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ABSTRACT: Plasmonic gold nanoparticles present extraordinary
potential for near-infrared photothermal and triggered-therapeutic release
treatments of solid tumors. In this study, we create a multifunctional
nanocarrier in which PEG-coated gold nanorods are grouped into natural
cell membrane vesicles (CM) from lung cancer (A549) cells and loaded
with β-lapachone (CM-β-Lap-PEG-AuNRs). β-Lapachone (β-Lap) is an
anticancer agent activated by the enzyme NADP(H):quinine oxidor-
eductase (NQO1), commonly found at higher levels in cancer cells. The
irradiation with near-infrared (NIR) laser leads to disruption of the
vesicles and release of the PEG-AuNRs and β-Lap. The system presents
an enhanced in vitro cytotoxicity against A549 cancer cells, which can be
attributed to the specific cytotoxicity of β-Lap combined with heat
generated by laser irradiation of the AuNRs. In agreement, in vivo
treatment with CM-β-Lap-PEG-AuNRs and irradiation shows a histopathological recovery from nonmuscle invasive bladder
cancer of most of the animals with only one cycle of application and irradiation. Such multifunctional platform is a promissing
candidate for improved activated drug release and phototherapy.
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1. INTRODUCTION

Nanomaterials have found promising applications in medicine,
especially in cancer, in which nanomaterials have revolution-
ized diagnosis and treatment strategies. As example, plasmonic
photothermal therapy (PPTT), which consists in the trans-
duction of light by specific nanosystems into heat, has emerged
as a potential minimally invasive alternative for cancer
treatment with reduced side effects.1 The use of long-
wavelength laser irradiation, such as in the near-infrared
region (NIR) between 650 and 950 nm, is particularly
advantageous because it exhibits the maximum radiation
penetration into tissues and can be used in deeply seated
targets.2 Gold nanorods (AuNRs) provide excellent systems
for applications in PPTT because of their localized surface
plasmon resonance (SPR) at NIR.3,4 Recently, multifunctional
systems for combined chemical and phototherapy have
emerged as a potential platform for cancer therapy. It has
been demonstrated that the heating caused by phototherapy
may increase susceptibility of cancer cells to other treatments,
resulting in an improved therapeutic efficacy compared with
chemo or photothermal therapy alone.5,6 However, despite
many studies in this area, the low accumulation rate of the
nanoparticles in the target tissue is still a challenge.7

To enhance the accumulation of nanoparticles in the tumor,
new strategies of functionalization of the nanomaterials have
been developed. Among them, the coating with natural cell
membranes has proved to be an interesting alternative to
camouflage the particles and extend their blood circulation
time.8−12 This strategy has been extended to cancer cells,
demonstrating higher specificity for cancer cell targeting13 and
also potential for cancer immunotherapy.14 Recently, a
cooperative membrane-targeting using extracellular vesicles
from cancer cells have been explored to enhance the
accumulation and distribution of therapeutic agents in the
tumor.15 The use of reconstructed stem cell membranes as
platform for drug delivery16 and imaging and phototherapy of
tumors17 have also been reported. They can exhibited many
favorable properties such as efficient drug loading, biocompat-
ibility, and prolonged blood circulation time.18,19

In this study, we developed a multifunctional nanocarrier for
photothermal therapy and drug delivery. In this nano-
theranostic system, PEG-coated gold nanorods were grouped
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into natural cell membrane vesicles from lung cancer cell
membranes (A549) and loaded with the anticancer drug β-
lapachone (CM-β-lap-PEG-AuNRs). β-lapachone cytotoxicity
is activated by NADP(H):quinine oxidoreductase (NQO1), an
enzyme overexpressed in many human cancers.20 Conse-
quently, it presents very low toxicity to normal cells and can be
used as an effective and selective antitumor agent. However, its
poor solubility, low stability in circulation, short blood
circulation time, and poor specificity led to low tumor
accumulation and have limited its therapeutic applica-
tions.21 Therefore, substantial efforts have focused on its
incorporation in nanostructured systems.22,23

Our aim was to develop a specific multifunctional system for
cancer treatment by using the antigens and the unique
properties of the cell membrane combined with photothermal
properties of AuNRs and anticancer activity of β-lap. In
particular, we have chosen the A549 cell line, because of its
metastatic character which may consequently, make it a good
candidate to enhance delivery to cancer and their metastatic
sites. The platform was characterized by spectroscopy and
electron microscopy techniques and their properties in the
presence and absence of a NIR laser both in vitro and in vivo
were investigated. The system described here differs from
others cell-membrane encapsulated nanomaterials mainly due
to the NIR-activated synergic toxicity demonstrated between
the heat generated by laser irradiation and β-lapachone.

