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ABSTRACT Gold nanocages (AuNCs), which have tunable near-infrared (NIR)
absorption and intrinsically high photothermal conversion efficiency, have been
actively investigated as photothermal conversion agents for photothermal therapy 1
(PTT). The short blood circulation lifetime of AuNCs, however, limits their tumor
uptake and thus in vivo applications. Here we show that such a limitation can be
overcome by cloaking AuNCs with red blood cell (RBC) membranes, a natural l
stealth coating. The fusion of RBC membranes over AuNC surface does not alter the
unique porous and hollow structures of AuNCs, and the resulting RBC-membrane- i
coated AuNCs (RBC-AuNGs) exhibit good colloidal stability. Upon NIR laser

ONNV-dAd

g

24h
15
2
Q4
=

PVP-AUNC RBC-AuNC

VIS
RBC-AuNC

s 1 1 2 2%
Time (h)

irradiation, the RBC-AuNCs demonstrate in vitro photothermal effects and selectively ablate cancerous cells within the irradiation zone as do the pristine
biopolymer-stealth-coated AuNCs. Moreover, the RBC-AuNCs exhibit significantly enhanced in vivo blood retention and circulation lifetime compared to the
biopolymer-stealth-coated counterparts, as demonstrated using a mouse model. With integrated advantages of photothermal effects from AuNCs and long
blood circulation lifetime from RBCs, the RBC-AuNCs demonstrate drastically enhanced tumor uptake when administered systematically, and mice that
received PPT cancer treatment modulated by RBC-AuNCs achieve 100% survival over a span of 45 days. Taken together, our results indicate that the long
circulating RBC-AuNCs may facilitate the in vivo applications of AuNCs, and the RBC-membrane stealth coating technique may pave the way to improved
efficacy of PPT modulated by noble metal nanoparticles.
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thermal conversion agents (PTCAs),

which strongly absorb light and con-
vert the absorbed light into heat, to gener-
ate rapid localized heating to preferentially
ablate cancerous cells. Key factors dictating
PTT efficacy include sufficient tissue pene-
tration of the excitation light, large light-
absorption cross section and high photo-
thermal conversion efficiency of PTCAs, and
their sustained systematic delivery to and
consequently adequate accumulation with-
in tumor in vivo." To achieve deep tissue
penetration as well as minimize heating
of nontargeting tissues, near-infrared light
(NIR, 650—900 nm) is generally the pre-
ferred excitation light, owing to its maximal

P hotothermal therapy (PTT) utilizes photo-
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transmissivity in tissues and blood.>* NIR
PTCAs currently under active investigations
include indocyanine green,** gold nano-
structures (e.g., nanoshell,%” nanocage,®'°
nanorod,'’ ~'> nanostar,'® nanohexapod,'’
bellflower'®), palladium nanoplates,’ car-
bon nanotubes,?® %2 and graphene. > ?® In
particular, gold nanocages (AuNCs) have
attracted significant research attention,?’
owing to their facile preparation,® tunable
localized surface plasmon resonance (LSPR)
band in the NIR region,®3° large NIR-
absorption cross section,’ high photothermal
conversion efficiency per Au atom,'’*? and
the excellent biocompatibility of Au. As NIR
PTCAs, AuNCs enable selective photother-
mal ablation of cancer cells both in vitro®
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and in vivo.? Moreover, the unique hollow and porous
structure of AuNCs confers them potentials as drug
carriers; functionalized with temperature-responsive
polymers, AuNCs have demonstrated controlled
in vitro drug release via NIR photothermal effects, 3334
indicative of potential applications in combinatorial
chemo-photothermal therapy. However, even function-
alized with polyethylene glycol (PEG), the current
gold standard stealth molecule for nanoparticles, the
resulting PEGylated AuNCs still demonstrated signifi-
cantly rapid clearance from blood strain and limited
tumor uptake in vivo. For example, at 24 h after
injection, PEGylated AuNCs exhibit blood retention of
<2% ID/g (percent of the injected dose per gram of
tissue) and tumor uptake of only 2—8% ID/g.'”3>3¢
Such short blood residence and limited tumor uptake
largely limit the in vivo applications of AuNCs. It is thus
imperative to develop techniques capable of extend-
ing the in vivo blood circulation lifetime of AuNCs.

