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ABSTRACT 
Photodynamic therapy (PDT) by near-infrared (NIR) irradiation is a promising technique for treating various cancers. Here, we 
reported the development of free-standing wafer-scale Au nanosheets (NSs) that exhibited an impressive PDT effect. The Au NSs 
were synthesized by ionic layer epitaxy at the air-water interface with a uniform thickness in the range from 2 to 8.5 nm. These Au 
NSs were found very effective in generating singlet oxygen under NIR irradiation. In vitro cellular study showed that the Au NSs 
had very low cytotoxicity and high PDT efficiency due to their uniform 2D morphology. Au NSs could kill cancer cells after 5 min 
NIR irradiation with little heat generation. This performance is comparable to using 10 times mass loading of Au nanoparticles 
(NPs). This work suggests that two-dimensional (2D) Au NSs could be a new type of biocompatible nanomaterial for PDT of cancer 
with an extraordinary photon conversion and cancer cell killing efficiency. 
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1 Introduction 
Cancer is one of the deadliest diseases for human beings. 
Numerous research efforts have been implemented for cancer 
cell killing. Among all currently available treatments, photo-
dynamic therapy (PDT) is an attractive technique for killing 
various cancer cells [1, 2]. It is a noninvasive procedure that 
involves light, photosensitizers and tissue oxygen, and causes 
minimal damage to surrounding tissues. It, therefore, induces 
minimal damage to human bodies and has fewer side effects 
comparing to surgery, chemotherapy and radiation therapy [3–5]. 
Near infrared (NIR) light is usually employed for PDT treatment 
because it has deep tissue penetration [6]. Nanomaterials that 
absorb NIR light and generate reactive oxygen species (ROS) 
are usually used as photosensitizers for PDT to kill cancer cells. 
Au nanoparticles (NPs) are well known for their chemical 
inertness and low cytotoxicity [7], and has been considered 
as a good candidate for PDT in cancer treatment [8, 9]. It has 
been reported that the morphologies of metal nanomaterials 
have a very strong influence on their optical properties and 
surface reactivity [10–14]. It was found that singlet oxygen 
(one of the ROS) can be generated by photoirradiation at 
the longitudinal bands, but not at the transverse band of Au 
nanorods [15]. Large surface area with large dimensions would 
enhance the surface plasmon resonance in longer wavelength 
range and promotes singlet oxygen generation. Therefore, an 
ultrathin sheet-like morphology could be a superior structure 
to increase the absorption of NIR and maximize the efficiency 

of singlet oxygen generation. It is thus essential to investigate 
how the 2D morphology affects the metal nanomaterials’ photo-
physical and photochemical properties and to study their 
application as a PDT photosensitizer in cancer treatment. 

In this work, centimeter-sized ultrathin Au nanosheets (NSs) 
were synthesized using ionic layer epitaxy (ILE) method [16, 17]. 
The Au NSs exhibited a broad absorption in the visible light 
and NIR region. We further demonstrated that the Au NSs could 
generate singlet oxygen under NIR irradiation with minimal heat 
generation. These Au NSs had a smooth surface and showed 
very low toxicity to living cells. In vitro studies revealed the 
superior capability of the Au NSs in killing murine 4T1 breast 
cancer cells under the irradiation of 808 nm wavelength laser. The 
ultrathin nature of the Au NSs significantly increased the singlet 
oxygen generation efficiency by Au surface plasmon resonance 
under NIR radiation, which promoted it to be highly efficacious 
PDT materials for cancer treatments. 

2  Experimental 

2.1  Synthesis of 5 nm Au nanosheets 

Au NSs were synthesized by ILE method. In a typical synthesis, 
5 mL de-ionized (DI) H2O was prepared in a 24-mL glass vial. 
Subsequently, 100 μL 2.857 mM L-arginine (L-arg, Sigma-Aldrich) 
aqueous solution and 30 μL of 20 mM gold(III) chloride hydrate 
(HAuCl4·xH2O, Sigma-Aldrich) aqueous solution were added 
into the glass vial. Then, 8 μL chloroform solution containing 
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1.8 mM oleylamine (Sigma-Aldrich) was slowly spread onto 
the precursor solution surface. Finally, this glass vial was screw- 
capped and was carefully transferred into a convection oven 
and kept at 60 oC for 180 min. The Au NSs could be transferred 
onto an arbitrary substrate by scooping at the surface of the 
solution or extracting solution from the bottom for characteriza-
tion and device fabrication. 