2. RESULTS AND DISCUSSION

2.1. Gold-Nanorod-Loaded Cancer Cell Membrane
Fabrication. An overview on the different steps of the
fabrication of the CM-β-Lap-PEG-AuNRs is shown in Figure
1. First, the A549 cancer cell membranes (CM) were extracted
and purified by ultracentrifugation, followed by incorporation
of the anticancer agent β-Lap. Because of the hydrophobic
behavior of the β-Lap molecules, it is expected that most of
them are associated together with the lipid compartments of
the vesicle (green points in Figure 1). The gold nanorods were
fabricated by the seed-mediated method in the presence of
CTAB and covalently functionalized with mPEG-SH. The

fusion of the PEG-AuNRs and CM-β-Lap were performed by
mechanical extrusion through 100 nm pore membrane.
Cancer cell membrane vesicles (CM) were derived from

A549 cancer cells. The reasoning for choosing this cell line as a
source lies in their metastatic ability.24 Cell-membrane-based
systems exhibit natural properties and some biofunctions from
their parent cells.25 Taking advantage of the inherent
homotypic binding capability among tumor cells13 and the
metastatic characteristic of the A549 cells,24 their derived
membrane vesicles seem to be good candidates for enhance
drug and nanoparticle delivery to the cancer and their
metastatic sites. The qualitative analysis of the cell membrane
proteins was performed by polyacrylamide gel electrophoresis
(SDS-PAGE), as shown in Figure S1. The resulting vesicles
appear to retain the critical cell membrane proteins.13 The
presence of specific and tumor-associate antigens from the
source cancer cell line in the derivate vesicles have been
confirmed in a previous study performed by Fang et al.13

Quantitative BCA analysis was used to calculated the total
protein concentration. Phospholipids were found to be the
most abundant lipid class present in the A549 cell membrane
vesicle according to the latroscan TLC/FID analysis (Figure
S2).
The loading of β-Lap into the CM structure was performed

by incubation of the CM with β-Lap, followed by extrusion and
dialysis. The hydrodynamic diameter measured by dynamic
light scattering (DLS) after extrusion confirms the formation
of vesicles with an average diameter around 150 nm (Figure
S1B). Figure S1C shows a comparison of the UV−vis spectra
of the CM before and after the loading of β-Lap. The CM
spectrum presents a small absorption band at ca. 260 and 220
nm, which came from the proteins of the membrane. After
loading the β-Lap, the spectrum exhibited a typical β-Lap
absorption peak at 257 nm.
PEG-AuNRs, with an average aspect ratio (length/width) of

approximately 3.5 (Figure S3), were fused with the CM-β-Lap
derived vesicles through mechanical extrusion upon coex-
trusion of CM-β-Lap and PEG-AuNRs through a 100 nm
polycarbonate membrane for several times. The CM-β-Lap/

Figure 1. Schematic representation (not to scale) of proposed mechanism for the fabrication of the cancer cell membrane-coated PEG-gold
nanorods and loaded with the anticancer agent β-Lapachone (CM-β-Lap-PEG-AuNRs). First, A549 lung cancer cells are isolated, lysed to remove
the internal content, and purified by ultracentrifugation. β-Lap is loaded on cell membrane structure and they are extruded through 200 nm porous
membrane (CM-β-Lap). In parallel, gold nanorods (AuNRs) are synthesized by the seed-mediated method in the presence of surfactant CTAB,
followed by covalent functionalization with mPEG-SH. The fusion of the resulting PEG-AuNRs and CM-β-Lap are performed by mechanical
extrusion through 100 nm pore membrane.

ACS Applied Bio Materials Article

DOI: 10.1021/acsabm.8b00603
ACS Appl. Bio Mater. 2019, 2, 728−736

729

http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00603/suppl_file/mt8b00603_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00603/suppl_file/mt8b00603_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00603/suppl_file/mt8b00603_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00603/suppl_file/mt8b00603_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00603/suppl_file/mt8b00603_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00603/suppl_file/mt8b00603_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.8b00603/suppl_file/mt8b00603_si_001.pdf
http://dx.doi.org/10.1021/acsabm.8b00603


PEG-AuNR ratio was varied to adjust the uniformity of the
system and to avoid free AuNRs. The total concentration of β-
Lap in the final conjugates (OD750 nm = 0.6) was around 2.5
μM, which revealed a low loading efficiency. The low β-lap
loading efficiency has also been observed in β-lap-loaded
micelles and polymeric particles.22