Long-circulating nanoparticle therapeutics promises
sustained systemic delivery and consequently en-
hanced accumulation within tumor via both passive
and active targeting mechanisms.>”~3° To prolong the
blood circulation lifetime and improve the colloidal
stability in vivo, most nanoparticles developed for
biomedical applications are coated with stealth
materials.’*83° PEG is the current gold standard mole-
cule for providing stealth to nanoparticles because
this molecule increases hydrophilicity, suppresses re-
ticuloendothelial system (RES) uptake, and reduces
nonspecific interactions between nanoparticles and
blood components that may otherwise trigger im-
mune attack.***! Recent observations of anti-PEG im-
munological response have motivated the search for
alternatives to PEG.*> Membrane of red blood cells
(RBCs, or erythrocytes) has recently been proposed as a
superior alternative.*’** As nature's long circulating
objects, RBCs have surface makeup comprising a myriad
of “self-marker” proteins, glycans, and acidic sialyl moi-
eties, which actively suppress the immune attack.*'***
As stealth coating materials, RBC membranes completely
cover the nanoparticle surface with their “self-markers”
(e.g., immunomodulatory proteins, glycans, and acidic
sialyl moieties) mostly retained and in proper orientation
(ie., right-side-out).***%*’ Inheriting RBCs' immune-
suppressive surface makeup, RBC-membrane-coated
polymeric nanoparticles have exhibited superior circu-
lation half-life compared to their PEGlylated counter-
parts, as demonstrated using a mouse model.** This
RBC-membrane-stealth coating technique has also
significantly reduced the in vitro macrophage uptake
of solid gold nanospheres.*® Moreover, lipid-tethered
targeting ligands spontaneously integrate into the nat-
ural RBC membranes, conferring the RBC-membrane-
coated nanoparticles differential targeting to cancer
cells in vitro,* indicative of a facile pathway toward
both immune-suppression and active targeting.
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Figure 1. Schematic illustration of the preparation of RBC-
membrane-coated gold nanocages (RBC-AuNCs), followed
by PTT cancer treatment in mice.

In this work, we employ natural RBC membranes
as stealth coating for AuNCs and aim for integrated
advantages of long circulation lifetime from natural
RBCs and photothermal effects from AuNCs. Our re-
sults demonstrate that, compared to the biopolymer-
stealth-coated counterparts, our RBC-membrane-coated
AuNCs exhibit superb in vivo blood circulation lifetime
and blood retention and, in doing so, significantly en-
hanced tumor uptake and improved PTT efficacy in mice.

RESULTS AND DISCUSSION

The preparation of RBC-membrane-coated AuNCs
(RBC-AuNCs) comprises three steps (Figure 1): prepar-
ing the pristine Au nanocages (AuNCs), deriving RBC
membrane vesicles from natural RBCs, and fusing the
RBC-membrane-derived vesicles over the surfaces of
the pristine AuNCs. AuNCs were prepared via a galva-
nic replacement between Ag nanocubes and HAuCl,.%°
The surfaces of the as-prepared AuNCs are intrinsically
covered by poly(vinylpyrrolidone) (PVP, MW ~ 50 000),
a biopolymer potentially alternative to PEG.** There-
fore, we call the as-prepared pristine Au nanocages
PVP-AuNCs. RBC-derived-membrane vesicles were pre-
pared via a procedure recently reported with slight
modifications.****® Briefly, the RBCs purified from the
fresh blood of male imprinting control region (ICR)
mice were washed with phosphate buffered saline
(PBS) for three times and then subjected to a hypotonic
treatment, to remove their intracellular contents. The
resultant empty RBCs (ie., RBC ghosts) were subse-
quently washed with PBS and extruded sequentially
through 400 nm and then 200 nm polycarbonate
porous membranes, yielding RBC-membrane-derived
vesicles with hydrodynamic diameters of ~200 nm
(Figure S1C, Supporting Information). We then fused
the RBC-membrane-derived vesicles over the pristine
PVP-AuUNC surfaces by extruding their mixture through
200 nm polycarbonate porous membranes repeatedly,
the mechanical force imposed by the extruding process
facilitates the fusion of RBC membranes over nanopar-
ticle surfaces,”**® leading to the expected RBC-AuNCs.

The RBC-membrane coating on AuNCs was moni-
tored by the changes in AuNC particle morphology,
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Figure 2. (A,B) TEM images of AuNCs before (A) and after
(B) the vesicle-AuNC fusion. Scale bar = 50 nm. (C—E)
UV—vis—NIR absorption spectra (C), zeta potentials (D),
and hydrodynamic diameters (E) of AuNCs before and after
the vesicle-AuNC fusion; all samples were in PBS. (F) The
hydrodynamic diameters of RBC-AuNCs in 1 x PBS and
100% fetal bovine serum (FBS) over a span of 5 days. Data
points are reported as mean =+ standard deviation.