2.2  Synthesis of 2, 4, 6, 8.5 nm Au nanosheets 

Au NSs at different thickness were all synthesized by ILE 
method with various precursor concentrations and heating 
time lengths. For 2 nm Au NSs, 100 μL 2.857 mM L-arg 
solution and 30 μL of 20 mM HAuCl4·xH2O solution were 
added into 5 mL DI H2O. The solution was heated for 90 min 
at 60 oC. For 4 nm Au NSs, 200 μL 2.857 mM L-arg solution and 
60 μL of 20 mM HAuCl4·xH2O solution were added into 5 mL 
DI H2O. The solution was heated for 90 min at 60 oC. For 6 nm 
Au NSs, 200 μL 2.857 mM L-arg solution and 60 μL of 20 mM 
HAuCl4·xH2O solution were added into 5 mL DI H2O. The 
solution was heated for 180 min at 60 oC. For 8.5 nm Au NSs, 
100 μL 2.857 mM L-arg solution and 30 μL of 20 mM 
HAuCl4·xH2O solution were added into 5 mL DI H2O. The 
solution was heated for 17 h at 60 oC. 

2.3  Characterization 

A Zeiss LEO 1530 field-emission scanning electron microscope 
(FESEM) was used to study the morphologies of the Au NSs. 
Atomic force microscopy (AFM) tomography images were 
obtained using an XE-70 Park System. X-ray photoelectron 
spectroscopy (XPS) spectrum was obtained from a Thermo 
Scientific K-alpha XPS instrument at a 400 μm spot size, with 
the flood gun turned on during the measurements. FEI TF30 
transmission electron microscope (TEM) operated at 300 kV 
was used to study the crystal structure. Ultraviolet–visible– 
near-infrared (UV–vis–NIR) spectroscopy was performed on a 
Spectrometer UV–vis–NIR Lambda 19. In situ grazing incidence 
X-ray diffraction (GIXD) experiment was performed at beamline 
15-ID-C ChemMatCARS at the Advanced Photon Source (APS) 
in Argonne National Laboratory. 

2.4  Singlet oxygen detection 

Singlet oxygen sensor green (SOSG) was employed to evaluate 
the singlet oxygen generation of Au NSs. Au NSs of different 
thicknesses were transferred onto 15-mm diameter thin glass 
disk substrates, which were put to the bottom of a 24-well cell 
culture plate. 1 mL phosphate buffer saline (PBS) containing 
0.15 μL SOSG was added to each sample. Then, they were 
irradiated with an NIR laser (808 nm, 3 W/cm2). The SOSG 
fluorescence was obtained from the ClarioStar Plate Reader 
with an excitation of 504 nm wavelength. The fluorescence 
result was quantified by comparing the SOSG fluorescence 
enhancement with the control samples of blank glass disks. 

2.5  Measurements of singlet oxygen quantum yield 

The measurements of singlet oxygen quantum yield (ΦΔ) were 
performed in ethanol with 1,3-diphenylisobenzofuran (DPBF) 
as the 1O2 indicator and methylene blue (MB) as the standard 
photosensitizer. The generation of singlet oxygen could be 
found by reduced absorption of the DPBF at 410 nm. ΦΔ was 
calculated by ΦΔ (sample) = ΦΔ(MB)·m(sample)/m(MB), using 
the standard MB dye with known singlet oxygen quantum 
yield of ΦΔ = 0.52 (in ethanol) [18], where m represents the 
slope of a linear fit through plotting the natural logarithm of 
the reduction of the 410 nm DBPF band against the exposure 
time. 