A comparison of the UV−vis−NIR spectra of PEG-AuNRs
before and after the conjugation is shown in Figure 2A. A
slightly red shift is observed in the presence of the membrane
and indicates the changing in the dielectric nature surrounding
the nanorods.26 More pronounced, however, is the changing in
the intensity of the longitudinal plasmonic peak, which was
significantly reduced. This effect has been attributed to the

plasmon coupling effect, which is typically induced by gold
nanorods assembly.27 A comparative analysis of the hydro-
dynamic diameter of PEG-AuNRs with/without CM-β-Lap by
DLS measurements is shown in Figure 2B. Before the fusion,
the PEG-AuNRs presented two different size distributions,
which is consistent with their anisotropic shape, whereas the
final CM-β-Lap-PEG-AuNRs presented only one size distri-
bution around 100 nm. Zeta potential measurements further
confirmed the encapsulation (Figure 2C). The cell membrane
presented a negative charge, due to the presence of
phospholipids and proteins. The zeta potential of AuNRs
changed from highly positive (due to the presence of CTAB
molecules) to close to zero after PEGylation, and to negative

Figure 2. Characterization of gold nanorods coated with cell-membrane-loaded β-lapachone (CM-β-Lap-PEG-AuNRs). (A) UV−vis−NIR spectra,
(B) hydrodynamic diameter obtained from DLS measurements and (C) Zeta Potential of PEG-AuNRs before and after coating with CM-β-
Lap; (D) SEM images of CM-β-Lap-PEG-AuNRs showing the PEG-AuNRs grouped inside the cell membrane vesicles.

Figure 3. (A) Representative of temperature change vs time in suspensions (optical density at 750 nm = 1) irradiated with 808 nm laser with power
density of 1.5 Wcm−2. (B) Increase in the longitudinal band with the laser irradiation and (C) release of β-lapachone at different time of
irradiation for CM-β-Lap-PEG-AuNRs. SEM images of CM-β-Lap-PEG-AuNRs (D) before, (E) after 10 min, and (F) after 20 min of laser
irradiation. The laser irradiation increases the temperature of the suspension, breaks the vesicles, and causes the release of the AuNRs.
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upon fusion with CM-β-Lap, suggesting a successful coating.
The SEM image (Figure 2D) clearly shows that the AuNRs are
grouped and the average diameter of the final system, called
here as CM-β-Lap-PEG-AuNRs, was approximately 109 nm
(Figure S4). In the serum stability analysis (Figure S5), none
major change was observed, indicating the CM-β-Lap-PEG-
AuNRs present good stability either in buffer or in biological
media.
The ability of CM-β-Lap-PEG-AuNRs to avoid the binding

of proteins from the biological media was evaluated by
Isothermal titration calorimetry (ITC) (Figure S6). The
interactions between bovine serum albumin (BSA), a major
representative globular protein present in the serum, and PEG-
AuNRs, CM-β-Lap-PEG-AuNRs, and CTAB/PEG-AuNRs
were evaluated. CTAB/PEG-AuNRs resulted from PEGylation
of the CTAB-AuNRs using a lower concentration of mPEG-
SH, i.e., just enough to keep the particles stable in 0.1x PBS,
resulting in a final zeta potential of +18 mV. In the tested
conditions, no heat exchange was observed for PEG-AuNRs
and CM-β-Lap-PEG-AuNRs, while the binding between BSA
and CTAB/PEG-AuNRs was an exothermic process (Figure
S6). It is expected that the PEGylation of nanoparticles would
reduce protein adsorption on the nanoparticle because of the
steric repulsions and hydrophilization induced by PEG chains.
Previous studies have also shown no heat exchange when BSA
is added to PEGylated nanoparticles.28,29 Because the CM-β-
Lap-PEG-AuNRs presented a similar behavior of PEGylated
particles, we can infer that they can also avoid BSA binding.
2.2. NIR Irradiation Led to Disruption of the Vesicles

and Release of the AuNRs and β-Lap. Photothermal
therapy has been increasingly investigated as a minimally
invasive alternative for cancer treatment.1 We investigated the
photothermal properties of the CM-β-Lap-PEG-AuNR system
using a 808 nm laser at a power density of 1.5 W cm−2, which
is consistent with earlier experimental conditions used in
PPTT to guarantee minimal side effects.30 After the irradiation,
the temperature of both systems CM-β-Lap-PEG-AuNRs and
PEG-AuNRs increased (Figure 3A). Considering the decreas-
ing of the AuNR absorption in the NIR region after their
incorporation in the cell membrane (Figure 2A), we can infer
that the photothermal efficiency is lower for CM-β-Lap-PEG-