optical absorption property, size, and surface charge
before and after the vesicle-AuNC fusion process
(Figure 2). TEM images show that the vesicle-AuNC
fusion has not altered the unique hollow and porous
structure of AuNCs. Closer examinations on the TEM
images reveal that the vesicle-AuNC fusion has not
impacted the characteristic dimensions of the AuUNC
cores (Figure S2). UV—vis—NIR spectra (Figure 2C)
show that the vesicle-AuNC fusion step has barely
altered the LSPR peak position of AuNCs (shifting
slightly from ~810 to ~817 nm) but induced the
appearance of an extra absorption peak at ~350 nm,
which agrees well with that of RBC membranes, in-
dicative of successful transfer of RBC membranes onto
the pristine PVP-AUNCs.***’ In addition, the vesicle-
AuNC fusion has rendered the average zeta potential
of nanoparticles decrease from —19.7 +£3.78to —9.1 +
2.5 mV (Figure 2D and Figure S4), likely owing to the
charge screening by RBC membranes as well as the less
negative zeta-potential of RBC-membrane vesicles.
This vesicle-AuNC fusion has also increased the aver-
age hydrodynamic diameter of nanoparticles from
71.20 nm (PDI = 0.282) to 89.05 nm (PDI = 0.288)
(Figure 2E and Figure S5), and the extent of this
increase (17.85 nm) corresponds well to the thickness
of two layers of natural RBBC membrane which is known
to be 7.8 nm thick.>® Taken together, these results indi-
cate that RBC membranes together with their mem-
brane proteins have been successfully fused onto the
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exterior surfaces of PVP-AuNCs without significantly
impacting the NIR optical property of AuNCs. More-
over, the resulting RBC-AuNCs exhibit good colloidal
stability in both PBS and 100% fetal bovine serum
(FBS), as indicated by the negligible increase in hydro-
dynamic diameter over a span of 5 days (Figure 2F).

One natural question that emerges is do the as-
prepared RBC-AuNCs demonstrate integrated advan-
tages of photothermal effects from AuNCs and long
circulation lifetime of RBCs? To assess this, we first
examine whether they retain the photothermal effects
of AuNCs. Our in vitro photothermal conversion experi-
ments indicate that the RBC-AuNCs exhibit similar
NIR photothermal conversion effects as do the pristine
PVP-AuNCs (Figure 3A). Upon irradiation with an
850 nm laser, both the RBC-AuNC dispersions and
the PVP-AUNC dispersions (Au doses kept constant at
25 ug/mL) exhibit temperature rises, and higher irra-
diation power density generally leads to larger tem-
perature rise with those =1 W/cm? leading to tem-
perature rise of =15 °C within 2 min. In contrast, PBS
without AuNCs exhibits <3 °C temperature rise even
when having been irradiated at 2 W/cm? for 10 min.
It is known that, at temperature above hyperthermia
(42—47 °0),>" cancerous cells could be selectively
destroyed due to their reduced heat tolerance com-
pared to normal cells.>> Therefore, NIR irradiation
power density of 1.0 W/cm? is used for all followed
experiments unless specified otherwise, to achieve a
temperature rise of ~15 °C necessary for destroying
cancerous cells within minutes.>* Closer examinations
on the kinetics of temperature rise reveal that, under
comparable conditions, same irradiation power den-
sity and same irradiation time, both the rate and extent
of temperature rise displayed by the RBC-AuNC dis-
persions are slightly lower than those by the PVP-AuNC
dispersions (Figure 3A), likely due to the presence of
RBC membranes on AuNC surfaces; an extra layer of
stealth coating may hamper the heat dissipation into
the surrounding solutions during photothermal con-
version. Clearly, though less efficient than the pristine
PVP-AuNCs, the RBC-AuNCs in aqueous solution still
generate appreciable temperature rise via photother-
mal conversion effects.

