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Nanoprobes  have  been  increasingly  applied  in  photoacoustic  imaging  to improve  the  diagnosis  and  treat-
ment of diseases,  especially  the liver  cancer,  the  fourth  leading  cause  of cancer-related  deaths  worldwide.
The  mononuclear  phagocytic  system  (MPS),  however,  exhibits  a crucial  impediment  to  the probe  usage,
preventing  the  accumulation  of probes  within  the liver.  This,  in  turn,  paralyzes  the effort  of  diagnosis
enhancement.  To  overcome  the  MPS  clearance,  a  biomimetic  probe  consisting  of erythrocyte  membrane-
camouflaged  gold  nanostars  was  designed  and  synthesized  in  this  study.  The  probe  possesses  broad
ononuclear phagocytic system
iomimetic camouflage
hotoacoustic imaging
hotothermal therapy

absorption  spectrum,  photostability,  and  photothermal  conversion  efficiency.  More  importantly,  it yields
preeminent  immune  escape  ability,  thus  being  able  to  escape  the  MPS  clearance  and  greatly  boost  the
accumulation  of  probes  at the  tumor  sites  with  prolonged  blood  circulation.  Experimentally,  we  demon-
strate  that  the  probe  can serve  as  an effective  nanoprobe  to enhance  the  in  vivo  photoacoustic  imaging

ent  o
ublis
iver cancer and  photothermal  treatm
© 2019  The  Authors.  P

. Introduction

Photoacoustic imaging (PAI) is a noninvasive hybrid modality
hat is able to reveal high optical contrast at ultrasonic resolution
n relatively thick soft tissue, like liver, by converting nonioniz-
ng optical radiation into not-so-scattered ultrasonic waves [1–4].
AI has many advantages, such as safety, high resolution, high
pecificity, and relatively low cost when compared with traditional
maging modalities such as X-ray computed tomography, nuclear

agnetic imaging, and magnetic resonance imaging. More impor-
antly, many endogenous tissue chromophores (optical absorbers),
uch as oxy-/deoxy-hemoglobin, melanin, and water, can provide

ich structural and functional information [5]. Therefore, this tech-
ology is intrinsically promising for precise detection of tissue
eterogeneities, such as cancer [6]. However, the photon flux, and
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f  in  situ  early  stage  liver  tumors  in  mice.
hed  by  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC  BY license

(http://creativecommons.org/licenses/by/4.0/).

hence the PA signal strength attenuates very rapidly with pene-
tration depth. Moreover, for deep organs, especially the liver, the
background (normal tissue) poses strong optical absorption and
scattering over visible optical spectrum, severely impairing the
diagnosis of the liver cancer [7], the fourth leading cause of cancer-
related deaths worldwide [8]. In this scenario, exogenous agents
with excellent near-infrared (NIR) absorption are of great signifi-
cance: the NIR light yields deeper penetration depth [9,10].

Among the many exogenous agents, plasmonic noble metal
nanoparticles have seen extensive exploitation in PAI; due to
surface plasmon resonance, the optical absorption of these
nanoparticles can be a few orders of magnitude larger than that
of traditional contrast agents such as dyes [11]. Gold nanostar
(AuNS) is such a representative owing to its favorable and tun-
able absorption spectrum in the NIR region [12–14]. Furthermore,
the sharp branches of the AuNS can act as ‘lightning antennas’,
strongly enhancing the onsite optical absorption [15]. Such tunable
increase in absorption can benefit not only PAI on diagnosis, but

also photothermal therapy (PTT), a technique that has gained great
attention in recent years with a goal of treating primary tumors
and preventing metastatic cancer [16,17]. The mechanism of PTT
is similar to that mediating the photoacoustic effect, i.e.,  through

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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issue absorption, whereby light is converted into thermal energy
fter its adequate accumulation within tumors [18]. Consequently,
uNS represents an attractive choice of exogenous probe to detect

via PAI) and treat (via PTT) early stage liver cancers. With opti-
ally absorbing AuNSs as microscopic heat sources, the therapeutic
ccuracy of PTT can be considerably improved while injury to the
urrounding normal tissues can be minimized.

It must be pointed out, however, mononuclear phagocytic sys-
ems (MPS) populate richly in organs like liver and spleen with a
ey function to filter out toxins and foreign invaders in the blood
19]. This action, however, also prevents AuNS from reaching and
ccumulating at the target diseased site(s) [20], posing a major
hallenge of early liver cancer diagnosis: how to ensure an effec-
ive yet controllable accumulation of nanoprobes at the hepatic
umor. In the meanwhile, since nanoparticles have 102-103 times
reater probability of being sequestrated in the liver sinusoid than
n the extra-hepatic circulation [20], the whole liver is “lightened”
hotoacoustically, resulting in a low signal-to-noise ratio (SNR) of

iver tumor detection. Therefore, it is imperative to design novel
anoparticle materials or structures to overcome the MPS  clearance
nd effectively accumulate at hepatic tumor(s).

To address this challenge, researchers have designed biologi-
ally natural or biomimetic nanostructures [21,22], such as native
ubstances (e.g., cells, viruses, bacteria) with intrinsic properties
f regulated diversity (e.g., growth, metabolism, immunity) that
llow them to escape the MPS  [23,24]. The red blood cell membrane
RBCm) is one such promising option for in vivo liver applications
ue to its many advantages, including immune escape ability and
rolonged blood circulation [25,26]. Furthermore, “self-markers”
n the surface of the RBCm, such as CD47 proteins, acidic sialyl
oieties, and glycans, can be easily encoded to entrust nanopar-

icles coated by the membrane with special biofunctions [27].
herefore, RBCm-camouflaged nanoparticles have great potentials
n cancer applications, such as photothermal-chemotherapeutic
ynergistic treatment [28], photodynamic therapy [29], pro-drug
elivery systems [30], and starvation therapy [31]. At the cellu-

ar level, nanoparticles camouflaged by the erythrocyte membrane
ave been confirmed to exhibit immune escape and slower blood
learance [32,33]. Benefits of reduced MPS  clearance and prolonged
lood circulation in vivo are obvious: a greater amount of probe can
ccumulate at the tumor site(s) and produce much stronger PA sig-
als from the region of interest, resulting in improved diagnostic
nd therapeutic outcomes.