AuNRs compared to the PEG-AuNRs. Also, a closer
examination revealed some slight difference mainly in the
initial period (inset of Figure 3A). The curve slope in the first
minutes was greater for PEG-AuNRs than CM-β-Lap-PEG-
AuNRs. However, after ca. 2.5 min, the signals seem almost the
same. This could be ascribed to the assembly of nanorods in
the CM-β-Lap-PEG-AuNR system. Initially, the AuNRs are
grouped inside the CM vesicles, which decrease their
absorption at NIR region. The temperature increase generated
by the laser irradiation destabilize the cell membrane structure
and release both PEG-AuNRs and β-Lap, and as they are being
released, their photothermal behavior is becoming more likely
the free PEG-AuNRs. The CM-β-Lap-PEG-AuNRs also take
more time to stabilize at the final temperature, which suggests
that changes in their structure still happen even after 10−15
min of irradiation. No significant temperature change was
observed when cell culture media were irradiated with the NIR
laser at the same conditions.
In the heating and cooling analysis (Figure S7), the CM-β-

Lap-PEG-AuNR suspension was irradiated for 25 min, then the
laser was turned off until temperature stabilization, and again
turned on. In the second heating step, only one curve slope
and a faster stabilization were observed, suggesting that the
PEG-AuNRs are not grouped anymore. This hypothesis is
confirmed by the FEG-SEM images before and after 10 and 20
min of laser irradiation (Figure 3D−F), where it may be seen
the gradual release of the PEG-AuNRs from the CM vesicles
upon laser irradiation. It is worth stressing that the laser
irradiation did not cause any shape modification, in size or
morphology, of the AuNRs.
The increase in the AuNR longitudinal band upon laser

irradiation is expected and revealed the disruption of the CM
vesicles and release of the PEG-AuNRs (Figure 3B). The
release of β-Lap was estimate by dividing the sample in four
aliquots, followed by irradiation for different periods and
centrifugation using centrifugal filters to separate the released
β-Lap from the system. The absorbance of the β-Lap at 257
nm was then measured to calculate the correspondent
concentrations. The calculated released concentrations as a
function of irradiation time are shown in Figure 3C. As
expected, the amount of β-Lap released increases with the

Figure 4. Photothermal therapy of A549 cancer cells treated with CM-β-Lap-PEG-AuNRs and CM-PEG-AuNRs. The highlight areas represent
approximately the laser spots (∼1.5 W cm−2, 10 min) on the samples. Dead cells were stained with Trypan Blue. Cells without the particles
(control) are not affected by the laser irradiation, whereas cells incubated with CM-β-Lap-PEG-AuNRs and CM-PEG-AuNRs were visibly injured.
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irradiation time. Laser-induced release of molecules on surface
of gold nanorods is a thermal process and the amount of
released molecules is dependent upon the laser power and
period of irradiation.30,31 However, the total concentration of
β-Lap is very low (<1.2 μM) even after 20 min of irradiation.
2.3. Enhanced Phototherapy by Cell Membrane-

Coated AuNRs and β-Lap. For the in vitro photothermal
therapy experiments, we used the same OD at 750 nm for both

CM-β-Lap-PEG-AuNRs and CM-PEG-AuNRs. Information
about cell uptake can be found in Figures S8−S10. After 10
min of irradiation, the cells were incubated for 2 h at 37 °C and
5% CO2, followed by staining with trypan blue to evaluate
viability (Figure 4 and Figure S11). An increasing number of
cells death stained by trypan blue are observed for cells treated
with CM-β-Lap-PEG-AuNRs compared to the cells treated
with CM-PEG-AuNRs. Because the only difference between

Figure 5. Representative photomicrographs of urinary bladder from (a−d) MNU + irradiated PEG-AuNR, (e, f) MNU + CM-β-Lap-PEG-AuNR,
and (g, h) MNU + irradiated CM-β-Lap-PEG-AuNR groups. (a, b, f, g, h) Low-grade intraurothelial neoplasia (circle) characterized by thickening
of the urothelium and presence of few atypical urothelial cells (asterisks), without loss of cell polarity. (c, d) pTa tumor: cancer cells show slender
papillae with frequent branching, minimal fusion, and variations in nuclear polarity, size, shape, and chromatin pattern and with the presence of
nucleoli (asterisks). (e) pTis tumor: flat lesion in the urothelium surface characterized by large and pleomorphic cells, severe nuclear atypia
(asterisks) and loss of cellular polarity. a−h: Lp, lamina propria; M, muscle layer; Ur, urothelium.
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these two systems is the presence of β-Lap, we can infer that
even at low concentrations (below 1.2 μM), the β-Lap is
contributing for the toxicity of the CM-β-Lap-PEG-AuNRs and
it has been only released after laser irradiation. It is noteworthy
that only the cells in the laser spots (highlight areas) were
damaged. The cytotoxicity of CM-β-Lap-PEG-AuNRs in
absence of laser is shown on Supporting Information (Figure
S12−S13).
2.4. Irradiated CM-β-Lap-PEG-AuNR Treatment De-