To further characterize the RBC-AuNCs, we examine
how NIR irradiations affect the stability of the RBC-
membrane coating over the PVP-AuNCs and, as a
result, the particles' photothermal conversion effects.
As shown above, nonirradiated RBC-AuNCs exhibit
negligible changes in hydrodynamic diameter over a
span of 5 days (Figure 2F), indicating that the RBC-
membrane coating should stay for at least 5 days in the
absence of NIR irradiation. After 5 min NIR irradiation
for just once, both the average zeta potential and the
average hydrodynamic diameter of RBC-AuNCs shift
from those of the nonirradiated RBC-AuNCs toward
those of the pristine PVP-AuNCs (Figure S6), indicative
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Figure 3. (A) Plots of temperature rise as a function of irradiation time for RBC-AuNC dispersions in PBS upon irradiation with
an 850 nm laser at varying power densities. Similar experiments using PVP-AuNC dispersions in PBS are included for
comparisons. Controls are PBS irradiated similarly with an 850 nm laser at 2.0 W/cm?. (B) The relationship of temperature rise
versus time for RBC-AuNC dispersion in PBS subjected to four cycles of NIR irradiation with an 850 nm laser at 1 W/cm? for
5 min and then cooling naturally to room temperature (i.e., waiting for 5 min after turning off the laser). The performance of
the pristine PVP-AuNCs assayed similarly is included as a reference. (C) Cell uptake studies reveal that the cell uptake of RBC-
AuNCs is consistently lower than that of PVP-AuNCs, no matter whether the cell-surface-attached AuNCs are included (i.e.,
without etching) or not (i.e., with etching). Data points are reported as mean =+ standard deviation. * indicates p < 0.05. (D)
In vitro cell viability assays using RBC-AuNCs (Au content of 25 ug/mL) against HepG2 cells. Similar assays using PVP-AuNCs
are included for comparisons. Clearly, upon NIR irradiation (850 nm laser for 10 min), both RBC-AuNCs and PVP-AuNCs result
in significantly reduced cell viability. Controls that are assayed similarly but without laser irradiation indicate that neither
RBC-AuNCs nor PVP-AuNCs are cytotoxic in the absence of NIR irradiation, and controls that are assayed similarly but without
AuNC addition suggest that NIR irradiation is not cytotoxic either. Data points are reported as mean =+ standard deviation.
* and ** indicate p < 0.05 and p < 0.01, respectively. (C) Fluorescence confocal microscopy images show that, after 3-h treatment
with RBC-AuNCs and NIR irradiation (with an 850 nm laser at 1 W/cm? for 10 min), cells inside the irradiation zone stain
intensely red, indicative of dead cells, whereas those out of the irradiation zone remain dark in the red channel, indicative
of live cells. Similar results are observed with the pristine PVP-AuNCs. In striking contrast, cells assayed similarly but with-
out AuNC addition remain dark in the red channel, irrespective of their positions inside or out of the irradiation zone. Scale

bar = 250 um.

of partial ablation of the RBC-membrane coating from
RBC-AuNCGs. In contrast, even after 10 min NIR irradia-
tion, the AuNC cores of RBC-AuNCs retain the original
morphology and average characteristic dimensions
according to their TEM images (Figure S7). Considering
that the PVP-AuNCs in aqueous solutions generate
faster and larger temperature rises than the RBC-
AuNCs (Figure 3A), the partial loss of RBC-membrane
coating may facilitate the heat dissipation during
photothermal conversion and thus render the NIR-
irradiated RBC-AuNCs generate faster and larger tem-
perature rises. To examine whether this is the case, we
subject the same RBC-AuNC dispersion to four irradia-
tion-cooling cycles, with the performance of the pris-
tine PVP-AuNCGs as a reference; irradiation doses were
kept constant with an 850 nm laser at 1.0 W/cm? for
5 min. Through the four irradiation-cooling cycles, the
RBC-AuNCs consistently generate appreciable tem-
perature rises upon NIR irradiation, likely owing to their
unaffected AuNC cores (Figure S7), but the kinetics
of temperature rise generated by them upon irradia-
tion gradually shifts from that by the nonirradiated
RBC-AuNCs toward that by the pristine PVP-AuNCs,
which is barely impacted by the repeated irradia-
tions (Figure 3B), likely owing to the partial loss of the
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RBC-membrane coating (Figure S6). Taken together,
these observations suggest that repeated NIR irradia-
tions, usually involved in PTT cancer treatment in vivo,
barely affect the AuNC cores of RBC-AuNCs but partially
ablate their RBC-membrane coatings, rendering
RBC-AuNCs more effective in generating appreciable
temperature rises necessary for PTT cancer treatment.

To assess the in vitro cell uptake of RBC-AuNCs, we
conduct the cell uptake studies using HepG2 cells
as representative cancer cells. Briefly, we incubated
~10000 HepG2 cells in Dulbecco's modified Eagle's
medium (DMEM, 1 mL) with expected AuNCs (Au doses
of 25 ug/mL) for 12 h at 37 °C, followed by PBS wash for
three times. The cell uptake of AuNCs was determined
by quantifying the Au content with an inductively
coupled plasma mass spectrometry (ICP-MS). AuNCs
internalized into cells are differentiated from those
attached to cell surfaces via a procedure previously
reported; after the 12-h incubation, samples were
treated with an etchant based on I,/KI which selec-
tively dissolves Au nanostructures attached to cell
surfaces without affecting those inside cells.>**> The
results indicate that the cell uptake of RBC-AuNCs
occurs via both cell internalization and cell-surface
attachment, similar as that of PVP-AuNCs (Figure 3C).
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Nevertheless, no matter whether or not the cell-
surface-attached AuNCs are included, the cell uptake
of RBC-AuNCs is consistently lower than that of
PVP-AUNCs (p < 0.05) (Figure 3C), likely due to their
increased particle size (Figure 2E).>*