To this end, we have designed and assembled a novel RBC
embrane-coated AuNS probe (RBCm-AuNS) in this study. AuNSs
ith desired NIR absorption characteristics are enveloped with
BC membranes, which successfully eludes the MPS clearance
nd, at the same time, substantially enhances the accumulation of
anoprobes in the hepatocellular carcinoma model with prolonged
irculation time. Such a clothed probe provides an effective and
ccurate model for the diagnosis and treatment of early stage liver
ancer, as demonstrated experimentally. Three in situ tumors of
ouse’s liver smaller than 2 mm in diameter can be identified with

AI, and treatment with PTT can significantly reduce the tumor size
nd double the survival time of affected mice. Collectively, RBCm-
uNSs can potentially serve as a promising nanoprobe to improve

he optical diagnosis and treatment of small liver tumors in vivo.

. Methods

.1. Synthesis and characterization of RBCm-AuNSs
RBC membrane-derived vesicles were prepared as described
reviously [34] with a few modifications. Briefly, whole blood
∼2 mL)  was collected from Kunming mice (males, 38–40 g) using
 Materials Today 18 (2020) 100484

a syringe that lightly pierced the submaxillary venous plexus. The
blood was  suspended in 10 mL  erythrocyte preserving fluid and
centrifuged at 3000 rpm for 5 min  at 4 ◦C to collect RBCs. RBCs were
washed three times with ice cold 1 × PBS containing 1 mM EDTA-
2Na, suspended in excess 0.25 mM  EDTA-2Na in an ice bath for 12 h
to allow for hemolysis to occur, and then collected again by cen-
trifugation at 10,000 rpm for 15 min  to remove serum and buffy
coat. Following three washes with cold hypotonic solution, the col-
lected RBC membranes were sonicated in a capped glass bottle
for 10 min  using a bath sonicator (Fisher Scientific, Waltham, MA,
USA) set at 42 kHz and a power of 100 W.  The resultant vesicles
were subsequently extruded in sequence through 1000-nm, 400-
nm,  200-nm, and 100-nm polycarbonate porous membranes using
an Avanti mini extruder (Avanti Polar Lipids, Alabaster, AL, USA).

AuNSs were prepared using a seed-mediated growth method
[35]. The gold seeds were firstly synthesized by adding trisodium
citrate (6 mL,  1%) into a HAuCl4 solution (40 mL,  1 mM)  with heat-
ing (95 ◦C) and stirring (500 rpm). After 5 min, a zinzolin gold seed
solution was obtained, and heating and stirring were stopped to
let the solution cool down to room temperature. Subsequently,
HAuCl4 (50 mL,  1 mM),  HCl (0.2 mL,  1 M),  and double-deionized
water (150 mL)  were mixed and stirred at 500 rpm. A 2-mL aliquot
of the gold seed solution was  added to the mixture and let stand
for 1 min. After that, AgNO3 (2 mL,  2 mM)  and ascorbic acid (2 mL,
0.1 mM)  were added simultaneously to generate the AuNS solution.
The original AuNS solution was stored in the refrigerator at 4 ◦C
until use, following prior centrifugation at 6500 rpm for 10 min.

To synthesize the final RBCm-AuNSs, we mixed the prepared
RBC membrane-derived vesicles and AuNS solution at a 1:1 surface
area ratio (SRBCm/SAuNSs), following the surface area analysis (Sup-
plementary material). The mixtures were extruded sequentially
through 400-nm and 200-nm polycarbonate porous membranes
using an Avanti mini extruder. Afterwards, the mixtures were cen-
trifuged at 10,000 rpm for 10 min  to remove the excessive free RBC
membrane vesicles and were washed three times with deionized
water. The resultant RBCm-AuNSs were then re-dispersed for fur-
ther transmission electron microscopy (TEM), DLS, zeta potential,
and ultraviolet-visible (UV-VIS) characterizations.

2.2. RBCm-AuNS characterization

The morphology of AuNSs and RBCm-AuNSs were character-
ized by TEM using a JEOL-1011 microscope (JEOL, Tokyo, Japan)
with a 100-kV acceleration voltage. Zeta potential and size were
analyzed with a ZEM 3600 Malvern Zetasizer (Malvern, UK).
Optical absorption spectra were monitored using a UV-VIS-NIR
spectrophotometer (Shimadzu, Kyoto, Japan). Sodium dodecyl
sulfate-polyacrylamine gel electrophoresis (SDS-PAGE) was  uti-
lized to characterize membrane proteins.

2.3. Stability test of RBCm-AuNSs

The stability of RBCm-AuNSs were tested with the UV-VIS-NIR
spectrophotometer by monitoring the change in optical absorp-
tion spectra. To this end, 100 �g/mL RBCm-AuNSs were dissolved
in 5 mL  FBS and stored at room temperature. Optical absorption
spectra were recorded every 12 h.