creased Neoplastic Lesions Progression Induced by
MNU Carcinogen. The histological observation of the
animals after the cancer induction is shown on Figure S14.
Normal bladder urothelium is formed by three different cell
types: basal cell layer, intermediate cell layer, and surface cell
layer (umbrella cells) and no histological changes were
detected in bladder tissue for the control group (Figure
S14A, B). In contrast, MNU group showed deep microscopic
changes in the urinary bladder tissue such as flat carcinoma in
situ (pTis) (Figure S14C), papillary carcinoma in situ (pTa)
(Figure S14D, E) and high-grade urothelial cancer invading the
lamina propria (pT1) (Figure S14F, G) in 50, 25, and 25% of
the mice, respectively, similar to the results observed by Dias.32

Some differences in the tumor bladder tissues should be
highlighted. First, pTis carcinoma (Figures S14C, E) was
characterized by plain lesion in the urothelium surface,
showing high and pleomorphic cells, serious nuclear atypia
and loss of cellular polarity. pTa tumor (Figure S14D, E and
Figure 5C, D) was characterized by cancer cells showing
minimal fusion, slender papillae with frequent branching,
variations in nuclear polarity, size, shape, and chromatin
pattern and with the presence of nucleoli. Finally, pT1
carcinoma (Figure S14F, G) was characterized by tumor cells
occupying the lamina propria, numerous mitotic forms, and
pleomorphic cells with extended nuclei.
Table 1 shows that the most frequent neoplastic lesions in

the MNU + irradiated PEG-AuNR group were pTis and pTa
(Figure 5C, D) in 25 and 50% of the animals, respectively.
Low-grade intraurothelial neoplasia (Figure 5A, B) appeared in
25% of the animals, suggesting that this treatment inhibited the
tumor progression in 25% of the animals. Low-grade
intraurothelial neoplasia (Figure 5A, B, F, G, H) was
characterized by thickening of the urothelium and presence
of few atypical urothelial cells, without loss of cell polarity. The
treatment with CM-β-Lap-PEG-AuNRs with no irradiation
showed a decrease in aggressiveness and progression of bladder
neoplastic lesions in 33.33% of the animals (Table 1).
Preneoplastic lesions, such as low-grade intraurothelial neo-
plasia (Figure 5F), were found in 33.33% of the animals (Table

1), and the most frequent neoplastic lesion found in this group
was pTis (Figure 5E) in 66.66% of the animals (Table 1).
Animals treated with CM-β-Lap-PEG-AuNRs and irradiated

with laser showed superior histopathological recovery from the
cancer state than those observed in the MNU + irradiated
PEG-AuNR and MNU + CM-β-Lap-PEG-AuNR groups,
showing a decrease in aggressiveness and progression of
bladder neoplastic lesions in 66.66% of the animals (Table 1).
Low-grade intraurothelial neoplasia (Figure 5G, 5H), were
found in 66.66% of the animals (Table 1). The most frequent
neoplastic lesion found in this group was pTis in 33.33% of the
animals (Table 1).
It is noteworthy that we were able to observe a decrease

in aggressiveness and progression of bladder neoplastic lesions
in most animals with only one application of CM-β-Lap-PEG-
AuNRs (∼1.6 × 1011 particles/mL, volume 100 μL) and
laser irradiation for 5 min. Bladder cancer is of high incidence
and standard intravesical immunotherapy and chemotherapy
treatments usually require multiple applications to induce
tumor regression.33,34 These results are in agreement with the
in vitro analysis and reinforce the potential of this multifunc-
tional platform to improve cancer treatment with reduced side
effects.