2.6  Cell culture and cytotoxicity assessment 

Murine breast cancer 4T1 cells were cultured at 37 °C and with 
5% CO2 in Roswell Park Memorial Institute medium (RPMI) 
1640 supplemented with 1% penicillin/streptomycin and 10% 
fetal bovine serum (FBS). Human embryonic kidney 293 (HEK293) 
cells were obtained from the American Type Culture Collection 
(ATCC) and cultured under 5% CO2 at 37 °C in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 1% 
penicillin/streptomycin and 10% FBS. Au NSs of different 
thicknesses were transferred onto 15-mm diameter thin glass 
substrates, which were put to the bottom of a 24-well cell culture 
plate. Cells were seeded into the 24-well cell culture plate at 
105 per well and then incubated for 24 h at 37 °C under 5% CO2, 
and the cell viability was then measured by MTT assay. 

2.7   In vitro photodynamic performance 

For therapeutic experiments, an 808 nm laser irradiation at 
3.0 W/cm2 was applied in all cases. The Au NSs were rinsed 
with DI water and 75% ethanol solution before the in vitro 
experiment. To investigate the impact of gold morphology on 
photodynamic conversion, thermal evaporated gold nanofilms 
(Au NFs) at different thickness and 5 nm gold nanoparticle 
(Au NPs) solutions at different concentrations were all irradiated 
for 5 min. 

3  Results and discussion 

3.1  As-synthesized Au NSs from ILE method 

The ultrathin Au NSs were synthesized via ILE at the air–water 
interface. The AuCl4

− precursor ions in the solution were 
attracted by a positively ionized oleylamine monolayer at the 
air–water interface, where they were reduced to Au0 by L-arginine. 
When the solution was kept at 60 oC, Au nanocrystals nucleated 
and grew at the concentrated interface layer [19]. Guided by 
the rearrangement of oleylamine molecules, Au nanocrystals 
gradually formed into a uniform ultrathin 2D morphology 
covering the entire water surface. The as-synthesized Au NSs 
were floating at the water surface and were readily transferred 
to any arbitrary substrate. This synthesis was conducted in a 
5-inch glass petri dish. By slowly extracting the solution, the 
Au NS was transferred onto a 4-inch Si wafer. As shown in the 
optical image (Fig. 1(a)), the as-transferred nanosheet almost 
fully covered the entire Si wafer with high uniformity. 

The topography of this nanosheet was first characterized by 
SEM and AFM. After a 3-hour synthesis, the Au NSs were smooth 
and flat, with a uniform thickness of 5.0 nm and a roughness 
less than 0.4 nm (Figs. 1(b) and 1(c)). This result revealed that 
the nanosheet was a continuous single piece rather than a 
particle-assembled layer. Some Au NPs were found on the 
nanosheet surface. They were formed in the bulk solution 
phase and were picked up onto the nanosheet surface during 
sample transfer. They could be removed by gently rinsing 
the sample surface using DI water. TEM was implemented to 
investigate the crystallinity of the Au NSs. The lateral size of 
the nanosheets were too large to be fully imaged and a region at 
the center of the nanosheet was taken for the characterization. 
As shown in Fig. 1(d), the nanosheet was very flexible, some 
wrinkles were observed without cracks or particles. Selective 
area electron diffraction (SAED) pattern of this region gave a 
polycrystalline feature (Fig. 1(e)). The diffraction rings could 
be indexed to {111}, {200}, {220}, and {311} planes, which 
matched well with the face-center cubic structure of metal gold. 
High-resolution TEM (HRTEM) image (Fig. 1(f)) showed that 
the polycrystalline nanosheets had single crystalline domains  
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Figure 1  Characterization of the gold nanosheets (Au NSs). (a) Optical image 
of Au NSs resting on a 4-inch Si wafer showing the excellent uniformity 
and scalability of the Au NSs. (b) SEM image and (c) AFM image of a 
nanosheet edge region on a Si substrate showing its topography and the 
thickness (the Au NSs are on the left-hand side). (d) TEM image and (e) 
the corresponding SAED pattern of (d). (f) HRTEM image of the Au NSs 
indicating a polycrystalline structure. (g)–(i) XPS elemental spectra: survey (g), 
Au 4f, (h) and N 1s (i), showing the zero valance Au and the presence of 
oleylamine on the metal Au NS. 