To evaluate whether the RBC-AuNCs ablate cancer-
ous cells via NIR photothermal effects in vitro, we
perform MTT assays using HepG2 cells as representa-
tive cancer cells. Briefly, ~10000 cells in DMEM were
incubated with the RBC-AuNCs (Au dose of 25 ug/mL)
for 3 h and subsequently irradiated with an 850 nm
laser for 5 min. Upon NIR irradiation at power densities
ranging 0.5—2.0 W/cm?, cells treated with RBC-AuNCs
consistently demonstrate significantly reduced viabili-
ty as do those treated with the pristine PVP-AuNCs,
and higher irradiation power density generally leads to
lower cell viability (Figure 3D). For example, upon NIR
irradiation at 0.5 W/cm?, RBC-AuNCs and PVP-AuNCs
lead to relative cell viability percentages of 49.34 and
30.65%, respectively, as compared to 30.5 and 23.4%
upon NIR irradiation at 2.0 W/cm?. In stark contrast,
undetectable decrease in cell viability is observed for
controls assayed similarly but without NIR irradiation as
well as those assayed similarly but without AuNC
addition. It should be noted that, upon irradiation at
same NIR power density, RBC-AuNCs generally lead to
appreciably reduced loss of cell viability in vitro com-
pared to the pristine PVP-AuNCs (Figure 3D), likely due
to their less efficient heat dissipation during photo-
thermal conversion (Figure 3A) and impaired cell up-
take (Figure 3C). Taken together, these results indicate
that, similar as the PVP-AuNCs and the PEGylated
AuNCs,® our RBC-AuNCs are intrinsically not cytotoxic
but, upon NIR irradiation, effectively ablate cancerous
cells via photothermal effects.

The ability of RBC-AuNCs to ablate cancerous cells
via photothermal effects in vitro is further confirmed
using fluorescence confocal microscopy (Figure 3E).
Briefly, ~50000 HepG2 cells were incubated with
AuNCs (Au content of 25 ug/mL) for 3 h, irradiate with
an 850 nm laser at 1 W/cm? for 10 min, stained with
SYTO 9 and propidium iodide (PI) in dark, and then
examined under fluorescence confocal microscopy.
SYTO 9 and PI are both nucleic acid stains but differ
in both their spectra characteristics and capabilities to
penetrate healthy cellular membranes. SYTO 9 is a cell-
permeant green-fluorescent stain that labels both live
and dead cells, whereas Pl is a cell-impermeant red-
fluorescent stain that only labels cells with compro-
mised membranes. Upon NIR irradiation, AuNC-treated
cells inside the irradiation zone stain intensely red,
indicative of dead cells, whereas those out of the
irradiation zone remain dark in the red channel,
indicative of live cells; this is the case for both the
RBC-AuNCs and the pristine PVP-AuNCs. In striking
contrast, cells assayed similarly but without AuNC
addition remain dark in the red channel, irrespective
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their positions inside or out of the irradiation zone.
Taken together, the in vitro cell studies consistently
demonstrate that the RBC-AuNCs successfully capture
the advantage of effective photothermal conversion
from AuNCs and ablate cancerous cells via photother-
mal effects in vitro with high efficiency.