3. CONCLUSION
We have demonstrated the loading of PEG-AuNRs and an
anticancer agent β-Lapachone into cell membranes vesicles
purified from A549 cancer cells. The NIR irradiation led to
disruption of the vesicles and release of the PEG-AuNRs and
β-Lapachone. In vitro studies revealed the effectiveness of CM-
β-Lap-PEG-AuNRs as a multifunctional agent for combined
chemo and photothermal cell destruction in a synergic way. In
vivo analysis revealed that animals treated with CM-b-Lap-
PEG-AuNRs and NIR irradiated presented better histopatho-
logical recovery from the cancer state than those in the
irradiated PEG-AuNR or nonirradiated CM-b-Lap-PEG-AuNR
groups. This multifunctional platform for activated drug release
and photothermia is a promising candidate for applications in
cancer therapy.

4. EXPERIMENTAL SECTION
Materials. All reagents were used without further purification and

the solutions were prepared using ultrapure water (Milli-Q, 18.2 MΩ
cm). Cetyltrimethylammonium bromide (CTAB), silver nitrate
(AgNO3), tetrachloroauric acid (HAuCl4), sodium borohydrate
(NaBH4), and ascorbic acid were purchased from Sigma-Aldrich. β-
Lapachone (β-lap) and poly(ethylene glycol) methyl ether thiol
(mPEG-SH) average Mn 5000 were also obtained from Sigma-
Aldrich.

Table 1. Histopathological Changes in the Urinary Bladder of Rats from the Control, MNU, MNU + Irradiated PEG-AuNR,
MNU + CM-β-Lap-PEG-AuNR, and MNU + Irradiated CM-β-Lap-PEG-AuNR Groups

groups

histopathology
control (n

= 4)
MNU (n
= 4)

MNU + irradiated PEG-
AuNRs (n = 4)

MNU + CM-b-Lap-PEG-
AuNRs (n = 3)

MNU + irradiated CMb-Lap-
PEG-AuNRs (n = 3)

normal 4 (100%)
low-grade intraurothelial neoplasia 1 (25%) 1 (33.33%) 2 (66.66%)
flat carcinoma in situ (pTis) 2 (50%) 1 (25%) 2 (66.66%) 1 (33.33%)
papillary carcinoma in situ (pTa) 1 (25%) 2 (50%)
high-grade urothelial cancer invading the
lamina propria (pT1)

1 (25%)

aPreneoplastic lesions, low-grade intraurothelial neoplasia; neoplastic lesions, pTis, pTa, and pT1. bPercentage indicates the number of animals that
showed a decrease in aggressiveness and progression of bladder neoplastic lesions.
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Gold Nanorod (AuNR) Synthesis. Gold nanorods (AuNRs)
were synthesized by the seed-mediated method in the presence of the
surfactant CTAB,35 washed with chloroform to remove CTAB and
subsequently functionalized with mPEG-SH. The particles were
shaken for more than 12 h at room temperature and centrifuged twice
(10 000 g, 5 min). The concentration of the resulting PEG-AuNRs for
the experiments was standardized by their optical density at the
longitudinal absorption and their extinction cross-section.36

Cell Culture and Extraction of A549 Cancer Cell Membrane
(CM). Human lung adenocarcinoma epithelial (A549) and rat
hepatocarcinoma (HTC) were acquired from Rio de Janeiro Cell
Bank (BCRJ). Human hepatoma (HepaRG) cells were kindly
supplied by Dra. Natalia Inada from Physics Institute of Sao Carlos,
University of Sao Paulo, Brazil. All the cells lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Vitrocell) supple-
mented with 10% of fetal bovine serum (Vitrocell) and maintained at
37 °C and in 5% CO2 in a humidified incubator.
The A549 cancer cell membranes were isolated and purified by

ultracentrifugation based on a previous method proposed by Lung et
al.37 and reconstructed as vesicles by extrusion. The membrane was
characterized by sodium dodecyl sulfate polyacrylamide 10% gel
electrophoresis (SDS-PAGE). The standard BenchMark Protein
Ladder (Invitrogen) was used as reference for mass determination
and the gel was fixed and stained with silver nitrate (ProteoSilver kit,
Sigma-Aldrich). The quantitative determination of protein in the cell
membrane was performed by the QuantiPro BCA Assay Kit (Sigma-
Aldrich). The procedure was carried out according to the described at
the assay’s protocol. First, a calibration curve was obtained using
known concentrations of bovine serum albumin (BSA) (Figure S15)
and then different concentrations of the cell membrane were
measured, and the concentration determined from the calibration
curve.
The lipid composition of the cell membrane was analyzed by