of a few nanometers in sizes. In addition, the crystal evolution 
of Au NSs were further investigated using in situ GIXD. The 
measured GIXD spectrum was plotted as contour plots of the 
intensity as a function of both the horizontal (Qxy) and the 
vertical (Qz) scattering vector components (Fig. S1 in the 
Electronic Supplementary Material (ESM)). The lattice spacing 
d was obtained from the in-plane diffraction data as d = 2π/Qxy 
[20, 21]. The only diffraction pattern was a Bragg rod with Qxy = 
2.65 Å−1, giving a lattice spacing d = 2.37 Å that was corresponding 
to the Au (111) planes. This GIXD result confirmed that the 
Au NS was epitaxially-grown at the air–water interface into a 
two-dimensional (2D) morphology. 

XPS was implemented to investigate the elemental charac-
teristics and the bonding states of the Au NSs. A full wavelength 
survey scan showed multiple strong element signals from Au 
at 84.18 and at 87.88 eV, Si 2p at 103.08 eV, C 1s at 285.08 eV, 
N 1s at 399.98 eV, and O 1s at 533.08 eV (Fig. 1(g)). The 
signals of Si and O were from the bottom SiO2 substrate as 
the detective depth of XPS was longer than the thickness of 
the nanosheet. In the Au 4f fine scan shown in Fig. 1(h), the 
only two Au 4f peaks matched well with the chemical state 
of Au0, where Au 4f7/2 at 84.18 eV and 4f5/2 at 87.88 eV. This 

suggested that the AuCl4
− was fully reduced by L-arginine 

and the formation of the metallic gold nanosheet. The single 
peak located at 399.98 eV in the N 1s spectrum matched the 
chemical state of N of C-NH2 (Fig. 1(i)). This confirmed the 
existence of oleylamine, indicating the surfactant layer was 
remaining on the Au NSs. 

3.2  Optical properties of Au NSs dependent on nano-

sheet thickness 

In the ILE of Au NSs, the Au precursor was reduced by the 
reducing agent from the aqueous solution. Therefore, the 
thickness of these Au NSs could be rationally controlled by 
tuning the precursor concentrations and reaction time. 
Through this strategy, Au NSs with thickness varied from 2 to 
8.5 nm were obtained. The Au NSs at different thickness 
were subjected to SEM and AFM analyses (Fig. S2 in the ESM). 
Compared to the 5 nm thickness obtained from the 3-hour 
synthesis, reducing the reaction time to 1.5-hour yielded 2 nm 
Au NSs; while increasing the reaction time to 17-hour gave 
the maximum thickness of 8.5 nm. This result showed that 
with enough precursors in the solution, longer reaction time 
would yield thicker Au NSs. Besides, by doubling the precursor 
concentrations, the 1.5-hour and 3-hour syntheses gave 4 
and 6 nm Au NSs, respectively. These findings suggested that 
higher precursor concentration could raise the reaction rate 
leading to thicker nanosheets. While these nanosheets were all 
flat and uniform, the thinnest (2 nm) and the thickest (8.5 nm) 
Au NSs had the largest amount of nanoparticles spreading on 
the surface. For the thin nanosheet case, it was due to the fast 
nucleation rate within the electrical double layer, and thus the 
lateral growth was suppressed to form smooth nanosheets at the 
confined air–water interface region. For the thick nanosheet 
case, the nanosheet thickness was beyond the electrical double 
layer thickness and more reaction in the bulk solution phase 
provided more particles attached to the nanosheet. Within 
an optimal concentration and reaction time window, clean Au 
NSs with very little NPs could be obtained, such as the 5 nm 
Au NSs case. 