2.4. Photothermal performance assay

Continuous 785-nm NIR laser illumination with a spot size
of 4–5 mm was  used to test the photothermal effect. The power

density was 2 W/cm2. The distance between laser source out-
put and sample was  set at 1 cm.  Before irradiation, samples were
dissolved in deionized water to achieve an RBCm-AuNSs concen-
tration of 0, 20, 60, and 100 �g/mL, respectively. Then, 200 mL  of
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ach sample were used for photothermal measurements. Temper-
ture variations of all samples were acquired using a FLUKE Ti25
nfrared thermal imaging camera (Everett, WA,  USA) at 50 s inter-
als, with an accuracy of 0.1 ◦C. For optical stability detection, 60
nd 100 �g/mL RBCm-AuNSs solutions were analyzed at 5-min
ntervals by fits and starts using the same laser conditions stated
bove. All experiments were conducted in triplicate.

.5. Cell culture

Hep-G2 and HUH-7 cells were cultured separately in DMEM
upplemented with 10% (v/v) FBS and 1% penicillin-streptomycin
olution, under a 5% CO2 atmosphere and 37 ◦C. RAW264.7 cells
ere cultured in DMEM supplemented with 10% (v/v) FBS and 1%
enicillin-streptomycin solution, under a 5% CO2 atmosphere and
7 ◦C.

.6. Cytotoxicity assay

The cytotoxicity of probes was tested on Hep-G2 and HUH-7
ells. Cells were seeded at a density of 1 × 104/well in 96-well cell
ulture plates and incubated at 37 ◦C under a 5% CO2 atmosphere
or 24 h. Then, cells were treated with various concentrations (0, 20,
0, 100, 140, 180, and 220 �g/mL) of RBCm-AuNSs (100 �L/well) for
4 h. Finally, 100 �L/well of CCK-8/culture medium (10 �L/100 �L)
as supplemented in each well and the plates were incubated

or an additional 3 h under the same conditions. A Synergy HT
icroplate reader (BioTek, Winooski, VT, USA) was used to mea-

ure the absorbance of each well at 450 nm (OD 450). The following
ormula was used to calculate cell viability: Cell Viability (%) = [(As-
b)/(Ac- Ab)] × 100%, where As, Ac, and Ab represent the OD 450
f treatment group, control group, and blank, respectively.

.7. In vitro PTT assay

We  used calcein-AM and propidium iodide (PI) staining to visu-
lly test the photothermal effect of RBCm-AuNSs. Hep-G2 cells
ere seeded in 6-well plates at 37 ◦C under 5% CO2 atmosphere for

4 h. The original medium was washed off, followed by the addi-
ion of medium containing 60 �g/mL or 100 �g/mL RBCm-AuNSs,
hereas medium without nanotubes was used as a control. After

 h of continuous incubation, the cells were exposed to 785-nm
aser illumination (1 W/cm2) for 5 min  in an already outlined area.
ubsequently, the cells were washed gently twice with 1× Assay
uffer, after which calcein-AM and PI were added. The cells were

ncubated for another 15 min  and visualized by an inverted Leica
205 FA fluorescence microscope (Leica, Jena, Germany).
For quantitative analysis, Hep-G2 cells were cultured at a den-

ity of 1 × 104/well in a 96-well plate at 37 ◦C under a 5% CO2
tmosphere for 24 h. Then, cells were randomly divided into four
roups: control group, RBCm-AuNSs group, laser group, and RBCm-
uNSs with laser group. In the control group, cells were replaced
ith new routine culture medium as stated before. In the RBCm-
uNSs group and RBCm-AuNSs with laser group, cells were treated
ith various concentrations (10, 20, 40, 60, 80, and 100 �g/mL) of
BCm-AuNSs for 4 h. After that, cells in the RBCm-AuNSs with laser
roup were washed three times with PBS and then irradiated with

 785-nm laser under 2 W/cm2 for 3 min. The same laser treatment
rocedure was applied also to the laser group but in the absence of
BCm-AuNSs. Afterwards, CCK-8 was used as discussed earlier.

.8. Intracellular uptake assay
RAW264.7 cells were cultured to 70% confluence in a 10-mm
ish at 37 ◦C under a 5% CO2 atmosphere, and were then incu-
ated with DMEM containing 100 �g/mL RBCm-AuNSs for another
 Materials Today 18 (2020) 100484 3

6 h. Following the incubation, DMEM was poured off from the dish
without any rinsing, the cells were immediately covered with elec-
tron microscope fixative, and collected into a centrifuge tube by
scraping them gently off the dish. After further addition of electron
microscope fixative, the cells were fixed for 2 h at room temper-
ature and then transferred to a 4 ◦C refrigerator to be ready for
subsequent experiments.

2.9. Biodistribution studies

For biodistribution studies, RBCm-AuNSs were first embedded
with Cy7-NS for fluorescent imaging through a small animal opti-
cal molecular in vivo imaging system (IVIS Spectrum; PerkinElmer,
Waltham, MA,  USA) assembled with an appropriate optical fil-
ter. RBCm-AuNSs and Cy7-NS were mixed at an 8:1 M ratio and
shaken overnight. Then, the mixture was centrifuged at 10,000 rpm
for 10 min, and the pellet was  washed three times with dimethyl
sulfoxide/PBS (v/v, 1:99) to remove any free Cy7-NS. Liver tumor-
bearing mice were prepared by injecting 1 × 106 Hep-G2 cells into
the livers of 3 mice. After 2 weeks-breeding, the mice were injected
with 200 �L RBCm-AuNSs-Cy7 (2 mg/mL). Pilot pictures were taken
using the IVIS before and 1, 3, 6, 8, 10, 12, 24, 36, 48, 60, 72 h after
the injection to monitor the biodistribution of RBCm-AuNSs in vivo.
After 72 h, the mice were necropsied; their organs and tumors were
then used to study metabolic pathways by way  of fluorescence
intensity measurements. All animal procedures were carried out
in accordance with the guidelines approved by the Animal Ethics
Committee of the Chinese Academy of Sciences.