Iatroscan TLC/FID (Iatroscan MK-VI, Iatron, Japan).38 The lipids
standards HC (aliphatic hydrocarbons), WE/SE (ester), TAG
(triglycerides), FFA (free fatty acids), ALC (aliphatic alcohol free),
ST (sterol), AMPL (mobile polar lipids in ketone), and PL
(phospholipids) were obtained from Sigma-Aldrich and all other
chemicals and solvents were of analytical grade. For this analysis, the
A549 cell membranes were resuspended in chloroform after
ultracentrifugation using the same volume as previously described
for the buffer. Before the Iatroscan analysis, the samples were
homogenized in a bath ultrasound at 4 °C for 15 min. The lipids
samples were resolved in three steps, which involved subsequent
elutions in solvent mixtures with increased polarity, as follows: (i)
98.95% hexane, 1% diethyl ether, and 0.05% formic acid (solution 1);
(ii) 79% hexane, 20% diethyl ether, and 1% formic acid (solution 2);
(iii) 100% acetone (solution 3); and (iv) 50% chloroform, 40%
methanol, and 10% water (solution 4).
A549 Cell Membrane-Loaded β-Lapachone (CM-β-Lap). The

cell membrane with a protein concentration of 774.9 μg mL−1 was
sonicated in an ice bath sonicator at 4 °C for 15 min. β-Lap (0.07 mg,
∼ 0.3 mmol L−1) was then added to the system and the system was
sonicated again, followed by gentle shaken for 2 h at 4 °C and
protected from light. The system was extruded through 200 nm
polycarbonate membrane using a miniextruder (Avanti Polar Lipids),
dialyzed against 0.2x PBS buffer at 4 °C, protected from light, for 3 h
to remove the remnants from cell-membrane extraction and the excess
of β-Lap. The resulting suspension was collected and kept at 4 °C.
CM-β-Lap-Coated PEG-Gold Nanorods (CM-β-Lap-PEG-

AuNRs). The CM/AuNR ratio was tested and optimized to promote
surface stability. The CM-β-Lap suspension was extruded 11 times
through 200 nm polycarbonate membrane using a miniextruder
(Avanti Polar Lipids), followed by additional 7 extrusions using a 100
nm membrane. The size and distribution of the extruded membranes
were evaluated by dynamic light scattering (DLS) (Zerasizer Nano
ZS, Malvern). 500 μL of CM-β-Lap suspension was added to 2000 μL
of PEG-AuNRs (∼1.6 × 1011 particles/mL) and extruded 7 times
through a 100 nm polycarbonate membrane. The system was

centrifuged (5000 g, 10 min) to remove the excess of membrane or
β-Lap, and the particles were resuspended in PBS.

The loading concentration of β-lap in the final system was
determined by destabilization of the cell membrane to release the
anticancer agent. In this case, CM-β-lap-PEG-AuNRs were diluted in
ethanol and sonicated for 30 min. The particles were centrifuged at
10000g for 15 min and the supernatant spectrum was measured using
an UV−VIS spectrophotometer (Hitachi U-2900). The β-Lap
concentration was estimated using the extinction coefficient calculated
from the calibration curve (Figure S16).

For comparison, we also synthesized A549 cell membrane-coated
PEG-functionalized gold nanorods (CM-PEG-AuNRs), i.e., without
β-lap, using the same procedure as described for CM-β-Lap-PEG-
AuNRs. The concentration of free PEG-AuNRs, CM-PEG-AuNRs,
and CM-β-Lap-PEG-AuNRs was estimated using the longitudinal
absorption and the extinction cross section of the gold nanorods.36

Characterization. The optical properties of the PEG-AuNRs
before and after conjugation with CM-β-Lap were characterized by
UV−vis−NIR spectroscopy (Hitachi U-2900). Their size, distribu-
tion, and morphology, before and after laser irradiation, were analyzed
by scanning electron microscopy (Zeiss Sigma VP FEG-SEM) at 3
kV. In this case, silicon substrates (P-type/boron-doped silicon,
Sigma-Aldrich) were cleaned with isopropanol, ethanol, and water in
an ultrasound bath (2 min each) and dried in a stream of nitrogen gas.
The samples were diluted in water, drop-cast onto the substrate and
allowed to dry in ambient conditions for 12 h.