For PDT applications, the materials must show desired NIR 
absorption capability. Thus, optical properties of Au NSs were 
investigated by UV–vis–NIR spectroscopy. Single layer Au NSs 
at different thickness all showed strong broad absorptions in 
the visible and NIR range (Fig. 2(a)). The absorbance intensity 
displayed a positive correlation with the Au NSs thickness. There 
was also a blue shift in the maximum absorption wavelength 
with decreasing Au NSs thickness [22, 23]. Figure 2(b) shows the 
normalized absorption spectra by the nanosheet thickness, 
revealing that thinner Au NSs had stronger absorption across the 
visible range, indicating that the light absorption was mainly at 
the nanosheet surface as a result of surface plasmon resonance. 
In the NIR region, 5 nm Au NS has the highest absorbance 

 
Figure 2  The optical properties of the Au NSs. (a) UV–vis–NIR absorption spectra of Au NSs at different thicknesses, showing a red-shifting of
absorption peak as the Au NS thickness increases. (b) Normalized absorption spectra in (a) by Au NS thickness, revealing that the resonance is localized at
the surface. (c) Absorbances at 808 nm wavelength in (b) indicate that 5 nm is the most efficient thickness for Au NS to absorb NIR wavelength. 
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than other thicknesses. This suggested that the major surface 
plasmon resonance region of absorbing NIR light is slightly 
deeper than that of visible light. At 808 nm wavelength, it’s 
roughly in the depth of 2.5 nm beneath the surface, 5 nm Au NS 
had almost twice the absorbance compared to the other three 
nanosheet thicknesses (Fig. 2(c)). 

3.3  In vitro Au NSs mediated photoirradiation cancer 

treatment 

These outstanding optical properties of the Au NSs inspired us 
to use them for photoirradiation cancer treatment. As a proof- 
of-concept study, we carried out in vitro cellular experiments 
in order to evaluate the cancer cells killing effect of the Au NSs. 
The in vitro experiments were performed with 4T1 murine 
breast cancer cells on the Au NSs. As-synthesized 5 nm Au 
NSs were transferred on 1.5-mm diameter glass disks and cells 
were grown on the surface. Similar to the Si substrate, the 
glass disks were almost fully covered with a single layer of the 
nanosheet. Only a few micro cracks appeared on the nanosheet 

surface, but this was negligible to change the nanosheets 
morphology and surface area. Cell culture medium containing 
normal cells (HEK293 cells) and cancer cells (4T1 cells) was 
individually added into 24-well plates (105 per well) with the  
Au NSs at the bottom. After 24 h incubation to allow the cells 
stick onto Au NSs, without applying laser irradiation, both 
normal cells and cancer cells showed over 90% viabilities on 
Au NSs (Figs. S3 and S4 in the ESM), except the cancer cells 
on 8.5 nm Au NSs. This lower viability from the 8.5 nm-thick 
nanosheet group was due to the rougher surface and more 
adsorbed Au NPs to thinner nanosheets. The adsorbed Au 
NPs may become toxic by penetrating the cell membrane and 
involving the reactions in the cells [24, 25]. 

To carry out the photoirradiation therapy, all cancer cells 
groups were irradiated with 808 nm laser at 3 W/cm2 for 
5 min (Fig. 3(a)). Optical images shown in Fig. 3(b) are the 
4T1 cancer cells stained by trypan without or with the 
photoirradiation. Before irradiation, cancer cells are all alive 
in all groups with different Au NSs thicknesses. After 5 min 

