-imaging
�uorescent markers when incubated with chloroauric acid solutions. We further investigated the
feasibility of in vivo bio-imaging of tumors by �uorescence based on in situ bio-synthesized �uorescent
gold nanoclusters. For this purpose, we relied on a xenograft tumor model of hepatocellular carcinoma or
chronic myeloid leukemia in nude mice \(see SI for construction of the xenograft tumor mouse model).
As shown in Fig. 5 and Fig. S7, subcutaneous injection of chloroauric acid solution around xenograft
tumors allowed the clear observation of bright �uorescence around the tumor after 4 or 24 hours, while
the control mouse was hardly observed by in vivo �uorescence imaging 48 h after a subcutaneous
injection of 10 mmol/L HAuCl4 solution in the right side of their abdomen \(Fig. 5 \(D)). After 72 hours,
the �uorescence was still observable, though the �uorescence area was slightly extended, indicating that
the biosynthesized gold nanoclusters may weakly diffuse around the tumor after exceedingly long time
durations. In this respect, application of this protocol requires a su�cient \(24-48 hours) but not too long
incubation period after the injection of Au\(III) salts in order to allow a selective e�cient biosynthesis of
nanoclusters only by cancer cells or tumors in their inside but refrain contamination of non cancer
tissues. No obvious toxic effects were observed over the experimental period, suggesting that chloroauric
acid solutions could be administered in situ, and thus leading to long-lasting biosynthesized gold-
nanocluster �uorescent labels for the in vivo self-bio-imaging of relevant tumors. GNC-RGO
nanocomposites for cancer cell imaging Both GNCs and GNC-RGO nanocomposites are well-distributed
within the cells, and that the edge and morphology of the cells are delineated well. Moreover, GNCs
impregnated onto RGO nanosheets could reinforce anticancer molecular drugs, such as doxorubicin \
(DOX) to realize accumulation in cancer cells. The strong spontaneous �uorescence of DOX could be also
used to follow its distribution in the cells cytoplasm after incubation with or without the presence of GNC-
RGO. DOX alone did not distribute well in the cells, with about half of the DOX molecules resting on the
cell membrane surface or in between cells \(Fig. 6 a & b). Conversely, when loaded onto GNC-RGO
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nanocomposites, DOX was well-distributed inside the cancer cells \(Fig. 6 c & d), establishing that GNC-
RGO could act as a multifunction platform for targeting, detection, and oncotherapy.
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Figures

Figure 1

Schematic illustration of in situ biosynthesis of gold nanoclusters in cancer cells and tumor imaging
HAuCl4 solution was incubated in vitro with target cells or subcutaneously injected in vivo near a tumor.
The sequestration and reduction of AuCl4- anions inside cells give rise to the progressive formation of
gold nanoclusters. After incubation for 24-48 h, �uorescent gold nanoclusters were observed inside the
tumor cells or accumulated around the tumor.
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Figure 2

Scheme of drug delivery and imaging of cancer cells by gold nanoclusters (GNCs) and graphene
nanocomposites. GNCs impregnated onto reduced graphene oxide (RGO) nanosheets cross swiftly
across HepG2 hepatocarcinoma cell membranes to alter proteins and DNA and transport anticancer
molecular drugs.

Figure 3

Scanning electron microscopy (SEM) images of HepG2 cells after incubation with 10 μmol/L HAuCl4 and
biosynthesis of gold nanoclusters (A) Panoramic images of HepG2 cells with gold nanoclusters; A inset:
EDS of a rectangle region indicated by yellow border; (B) Enlarged SEM image illustrating the presence of
gold nanoclusters (white spots indicated by white arrows).
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Figure 4

Laser confocal �uorescence micrographs of HepG2 (A and B) and L02 control cells (C and D) incubated
with identical 10 μmol/L HAuCl4 solutions. A: after 24 h incubation; B, C and D: after 48 h incubation; D:
Overlay of the morphological and �uorescence image of C. Images were acquired at 400-fold
magni�cation. E: Relative �uorescence intensity variations along cross-sections a (in A), b (in B), or c (in
C) (the color gradient coding illustrates the direction of the sampling). See Fig. S3 for K562 cell lines.
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Figure 5

Representative xenograft tumor mouse models of hepatocellular carcinoma observed in normal light (A)
or by in vivo �uorescence imaging (B) 24 h after a subcutaneous injection of 10 mmol/L HAuCl4 solution
near the tumor. In (A), the inset shows an enlarged view of the xenograft tumor. Xenograft tumor mouse
models of chronic myeloid leukemia observed by in vivo �uorescence imaging (C) 24 h after a
subcutaneous injection of 10 mmol/L HAuCl4 solution near the tumor. (D) Control mouse observed by in
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vivo �uorescence imaging 48 h after a subcutaneous injection of 10 mmol/L HAuCl4 solution in the right
side of their abdomen.

Figure 6

Laser confocal �uorescence micrographs of HepG2 cells Laser confocal �uorescence micrographs of
HepG2 cells treated with 0.25 mg/mL DOX (a,b) and DOX-loaded GNC-RGO (c,d). a,c) Fluorescence
micrographs. b,d) Overlay of the morphological and �uorescence images after incubation for 14 h.
Images were acquired at 400-fold magni�cation.