Dynamic light scattering (DLS) was used to evaluate hydro-
dynamic diameter and distribution of the samples in suspension. The
measurements were performed in triplicate at room temperature using
a Malvern spectrometer Nano-ZS (Marvern Instruments). The zeta
potential of the AuNRs after each step of functionalization was also
evaluated using a Malvern spectrometer Nano-ZS (Marvern Instru-
ments). The results are presented as mean ± SD resulting from three
different measurements. Serum stability of the resulting CM-β-Lap-
PEG-AuNRs was investigated by resuspending the nanomaterials in
1x PBS and 100% FBS solution and monitoring their hydrodynamic
diameter by DLS. All samples were incubated at 37 °C and gentle
shacked prior to measurements

In Vitro Photothermal therapy. The optical properties of the
CM-β-Lap-PEG-AuNRs were analyzed and compared with the PEG-
AuNRs. 700 μL of each system (∼1.6 × 1011 gold nanorods/mL for
the PEG-AuNRs) in a 3 mL polystyrene cuvette were irradiated using
a cw diodo 808 nm laser with elliptical beam of diameter ∼1.5 mm ×
3.0 mm (iZi, LASERline). The power at the distance of irradiation
was measured and adjusted to a power density of 1.5 W cm−2. The
temperature was monitored using an optical thermometer (FOT Lab
Kit Fluoroptic Thermometer, LUXTRON). The initial temperature
was the laboratory room temperature (∼23 °C).

The release of β-Lap was determined based on previous methods.22

Briefly, the final CM-β-Lap-PEG-AuNR sample was divided in four
aliquots (400 μL each), irradiated with the laser with a power density
of 1.5 W cm−2 for different times (5, 10, 15, 20 min), and centrifuged
immediately to separate the released β-Lap from the particles at (5000
g, 10 min at 4 °C) using a Microcon centrifugal filters (MW cutoff =
10 kDa). Typical absorbance of the β-Lap at 257 nm was measured in
the resulting filtrate and used to calculate its release concentration,
based on the calibration curve shown in Figure S16.

For the in vitro photothermal analysis, 5 × 104 A549 cells were
seed in a 96-well plate. After 24 h, the media was removed and 140 μL
of media containing PBS (control), CM-β-Lap-PEG-AuNRs or CM-
PEG-AuNRs were added to each well in triplicate. We use the
absorbance at the maximum longitudinal peak to standardize the
concentrations of both systems. The final particle concentration in cell
culture media was ∼8.2 × 1010 particles/mL. The cells were incubated
for 4 h at 37 °C and 5% CO2 and washed twice with PBS. Finally, 100
μL of media were added to each well and the cells were irradiated
using the same cw diodo 808 nm laser with elliptical beam of diameter
∼1.5 mm × 3.0 mm (iZi, LASERline) and power density was also
adjusted to have approximately 1.5 W cm−2. After exposing to the
laser light for 10 min, the cells were incubated for an additional 2 h at
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37 °C and 5% CO2, followed by staining with 0.4% trypan blue
(Sigma-Aldrich) to evaluate the viability. The images were taken using
an inverted light Zeiss microscope.
Nonmuscle Invasive Bladder Cancer (NMIBC) Induction and

Photothermal Therapy. Eighteen female C57BL/6 mice 7 weeks
old were obtained from the Multidisciplinary Center for Biological
Investigation (CEMIB) at the University of Campinas (UNICAMP).
The animal experiments were approved by an institutional Committee
for Ethics in Animal Use (CEUA/UNICAMP, protocol no. 4413−1).
The tumor induction was performed according to Dias,32 being that
four mice were used as control groups and another 14 mice were used
for NMIBC induction. After the induction protocol, all mice were
submitted to ultrasonography to check the existence of the tumors.
For both systems PEG-AuNRs and CM-β-Lap-PEG-AuNRs, the

samples were prepared in phosphate buffer at ∼1.6 × 1011 particles/
mL (for PEG-AuNRs). The irradiation was performed using a cw
diodo 808 nm laser with elliptical beam of diameter ∼1.5 mm × 3.0
mm (iZi, LASERline) and power density adjusted to approximately 1
W cm−2. MNU-treated rats were divided into four groups: (1) MNU
group (n = 4 animals) received 100 μL single dose of 0.9%
physiological saline, intravesically; (2) MNU + PEG-AuNR irradiated
group (n = 4 animals) received 100 μL single dose of PEG-AuNRs,
intravesically, and irradiated for 5 min; (3) MNU + CM-b-Lap-PEG-
AuNR group (n = 3 animals) received 100 μL single dose of CM-b-
Lap-PEG-AuNRs, intravesically; and (4) MNU + CM-b-Lap-PEG-
AuNR irradiated group (n = 3 animals) received 100 μL single dose of
CM-b-Lap-PEG-AuNRs, intravesically, and irradiated for 5 min. Two
weeks after the therapeutic dose instillation, the urinary bladders from
treated and untreated mice were collected and processed for
histopathological analysis according to protocol performed by Dias.32
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