2.10. In vitro and in vivo PAI

For in vitro PAI, various concentrations (0, 20, 40, 60, 100, 150,
and 200 �g/mL) of RBCm-AuNSs dispersions were filled into cylin-
drical phantoms made of agarose, which were then positioned in
a Multispectral Optoacoustic Tomography (MSOT) system (iTher-
aMedical, Munich, Germany). The MSOT system contains an optical
parametric oscillator laser with tunable wavelength to provide
excitation for the PA effect. An arc transducer aligned with the laser
detects the PA signals from the subject. ViewMSOT software was
utilized to process the PA images after acquisition. For quantitative
analysis, regions of interest were drawn over the sample, and their
averaged PA intensity values were recorded and calculated.

For in vivo PA imaging, six male nude mice (BALB/c, 17–19 g, 5
weeks) were injected separately with 1 × 106 Hep-G2 cells into the
liver and then bred for 2 weeks. These mice were randomly divided
into two  groups. After anesthetization with 5% isoflurane, the mice
were positioned in the MSOT system to acquire PA images at the
liver section; this group of mice constituted the control group. Addi-
tional PA images at the same position were recorded at 1, 3, 6, 8,
12, 24, 36, 48, 60, and 72 h, after the mice received 200 �L of RBCm-
AuNSs (2 mg/mL) intravenously. And the other group were treated
with the same amount of AuNSs. PA signals from the AuNSs and
RBCm-AuNSs were extracted using the unmixing spectra module
of the imaging system to exclude signal contributions from oxy-
/deoxy-hemoglobin in vivo. All mice were dissected at 72 h after
imaging, with tumors being harvested, fixed with 4% paraformalde-
hyde, sectioned into slices, and stained with hematoxylin and eosin
(H&E) for histological analysis.

2.11. In vivo PTT efficacy

Twenty-four liver tumor-bearing mice were prepared as

described earlier. When tumor volume reached about 10 mm3,
mice were randomly divided into four evenly numbered groups:
control group, RBCm-AuNSs group, laser group, and RBCm-AuNSs
with laser group. In the control group, healthy mice did not receive
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Scheme 1. Schematic illustration of RBCm-AuNSs for enhanc

ny treatment. In the laser group, tumor-bearing mice were irra-
iated with a 785-nm laser (2 W/cm2) for 5 min. In the other
wo groups, tumor-bearing mice received 200 �L of RBCm-AuNSs
2 mg/mL) intravenously, but only mice in the RBCm-AuNSs with
aser group were also irradiated with a 785-nm laser (2 W/cm2) for

 min  at 48 h post-injection. The temperature elevation of tumors
as recorded during the photothermal treatment using an infrared

hermal imaging camera. Body weight of each mouse from all
roups was measured every other day. The mice were dissected
fter death, with tumors and major organs including the heart,
iver, spleen, lung, and kidney being harvested, fixed with 4%
araformaldehyde, sectioned into slices, and stained with H&E for
istological analysis.

.12. Statistical analyses

GraphPad Prism 5 software (GraphPad Software, San Diego,
A, USA) was used for statistical analysis. A t-test was  used to
etermine differences among different groups. **p < 0.001 and
**p < 0.0001 were considered statistically significant, whereas
.s. indicated no significant difference between the selected two
roups.

. Results

.1. Synthesis and characteristics of RBCm-AuNSs

We  successfully synthesized RBCm-AuNSs which have broad
bsorption spectrum and bio-protein characterization through the
oute illustrated in Scheme 1. Briefly, RBCm-AuNSs were prepared
ollowing two successive steps. First, AuNSs were synthesized by
he seed-mediated growth method and appeared a blue-black
olor (Fig. S1A) [35]. Then, the mixture containing RBC membranes
nd AuNSs were extruded through an Avanti mini extruder. The
olor of RBCm-AuNSs did not differ much from that of AuNSs (Fig.
1B). The as-prepared AuNSs and RBCm-AuNSs were observed by
EM (Fig. 1A and B). Semi-transparent membranes of less than
0 nm in thickness appeared tightly wrapped around the AuNS
urface in a vacuum (Fig. 1B). The hydrodynamic size of AuNS and
BCm-AuNS were tested by DLS and are shown in Fig. 1C. The
verage diameter of RBCm-AuNS increased slightly from 103.6 nm

corresponding to that of AuNSs alone) to 125.4 nm.  Such increase
f 21.8 nm in diameter was  attributed to the RBCm containing the
ipid bilayer. The clothing process also shifted the zeta potential of
uNS from approximately -11.47 mV  to -13.10 mV,  the latter cor-
r cancer photoacoustic diagnosis and photothermal therapy.

responding closely to the zeta potential of RBC membrane (Table
S1). Results from the TEM, DLS, and zeta potential measurements
prove that RBC membranes successfully clothe the spiny AuNSs,
and hence the as-prepared RBCm-AuNSs support their use for
further experiments.

Following the camouflage, complex membrane proteins on the
surface of RBCm-AuNSs were examined by SDS-PAGE. Empty RBC
membranes and AuNSs were employed as parallel controls. As
shown in Fig. 1D, empty RBC membrane and RBCm-AuNSs shared
the same protein bands, whereas no bands were detected in the
AuNSs lane, indicating that membrane proteins were preserved
during the preparation of RBCm-AuNSs. The spectral absorption
characteristic of RBCm-AuNS is also an important index for optical
diagnosis and treatment. So, we measured the UV-VIS absorption
spectrum of RBCm-AuNSs. It exhibited a broad and strong absorp-
tion in the NIR region from 600 to 1000 nm (Fig. 1E), making it
promising for both photoacoustic and photothermal effects. It is
worth noted that the characteristic absorption peaks of RBCm-
AuNSs can be distinguished from that of deoxyhemoglobin (Hb) and
oxyhemoglobin (HbO2). This allows for reliable extraction of signals
contributed by the probes from the blood background during in vivo
imaging. These results suggest that we have successfully synthe-
sized RBCm-AuNSs, which retain the original structural features of
both AuNSs and RBC membranes.