Do the RBC-AuNCs also capture the advantage of
long circulation lifetime from natural RBCs? To assess
this, we conduct pharmacokinetics studies using a
mouse model. Briefly, eight mice were used and
randomly divided into two groups (n = 4 per group)
and, into each mouse, 100 uL of 2.5 mg/mL expected
AuNCs were injected through the tail vein. To avoid the
immune response caused by blood cell type difference,
we used the same mouse strain for pharmaceutics
studies as that for collecting natural RBCs to prepare
the RBC-AuNCs, as recommended previously.*'** At
different time points after injection, 50 uL of blood
were collected from mouse tail vein for followed Au
content determination with ICP-MS. Our results show
that the RBC-AuNCs consistently exhibit significantly
enhanced blood retention over a span of 24 h, com-
pared to the pristine PVP-AuNCs (Figure 4A). For
example, at 12 and 24 h after injection, RBC-AuNCs
exhibit blood retentions of 11.3% ID/g and 9.7% ID/q,
respectively, as compared to only 2.5% ID/g and
1.9% ID/g by the PVP-AuNCs (p < 0.01) (Figure 4A
and Figure S9). Note that, at 24 h after injection, even
PEGylated AuNCs consistently demonstrate blood re-
tentions of <2% ID/g.'7>>3° Therefore, the RBC-AUNCs
exhibit superior blood retention compared to their
biopolymer-stealth-coated counterparts. Using a two-
compartment model previously applied to fit the
circulation results of nanoparticles,***%*” we calculate
the circulation half-life of the RBC-AuNCs to be 9.5 h,
as compared to 1 h for the pristine PVP-AuNCs. The
observed superior blood retention and circulation
lifetime of RBC-AuNCs compared to those of PVP-
AuNCs suggest that the immunosuppressive surface
makeup of RBCs, which confer RBCs long circulation
lifetime,**** have been successfully translocated onto
AuNC surfaces. Clearly, the RBC-AuNCs successfully
achieve combined advantages of both the long circu-
lation lifetime from natural RBCs and the photothermal
effects from AuNCs.

Long in vivo circulation lifetime of nanoparticle
therapeutics promises sustained systemic delivery
and consequently enhanced accumulation within
tumor via both passive and active targeting mech-
anisms.3’73° Now that RBC-AuNCs exhibit superior
blood retention and circulation lifetime compared
to their biopolymer-stealth-coated counterparts, do
they exhibit enhanced tumor uptake and improved
biodistributions when administered systematically?
To address this question, we perform biodistribution
studies using a mouse model. Briefly, 16 mice bearing
4T1 tumor were randomly divided into two groups
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Figure 4. (A) Blood retentions of RBC-AuNCs and the pris-
tine PVP- AuNCs over a span of 24 h. AuNCs were injected
into mice through the tail vein, and at varying time points
after AuNC injection, blood was withdrawn from mouse tail
vein, and Au contents in blood were determined with
ICP-MS. (B,C) Biodistributions of RBC-AuNCs and the pristine
PVP- AuNCs at (B) 24 h and (C) 48 h after injection. AuNCs
were injected intravenously into mice, and at 24 and 48 h
after injection, organs and tumors of a randomly grouped
subset of mice were collected, homogenized, and quanti-
fied for Au content with ICP-MS. Data points are reported
as mean = standard deviation. * and ** indicate p < 0.05 and
p < 0.01, respectively.

(n = 8 per group) and, into each mouse, 100 uL ex-
pected type of AuNCs (Au content of 2.5 mg/mL) were
injected through the tail vein. At each time points (i.e.,
24 and 48 h) after injection, four mice from each group
were sacrificed and their major organs (heart, liver,
spleen, lung, and kidney) and tumors were collected
for Au content determination with ICP-MS. At 24
and 48 h after injection, the RBC-AuNCs exhibit tumor
uptakes of 8.34 & 2.37 and 7.77 &+ 2.31% ID/g, respec-
tively, as compared to 4.37 £ 1.12 and 4.46 + 1.46%
ID/g by PVP-AuNCs (Figure 4B,C), indicative of signifi-
cant enhancement in tumor uptake (p < 0.01). It
should be noted that a seemingly small difference
expressed in % ID/g may actually correspond to a huge
difference expressed in number of particles accumu-
lated within tumor. For example, at 48 h after injection,
the difference in tumor uptake for RBC-AuNCs versus
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PVP-AuNCs, approximately 3% ID/g, is estimated to
correspond to a difference of approximately 10'® AuNC
particles accumulated within tumor (please refer to
Supporting Information for details). Note that our
RBC-AuNCs are approximately 17 nm larger in hydro-
dynamic diameter than the pristine PVP-AuNCs
(Figure 2E), and PEGylated AuNCs of larger size gen-
erally demonstrate lower tumor uptake.'”* Therefore,
the relatively ~1.7—1.9-fold increase in tumor uptake
for RBC-AuNCs versus PVP-AuNCs suggest that the
facilitative effects imposed by the superior circulation
lifetime and consequently enhanced permeation and
retention (EPR) effects may have overwhelmed the
impairing effects imposed by the increased particle
size.3” 7398 Decreasing the AuNC-core-size of RBC-
AuNCs may further enhance their tumor uptake.