 
Figure 3  In vitro photoirradiation therapy for cancer cells killing by Au NSs. (a) Schematic illustration of the photodynamic therapy carried out by the
Au NSs. Murine 4T1 breast cancer cells on the Au NSs were exposed to 808 nm laser (3 W/cm2) for 5 min. (b) Optical images of cancer cells stained by 
trypan blue without (Dark) or with the NIR irradiation. Cancer cells were alive in the dark on the bare glass and Au NSs, and the cells density was higher
on the Au NSs region comparing to the bare glass region. Most of the cells on the Au NSs died after NIR irradiation while most of the cells on the glass
were still alive. Cancer cell viabilities and temperature change in the Au NSs PDT. (c) Cancer cells viabilities on the Au NSs in the dark and after NIR 
irradiation, showing the cancer cells killing abilities of Au NSs via NIR irradiation. (d) The temperatures of the cancer cells after 5 min 808 nm laser
irradiation (3 W/cm2). The temperature increases were too little to stimulate photothermal effect, suggesting a dominating photodynamic effect. (e) 
Cancer cells viabilities and (f) temperature of different Au nanostructures loaded with cancer cells after NIR irradiation (808 nm, 5 min at 3 W/cm2). The 
cancer cells died due to photothermal effect with all of the other Au nanostructures, except Au NSs. (g) Comparison of cancer cells killing efficiency
normalized by sample mass, showing the superior PDT efficacy of Au NSs (P values for the viabilities were calculated by two-tailed test, ns P > 0.05; * P < 0.05; 
** P < 0.01; *** P < 0.001). 
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irradiation, cancer cells were still alive on the bare glass, but 
the majority of the cells were killed on the Au NSs. This result 
proved that Au NSs have the ability to kill cancer cells under 
NIR photoirradiation. Furthermore, cancer cell viability was 
also measured by a standard MTT assay and the result was 
summarized in Fig. 3(c). Using the PBS buffer as a control, 
Au NSs at different thickness all showed strong ability to 
kill cancer cells, and the 5 nm-thick nanosheet gave the best 
performance, more than 75% of the cancer cells were killed 
in 5 min. The temperature was also measured during the 
irradiation, which was slightly increased due to the photothermal 
effect of Au NSs. The temperature was higher with thicker 
nanosheets (Fig. 3(d)). However, none of the samples reached 
a temperature above 35 oC, which is not high enough for 
photothermal therapy (PTT). This fact suggested that the 
cancer cells were not killed by the photothermal effect of Au 
NSs. Besides, we conducted the cancer cells experiments with 
a lower power density of 1.5 W/cm2. The cell viabilities were 
increased in all groups after NIR irradiation. Although the 
PDT effect at lower power density is weaker, the cancer cell 
killing performance exhibited the same thickness dependence 
as the 3 W/cm2 experiments, where 5 nm Au NSs showed 
the highest efficiency (Fig. S4 in the ESM). To understand 
the dominant effect causing the cell death, temperature was 
measured in PBS solutions without cancer cells (Fig. 4(a) and 
Fig. S5 in the ESM). The increased temperature was positively 
related to the thickness of the Au NSs, but the temperatures in 
the 5 min never reached 42 oC, which is the lower temperature 
threshold for PTT. These results excluded PTT as a possible 
major effect of cancer cell killing.  

3.4  Improved PDT performance from Au 2D mor-

phology 

Therefore, we hypothesize that the PDT effect might played 
the key role for cancer cell killing as a result of singlet oxygen 
generated by Au NSs under NIR irradiation. To confirm that 
the Au NSs can indeed sensitize the formation of singlet 
oxygen upon photoirradiation, we added the commercial SOSG 
into the PBS solution before NIR irradiation. The nonfluorescent 
SOSG has been demonstrated to have a very good selectivity 
towards singlet oxygen, but is inert to hydroxyl radicals or 
superoxide [26–28]. Upon reaction with singlet oxygen to 
form endoperoxide, it becomes fluorescent and emits green 
fluorescence with a maximum at 525 nm. According to the 
result shown in Fig. 4(b), with the presence of Au NSs, a much 
stronger fluorescence signal was detected upon irradiation 
with 808 nm light comparing to the blank PBS group, thus  
indicating that photoirradiation with 808 nm light does 
generate singlet oxygen at the Au NSs surface. We also used a 
colorimetric method based on MB-bleaching after hydroxyl 
radical trapping to determine the generation of other ROS [29, 30]. 
We compared the ·OH generation of the Au NS in water to a 
control experiment without Au NS. No significant difference was 
found (Fig. S6 in the ESM), indicating a negligible generation 
of ·OH during irradiation. Importantly, the generation of 
singlet oxygen was further confirmed by using DPBF as the 
singlet oxygen indicator. The absorbance intensity of DPBF 
decreased significantly upon the exposure of DPBF to NIR 
in the presence of NSs for 5 min (Fig. 4(c)), confirming the 
quick production of singlet oxygen during the PDT process. 
In addition, the quantum yield (ΦΔ) of singlet oxygen was 
performed in ethanol solution with DPBF as the singlet oxygen 
indicator and MB as the standard photosensitizer. As the 
results summarized in Fig. 4(d), 5 nm Au NSs had the highest  