3.2. The photoacoustic property of RBCm-AuNSs in vitro

Due to the strong absorption of RBCm-AuNSs from 600 to
950 nm,  the as-prepared probes were expected to produce strong
PA emissions. To assess that, phantom samples with different probe
concentrations were tested using the MSOT system. As seen, the
brightness increases with the probe concentration (Fig. 2A). Actu-
ally, the PA signal strength, as measured by the pixel intensity,
reveals an upward trend and a linear relationship with the con-
centration of RBCm-AuNSs (R2 = 0.9922) of the sample (Fig. 2B).
Therefore, the accumulation of the as-prepared probes allows us to
better image the target site(s) photoacoustically. Note that. How-
ever, excessive probe concentration may  result in osmosis that may
affect the viability and activity of normal cells.

3.3. Stability, cytotoxicity evaluation and intracellular uptake of

RBCm-AuNSs

In order to prove the beneficial properties of RBCm-AuNSs
in vivo, their stability in FBS were examined. Even after sus-



X. Huang, W.  Shang, H. Deng et al. / Applied Materials Today 18 (2020) 100484 5

Fig. 1. Characterization of RBCm-AuNSs. TEM images for uncoated AuNSs (A) and RBCm-AuNSs (B), respectively. C. Hydrodynamic size of AuNSs and RBCm-AuNSs as
m d AuN
s
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easured by DLS. D. SDS-PAGE protein analysis of empty RBCs, RBCm-AuNSs, an
tandard absorption spectra of Hb and HbO2 (obtained from MSOT).

ending RBCm-AuNSs in FBS for 3 days, the absorption peaks
t 415 nm were almost unchanged (Fig. 3A), attesting to a sta-
le structure of RBCm-AuNSs in FBS. The result suggests that
BCm-AuNSs can maintain effectiveness and performance in vivo.
oreover, owing to the camouflage provided by the RBC membrane

xtracted from mice, biomimetic RBCm-AuNSs were expected to
e inherently non-toxic. To verify the hypothesis, we  separately

ncubated two types of cells, Hep-G2 and HUH-7, with RBCm-
uNSs. As depicted in Fig. 3B, both cell lines yielded survival

ates of >90% after incubation with gradient concentrations from
0 to 220 �g/mL of RBCm-AuNSs. As the concentration increased,
ell activity tended to decrease slightly, probably due to the
ffect of osmosis. Nevertheless, both Hep-G2 and HUH-7 cell lines
Ss, respectively. E. UV–vis spectra of RBCm-AuNSs in water (100 �g/mL) and the

displayed relatively high cell viability following the addition of
RBCm-AuNSs, proving that RBCm-AuNSs do not cause major cyto-
toxicity.

To confirm that RBC membranes could help the nanoprobe
escape the MPS  clearance, intracellular uptake of AuNSs and RBCm-
AuNSs was investigated in RAW264.7 phagocytes. As presented in
Fig. 3C, substantially more AuNSs (Fig. 3C I and II) than RBCm-AuNSs
(Fig. 3C III and IV) were trapped in RAW264.7 cells, suggesting
that unclothed AuNSs are removed much more easily from the

blood by the MPS. It also proves that AuNSs acquire sound capa-
bility to escape the MPS  clearance after being wrapped by the
erythrocyte membranes. It also should be clarified that the TEM
images shown in Fig. 3C do shown considerate morphology defor-
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ig. 2. A) PA images of phantom samples contains various concentrations of RBC
BCm-AuNSs concentration.

ation to AuNS and RBCm-AuNS. Note, however, these probes are
ngulfed by phagocytes, being enclosed in the organelles of phago-
ytes; the action of intracellular forces and intracellular factors have
eformed the probes [36]. In PA and PTT experiments, most RBCm-
uNS are free from the mononuclear phagocytic systems. Thus, the
bovementioned morphology and optical absorption deformations
ill not happen.

.4. In vivo distribution of RBCm-AuNSs

To explore the biodistribution of RBCm-AuNSs in vivo, we  used
raditional fluorescence imaging. The circulation time of RBCm-
uNSs in mouse blood lasted for up to 72 h, as determined by

he continuous monitoring of fluorescence intensity variations at
ime intervals before and 1 to 72 h after intravenous administra-
ion (Fig. 4A). Note that the RBCm-AuNSs were not completely

etabolized within 72 h, and the main pathway for its removal
as via the kidney (Fig. 4B). RBCm-AuNSs quickly accumulated in

he liver, with the liver-to-background ratio reaching ∼14 at 1 h
Fig. 4C). To learn more about the accumulation of RBCm-AuNSs
t the tumor site, we calculated the fluorescence intensity ratio
etween the strongest region (presumably the tumor site) and

ts neighborhood. The result is shown in Fig. 4D, from which the
etention of RBCm-AuNSs in the tumor is obvious: an increased
oncentration ratio is seen, ascribing to MPS  escaping and accu-
ulation of the clothed nanoprobes. However, due to the low

esolution of traditional fluorescence imaging caused by opti-
al scattering, we could not discern the precise boundaries and
eatures of the tumor. After monitoring the biodistribution of
BCm-AuNSs, the mouse was necropsied, and fluorescence inten-
ity was measured directly in the organs and tumors to study the
etabolic pathways participating in RBCm-AuNS clearance. The

uorescence signal at the tumor site was ∼8 × 108, confirming the

ccumulation of RBCm-AuNSs in the liver tumor. This result con-
rmed that RBCm-AuNSs could escape elimination by the MPS
nd thus could accumulate at and be used to locate the liver
umors.
NSs (0, 20, 40, 60, 100, 150, and 200 �g/ml). B) in vitro PA signal strength versus