In addition to tumor, all the other five major organs
examined exhibit certain AUNC accumulations at both
examined time-points after injection and, in the order
of decreasing extents, they are spleen, liver, kidney,
lung, and heart for both the RBC-AuNCs and the
PVP-AuNCs (Figure 4B,C). It is worth noting that, in
addition to enhanced tumor uptake, the RBC-AuNCs
also demonstrate significantly decreased accumula-
tions within certain major organs compared to the
PVP-AuNCs (Figure 4B,C). For example, at 24 h after
injection, the accumulations of RBC-AuNCs within
liver and lung are significantly lower than those of
PVP-AuUNCs (p < 0.01 and p < 0.05 for liver and lung,
respectively) (Figure 4B). Similarly, at 48 h after injec-
tion, the accumulations of RBC-AuNCs within liver,
lung, and kidney are significantly lower than those
of PVP-AUNGs (p < 0.05) (Figure 4C). Taken together,
these observations suggest that the RBC membrane
coating confers the resulting RBC-AuNCs improved
biodistributions.

Still, we have to notice that the biodistributions of
RBC-AuNCs are far from being optimal. For example,
the RBC-AuNCs demonstrate relatively highest accu-
mulations within liver and spleen, two primary RES
organs, as do the PVP-AuNCs (Figure 4B,C), despite
their significantly differing blood retentions and circu-
lation lifetimes (Figure 4A). Prior studies have reported
that the PEGylated AuNCs also demonstrate relatively
highest accumulations in liver and spleen.®'7*>3¢ Con-
sidering that these functionalized AuNCs, though hav-
ing differing stealth coating materials, all have AuUNCs
as the core materials in common, their homogeneous
prone accumulations in the RES system may be as-
cribed to the intrinsically rigid and cubic nature of their
AuNC cores. To further improve the biodistributions of
RBC-AuNCs, decreasing the AuNC-core size and func-
tionalizing RBC-membrane-stealth with active target-
ing ligands may be pathways worth of future research
efforts.

Clearly, the RBC-AuNCs have integrated both the
photothermal conversion effects from the AUNC cores
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Figure 5. (A) Thermographs of mice injected with the
RBC-AuNCs and the pristine PVP-AuNCs and, at 48 h after
injection, irradiated with an 850 nm laser at power density
of 1W/cm?. Thermographs were recorded with an infrared
thermal camera as a function of irradiation time. Mice
assayed similarly but injected with PBS only are included
as a reference. (B) Plots of temperature at tumor site as a
function of irradiation time based on thermographs of mice
in (A). Red line indicates 42 °C, the lowest boundary of
hyperthermia temperature for selectively ablating cancer-
ous cells in minutes. (C,E) Plots of the average tumor volume
(C), average mouse body weight (D), and mouse survival
ratio (E) of mice from different treatment groups as a
function of time after initiation of NIR irradiation. The
in vivo PTT cancer treatment was administered on mice
injected with 100 uL RBC-AuNCs (Au content of 2.5 mg/mL)
and, at 48 h after injection, irradiated with an 850 nm laser at
1 W/cm? for 10 min. Mice treated similarly but injected with
PVP-AuNCs are included for comparisons. Controls are mice
treated similarly but injected with PBS. Data points are
reported as mean + standard deviation.

and the long blood circulation lifetime from the RBC-
membrane coating. When administered systematically
for in vivo PTT cancer treatment, can the RBC-AuNCs
out-perform the PVP-AuNCs? To assess this, we con-
duct in vivo PTT cancer treatments modulated by RBC-
AuNCs using a mouse model, with the performance of
the pristine PVP-AuNCs as a reference. Nine female
Balb/c mice bearing 4T1 tumors were used and ran-
domly divided into three groups (n = 3 per group). Each
mouse was injected through the tail vein with ex-
pected type of AuNCs at same Au dose of 250 ug
and, at 48 h after injection, irradiated with an 850 nm
laser at power density of 1 W/cm? and photographed
using an infrared thermal camera (Figure 5A). At 10 min
after initiation of NIR irradiation, the temperature at
tumor site of mouse treated with RBC-AuNCs increases

PIAO ET AL.

to 47.1 °C, as compared to 41.2 °C for mouse treated
with the pristine PVP-AuNCs (Figure 5B), likely owing
to the significantly enhanced tumor uptake of RBC-
AuNCs (Figure 4C and Supporting Information).