 
Figure 4  Photodynamic effect type determination and singlet oxygen 
yield measurement. (a) Temperature profiles of Au NSs during 5 min NIR 
irradiation, showing a trivial photothermal effect. (b) Fluorescence intensity of 
SOSG with 5 nm Au NS during 60 min NIR irradiation. Large amount 
singlet oxygen was generated on the Au NSs compared to on the bare glass. 
(c) Time-dependent absorption spectra of the DPBF in the presence of 
NSs upon exposure to NIR irradiation, confirming the generation of singlet 
oxygen. (d) The yield measurement of 1O2 using DPBF as the 1O2 indicator 
and methylene blue (MB) as the standard photosensitizer. 

yield among the four thicknesses, which was consistent with 
the absorption spectra and PDT effects. The ROS generation 
study proved that the cancer cells were killed by the singlet 
oxygen generated from Au NSs. The Au NSs synthesized via 
ILE method do not require other surface modification with 
any functional materials. 

In addition, we performed cellular experiments with other 
Au nanostructures as comparisons. Thermal evaporated Au 
NFs and 5 nm Au NPs were used for such comparison (Fig. S7 in 
the ESM). The cell viability results and temperature increases are 
shown in Figs. 3(e) and 3(f). To achieve a comparable cancer cell 
killing efficiency, the temperature with other nanostructures 
all went above 42 oC, which was typical for PTT effect. Thermal 
evaporated 5 nm Au NFs had a larger roughness comparing 
to 5 nm Au NSs and showed a much higher cytotoxicity. 5 nm 
Au NPs with the same mass loading (~ 17 μg) generated a 
similar heat from PTT effect and didn’t show a strong ability 
to kill cancer cells. To enable PTT with Au NPs, at least 10 times 
mass loading was required (~ 170 μg) and Au NPs required 
about one day of incubation to enter the cells. The cancer cell 
killing efficiency was calculated by dividing the killing percentage 
over microgram, and this was shown in Fig. 3(g). The result 
revealed that ILE Au NSs are highly effective PDT materials, 
and their performances are much better than the PTT effect 
from other Au nanomaterials. The uniform 2D morphology 
of Au NSs promoted the absorption of NIR photon energy to 
generate singlet oxygen. The efficiency increases as the thickness 
decreases, suggesting that the PDT effect was given by the 
surface plasma property of the Au NSs. Without introducing 
additional photosensitizers, 5 nm Au NSs (~ 17 μg) were still 
able to yield an outstanding killing efficiency of 75% in 5 min 
under 3 W/cm2 808 nm laser irradiation, which is at the forefront 
of various Au nanomaterials reported in Refs. [31–37]. 

4  Conclusion 
In summary, we reported an approach to prepare wafer-scale 
uniform Au NSs with a few nanometer thickness using ILE 
method with oleylamine monolayer as a surfactant template at 
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air–water interface. The nanosheet thickness could be controlled 
by tuning the precursor concentrations and reaction time. 
These Au NSs exhibited a broad absorption from the visible 
light to the NIR region and a strong singlet oxygen generation 
upon 808 nm photoirradiation rather than heat generation. It 
also has very low toxicity to living cells. Based on these unique 
properties, we have demonstrated in vitro cellular experiments 
showing that the ILE grown Au NSs are effective materials for 
cancer cells killing via PDT. The small temperature increases 
also showed that the PDT effect mediated by Au NSs is far 
more selective than their PTT effect. Moreover, the uniform 
2D morphology of the Au NSs grown from the ILE technique 
achieved the highest cell killing efficiency among various Au 
nanostructures. With the structural advantages of Au NS, it 
could be made into plaster to treat skin cancers or salve to 
promote cleaning and healing the wound region after tumor 
cutting surgery. Au NS will be a very promising nanomaterial 
for PDT and will bring a new path to use large-area ultrathin 
2D nanomaterials for medical treatments.  
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