3.5. In vivo photoacoustic imaging and accumulation of
RBCm-AuNSs at the tumor site(s)

In practice, the exact tumor site could be clearly detected only
under dissection during fluorescence imaging. To avoid such pro-
cedure and obtain noninvasive high-resolution imaging of tumors,
in vivo PAI experiments were performed following the protocols
detailed in Section 2.11. Based on the in vitro photoacoustic prop-
erty test for different probe concentrations (Fig. 2), we injected
intravenously 200 �L of a 2 mg/mL  RBCm-AuNSs solution (deter-
mined by the mouse blood volume) into mice for in vivo detection.
In comparison, the same amount of AuNSs were injected to another
group of mice. Since the laser wavelengths were chosen to distin-
guish the peak absorption of the nanoprobes, Hb and HbO2, the
PA signal strength can be directly linked with the enrichment of
the unclothed and clothed probes. As we can see from Fig. 5A,
with AuNSs the PA signal was  strongest after 1–3 hr of injection
due to the accumulation of probes in the blood. After that, the PA
signal became weaker and weaker, suggesting that the unclothed
probes at the moment had been mostly cleared by the MPS, even
though. With RBCm-AuNSs, however, the circulation time of the
probe in vivo was doubled and lasted for more than 72 h (Fig. 5B),
which is consistent with the time duration obtained by fluores-
cence imaging. The prolonged circulation time is attributed to the
erythrocyte membrane that helps to camouflage the nanoprobes
from being cleared by the MPS. This is critical for allowing gather-
ing of the RBCm-AuNSs at tumor sites. It also further confirms that
the liver sinusoid is a blood rich environment that allows accumu-
lation of clothed probes for the gathering of the RBCm-AuNSs at
the tumor sites. More importantly, at 60 h after RBCm-AuNSs tail
intravenous injection, PAI revealed three small hepatocellular car-
cinomas of less than 2 mm in diameter (Fig. 5B and Fig. S4), and
the SNR of imaging is increased by about 55% (from 1.17 to 1.82;
Fig. S5). The pathological morphological features of the tumor sites

were validated by analyzing the anatomy (Fig. 5C–D) and histo-
logical analysis with H&E staining of the mouse liver (Fig. 5E). The
benefits of RBCm-AuNSs escaping the MPS  in vivo are convincing:
more RBCm-AuNSs enrich in tumor result in much higher SNR of PA
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Fig. 3. A. Stability of optical absorption of RBCm-AuNSs dissolved in the serum stored under the room temperature for 3 days. Note that the observed slight increase of RBCm-
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uNS  absorption is probably caused by the vaporization during the course. B. Cell vi
20,  60, 100, 140, 180, and 220 �g/mL) for 24 h, respectively. C. Cellular uptake by 

 h. The dark spots in II and IV represent the unclothed and clothed AuNSs, respecti

etection due to a small amount of nanoprobe discharge and pro-
onged circulation time. It should be noted that such an outstanding
maging capability in terms of localization, resolution, and contrast
rom PA imaging is not possible with fluorescence imaging. Collec-
ively, the use of RBCm-AuNSs enables the application of PAI for the
n vivo early diagnosis of in situ liver cancer.

.6. In vitro photothermal effect and photothermal therapy with
BCm-AuNSs

We  tested the photothermal conversion efficiency of RBCm-
uNSs after confirming their broad absorption spectrum and PA
iagnosis capability. As shown in Fig. 6A, the temperature of solu-
ions containing different concentrations of RBCm-AuNSs (20, 60,
00 �g/mL, respectively) increased substantially with exposure
ime, and the higher is the probe concentration, the larger is the
emperature increase. In contrast, the temperature of the PBS sol-
ent experienced small changes as it failed to absorb much NIR
ight energy. Thus, the observed heat accumulation was attributed

rimarily to the RBCm-AuNSs. In Fig. 6B, the temperature changes
re quantified: the RBCm-AuNSs solutions exhibited a substantial
ise in temperature, from the basal room temperature to averaged
8.0 and 62.8 ◦C after irradiation for 500 s at 60 and 100 �g/mL,
 of Hep-G2 and HuH-7 cells incubated with RBCm-AuNSs of various concentrations
f RAW264.7 cells cultured with AuNSs and RBCm-AuNSs, respectively, at 37 ◦C for

respectively. With identical exposure time, the photothermal effect
became stronger at higher concentrations of the RBCm-AuNSs.
Thus, RBCm-AuNSs could convert light energy into heat efficiently
and raise the medium temperature to >45 ◦C, which is sufficient
for the photothermal treatment of tumors. A concentration of only
60 �g/mL is required to reach the effective cell-killing tempera-
ture within 250 s. Considering the signal degeneration caused by a
prolonged exposure, the photostability of RBCm-AuNSs was  exam-
ined through successive exposures to NIR illumination. As shown in
Fig. 6C, light irradiation and blockage modes were switched every
5 min, yet only negligible changes in the peaks and valleys were
observed over the tested period, indicating good photostability
of RBCm-AuNSs. Therefore, RBCm-AuNSs exhibit excellent perfor-
mance of photothermal conversion ability and photostability.

The photothermal effect of RBCm-AuNSs against Hep-G2 cells
was confirmed by fluorescence microscope with calcein-AM and PI
staining. Calcein-AM is a cell-permeable dye that labels living cells,
whereas PI is a cell-impermeable dye that only labels dead cells.
Green channel images were obtained from Calcein-AM (� excita-

tion / � emission, 495/515 nm), while red channel images were
obtained from PI (� excitation / � emission, 535/617 nm). As shown
in Fig. 6D, the control group (with 0 �g/mL RBCm-AuNSs) areas
exhibited almost identical green fluorescence with and without
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Fig. 4. In vivo imaging and biodistribution of RBCm-AuNSs after intravenous injection. A. The fluorescence images of Hep-G2 tumor bearing mouse at different time points. B.
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he  fluorescence image of organs dissected from the mouse after 72 h. C. The ratio o
egion  (presumably the tumor site) and its neighborhood over time.

aser treatment, confirming the presence of live cells. In compar-
son, in the 60 and 100 �g/mL RBCm-AuNSs groups, Hep-G2 cells
isplay noticeable red fluorescence at the exposed areas, intuitively

llustrating the striking photothermal effect of the RBCm-AuNSs.
otably, bright green fluorescence could be still detected at regions
ot exposed to laser irradiation, indicating that RBCm-AuNSs them-
elves did not cause tumor cell death. Moreover, the higher was the
oncentration of RBCm-AuNSs, the more lethal was its effect. Such
n ablation capability proves that RBCm-AuNSs constitute an effec-
ive tool to eliminate cancerous cells based on the photothermal
ffect.

Photothermal lethality was further measured by the CCK-8
ssay on different groups of cells. As reported in Fig. 6E, cell viability
howed only minimal fluctuations for the different concentrations
nd the different treatment groups. Only in the case of cells sub-
ected to both RBCm-AuNSs and laser exposure, viability appeared
o drop drastically with the concentration increasing, and nearly
ll cells being counted as dead at 100 �g/mL. These results are
onsistent with fluorescence microscope imaging, proving that
BCm-AuNSs or laser exposure alone have a negligible treatment
ffect, but their combination leads to a powerful photothermal
ffect against tumors.

.7. In vivo photothermal treatment with RBCm-AuNSs

The accurate detection of small tumors enabled by the clothed
anoprobes and PA image could allow the treatment of liver cancer

t an early stage, which is crucial to foster long-term survival. To
xperimentally demonstrate this possibility, the in vivo photother-
al  antitumor experiment was explored on four different groups

f mice with hepatocellular carcinoma (Fig. 7). Fig. S6 shows the
iver’s signal value to the paw’s over time. D. The signal ratio between the strongest

temperature changes during photothermal treatment of mice in
different groups. Fig. 7A presents the changes in body weight of
each group of mice over time. The increase in body weight observed
in the control and laser groups in the later stage may  be attributed to
Hep-G2 cells entering a period of exponential proliferation, which
enlarged the tumors. Note that, for statistical purposes, the end
time here was  set to the date of all deaths in the control group (no
probes or laser treatment). Mice subjected to RBCm-AuNSs treat-
ment and laser irradiation weighted substantially more than those
in the other three groups throughout the course of the experi-
ment, suggesting that photothermal treatment was effective and
that mice in this group became much healthier. Such a significant
beneficial effect was  also observed when comparing the survival
of each group over a period of 100 days. As shown in Fig. 7B, mice
from the RBCm-AuNSs with laser group exhibited the longest life
span, approximately 85 days. In contrast, the RBCm-AuNSs and con-
trol groups displayed similar life spans of 40 days and the laser
treatment group is 45 days. Immediately after death, the mice
were dissected, and the tumors and organs were isolated. As can
be seen in Fig. 7C, mice from the RBCm-AuNSs with laser group
exhibited an almost complete disappearance of tumors following
photothermal treatment, as indicated by the corresponding tumor
weight. Combining tumor weight with body weight, revealed that
the increase in the body weight observed in Fig. 7A was due to
an increase in tumor proliferation, with the tumor weighting up
to 3.3 g. Finally, histological analysis with H&E staining of organs in
each group revealed that the RBCm-AuNSs induced no or little toxi-

city in healthy organs (Fig. 7D). This result again confirms the safety
of the RBCm-AuNSs in vivo. Collectively, RBCm-AuNSs can be used
as an effective tool for photothermal treatment of hepatocellular
carcinoma without damage to other healthy organs in vivo.
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ig. 5. In vivo PA images of Hep-G2 tumor-bearing mice at the liver site, before in
fter  the injection of RBCm-AuNSs (B). Three tumor sites were revealed from the PA
fter  photoacoustic imaging. E. H&E staining images of tumor tissue and normal tis

. Discussion

MPS  clearance, one of the major challenges for the use of
anoparticles in vivo, restricts the enrichment of nanoparticles in
he tumor and hampers the enhancement to the diagnosis and
reatment of liver cancer [19,20]. The in vivo use of spiny nanoprobe
omposed of AuNSs sees no exception, although it possess excel-
ent thermal performance and broad absorption wavelength range
ven in the NIR [37]. In this study, RBC membranes were applied
o camouflage the AuNSs to reduce its rejection as foreign mate-
ial. The results of TEM, DLS, zeta potential measurements and
DS-PAGE test demonstrated that the RBC membranes successfully
lothed the spiny nanoprobes, while retaining the essential protein
haracteristics (Fig. 1A–D). The absorption spectrum of the clothed
anoprobes is broad and had a strong peak that can be clearly
istinguished from that of oxy- and deoxy-hemoglobin (Fig. 1E).
his allows for reliable extraction of PA signals contributed by the
robes from a complex background such as a blood-rich environ-
ent. The result of photoacoustic property of RBCm-AuNS affirms

t could be effective and excellent as a photoacoustic probe (Fig. 2).
To assess the stability and safety of RBCm-AuNSs in vivo, sero-

ogic stability and cytotoxicity were tested, finding sound stability
Fig. 3A) and negligible toxicity (Fig. 3B). To verify the RBCm coating

an help AuNSs to avoid the immune clearance, intracellular uptake
n mouse macrophage cell lines (RAW 264.7), the main compo-
ent of MPS  [38], was studied. The results showed that phagocytes

ngested much less RBCm-AuNSs than AuNSs (Fig. 3C), indicating
 (0 h) and 1, 3, 24, 36, 48 h after the injection of AuNSs (A), and 3, 36, 48, 60, 72 h
ng in RBCm-AuNSs group. Scale bars = 10 mm.  C&D. The anatomy of the mouse liver

 the liver.

RBCm-camouflaged spiny nanoprobes can evade the recognition
by the MPS. Therefore, with modified nanoprobes, longer circula-
tion in the body and stronger accumulation at the tumor sites are
expected (Fig. 4). The hypothesis is that with prolonged circulation
time, it is more conducive to passive targeting accumulation at the
hepatic tumor due to the abundant blood in the liver sinusoid, lead-
ing to a high concentration environment of nanoprobes coated with
RBCm.

Stronger immunity to the MPS  clearance is also reflected from
the imaging results: earlier studies [39] with AuNSs as the probe
experienced substantial fluorescent signal reduction at 24 h, which
is quite consistent with our photoacoustic observation (Fig. 5A).
With RBCm-AuNSs, the probing window for both fluorescent and
photoacoustic imaging was  considerably extended to up to 72 h
(Figs. 4A and 5 B). And the increase of SNR of fluorescence signal
in Fig. 4D also indicates that more nanoprobes have successfully
escaped the sequestration of MPS  in the liver and effectively accu-
mulated at the tumor sites. It should be pointed out that, even
though fluorescence imaging can also be used for cancer imaging
and diagnosis, it cannot detect or localize small liver tumors due
to limited resolution at such tissue depths [40]. Hence, PAI imag-
ing is sought for to obtain ultrasonic resolution detection of optical
absorption contrast. In experiment, PAI clearly revealed three iso-

lated in situ small liver tumors with dimension smaller than 2 mm
in diameter under the assistant by the RBCm-AuNSs at 60 h after
intravenous injection. The SNR at 60 h is 1.82, which is much higher
than that with AuNSs (the number is 1.17) (Fig. S5). Such a precise



10 X. Huang, W.  Shang, H. Deng et al. / Applied Materials Today 18 (2020) 100484

Fig. 6. A) Photothermal responses of various concentrations of RBCm-AuNSs as measured by an infrared thermal camera. B) Photothermal responses of solution suspensions
with  various concentrations of RBCm-AuNSs, with PBS as a reference. C) Temperature changes of RBCm-AuNSs suspensions upon five circles of NIR light irradiation-blockage
gating (785 nm,  2 W/cm2). D) CLSM images of Hep-G2 cells stained with Calcein-AM and PI after incubation with 60 and 100 �g/mL of RBCm-AuNSs and NIR laser irradiation
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incubation time =4 h, 785 nm,  2 W/cm2, irradiation time = 300 s). E) Cell viability, re
ells  upon NIR laser irradiation (Incubation time=4 h, 785 nm,  2 W/cm2, irradiation 

iagnosis of early-stage liver cancer allows the noninvasive irradi-
tion of tumor sites for photothermal treatment, and the elevated
oncentration of clothed nanoprobes also significantly benefits the
hotothermal treatment outcomes: considerably more heat were
enerated precisely at the tumor sites and killed tumor cells effi-
iently (Fig. 6), resulting in healthier (Fig. 7A) and longer (Fig. 7B)
ife and complete disappearance of tumors (Fig. 7C). Thus, RBCm-
uNSs-assisted laser treatment was seen to substantially improve

he curative prospects of in situ liver cancer. To this point, we  have
learly demonstrated that RBCm-AuNSs could evade the MPS, pro-
ong the circulation time in vivo, and increase the possibility of
anoprobe enrichment at the tumor sites, which leads to enhanced
hotoacoustic and photothermal effects.

. Conclusion
To overcome the in vivo clearance of nanoparticles mediated by
PS, RBCm-AuNSs were designed and synthesized in this study.

ollowing extensive characterization, the RBCm-AuNS was found
nting the in vitro PTT efficacy, of RBCm-AuNSs of various concentrations on Hep-G2
 300 s). Data was  mean ± standard deviation with n = 3.

to exhibit a broad and preeminent NIR absorption spectrum, to be
sufficiently stable over time, and to retain the intrinsic protein char-
acteristics of the encapsulating RBC membrane. High photothermal
conversion efficiency and favorable photostability have also been
proved, leading to significantly enhanced photoacoustic and pho-
tothermal capabilities. After its feasibility assessment in vitro, the
RBCm-AuNS was used for the accurate diagnosis and treatment of
mice bearing liver cancer. Assisted by the RBCm-AuNSs, photoa-
coustic imaging could reveal not only the existence, but also the
location and dimension of tumors smaller than 2 mm in diame-
ter. Effective photothermal treatments have also been shown in
our study. Collectively, our erythrocyte membrane-camouflaged
AuNSs significantly improves the biocompatibility of nanoparticles
for in vivo use. If further advanced, the probe potentially provides a
promising tool to assist the noninvasive diagnosis and treatment of

early-stage cancers towards translational and clinical applications.
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