It is known that, at temperatures above hyperther-
mia (42—47 °C),>" tumor will be selectively destroyed
due to their reduced heat tolerance compared to
normal cells.” Therefore, the RBC-AuNCs may lead to
improved efficacy in PTT cancer treatment in vivo
compared to the pristine PVP-AuNGs. This is indeed
the case. Efficacy of in vivo PTT cancer treatment is
gauged by monitoring the average tumor volume, the
average mouse body weight, and the mouse survival
over a span of 19 days starting from 48 h after injection
(Figure 5C—E). Briefly, 15 mice bearing 4T1 tumor were
used and randomly divided into three groups (n =5 per
group) and, among them, two groups were injected
with 100 uL either RBC-AuNCs or PVP-AuNCs in PBS
(Au content of 250 ug) whereas the other group were
injected with 100 uL PBS. At 48 h after injection, each
mouse was irradiated with an 850 nm laser at 1 W/cm?
for 10 min. Through the following 19 days, both AuNC-
injected groups demonstrate consistently decreasing
average tumor volumes irrespective of the presence or
absence of RBC-membrane coating, whereas the PBS-
injected control group demonstrate consistently in-
creasing average tumor volume (Figure 5C), indicative
of PTT efficacy conferred by the AuNC cores. Moreover,
the average tumor volume of mice injected with
RBC-AuNCs decreases at faster rate and reaches a
smaller final value than that of mice injected with
PVP-AuNCGs, indicative of improved PTT efficacy con-
ferred by the RBC-membrane-stealth coating. Similar
results are observed when gauging the PTT efficacy
in vivo with average mouse body weights (Figure 5D).
Over a span of 19 days, mice injected with RBC-AuNCs
exhibit consistently increasing average body weight,
indicative of appreciable PTT efficacy and unnoticeable
toxic side-effects. In contrast, mice injected with PVP-
AuNCs exhibit quick drop in average body weight
during the first 5 days after initiation of NIR irradiation
and fail in recovering the initial average body weight
even at the end of the experiment (i.e., the 19th day), as
do those injected with PBS (Figure 5D), indicative of
worse PTT efficacy than that by RBC-AuNCs. We further
gauge the PTT efficacy in vivo with mouse survival over
a span of 45 days starting from 48 h after injection.
Our results reveal that, through these 45 days, all the
five mice injected with RBC-AuNCs remain alive, in-
dicative of 100% survival, whereas those injected with
PVP-AuNCs or PBS exhibit loss of survival to varying
extent (Figure 5E). One of the five mice injected with
PVP-AuNCs died on the 19th day after initiation of NIR
irradiation, indicative of 80% survival, and four of the
five mice injected with PBS died during the PTT treat-
ment time range, indicative of only 20% survival.
Note that the RBC-AuNCs contain similar amount of
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Figure 6. (A) Photographs of mice at 48 h after injection
(i.e., prior to initiation of NIR irradiation) and on the 19th
day after initiation of NIR irradiation (i.e., 21st day after
injection). (B) Hematoxylin and eosin (H&E) stained sections
of major organs and tumors collected from different treat-
ment groups of mice on the 19th day after initiation of NIR
irradiation, when tumors of mice in the RBC-AuNC-treatment
group shrunk to negligible sizes. Scale bar = 50 um.

PVP molecules as do the pristine PVP-AuNCs. Taken
together, the above three independent indices, aver-
age tumor volume, mouse body weight, and mouse
survival, consistently demonstrate that the RBC-AuNCs
out-perform the PVP-AuNCs when administered sys-
tematically for in vivo PTT cancer treatment. Consider-
ing that the RBC-AuNCs demonstrate lower in vitro PTT
efficacy in cell studies than the PVP-AuNCs (Figure 3),
the as-observed improvement in efficacy of in vivo PTT
cancer treatment must originate in the superior blood
circulation lifetime and tumor uptake conferred by the
RBC-membrane-stealth coating.

Nanotoxicity is always a major concern for the in vivo
applications of nanotherapeutics. High toxicity usually
leads to drop in body weight. As shown in Figure 5D,
treatment of RBC-AuNCs lead to consistent increase,
rather than drop, in average mouse body weight over a
span of 19 days, indicative of lack of high toxicity. To
examine whether the RBC-AuNC-treatment causes
damages to the major organs, we perform histology
analysis via standard histological techniques with he-
matoxylin and eosin (H&E) staining. On the 21st day
after injection, when mice treated with RBC-AuNCs
have their tumors shrunk to negligible sizes by PTT

MATERIALS AND METHODS

Preparation of Gold Nanocages. Gold nanocages (AuNCs) were
prepared using a galvanic replacement between silver nano-
cubes and chlorauric acid (HAuCl,) previously reported.?
Briefly, Ag nanocubes were first synthesized: 10 mL of ethylene
glycol (Sigma-Aldrich) was heated under magnetic stirring in oil

PIAO ET AL.

(Figure 6A), major organs and tumors of treated mice
were collected for subsequent histology analysis. Slices
of major organs (heart, liver, spleen, lung, and kidney)
of mice treated with RBC-AuNCs or PVP-AuNCs exhibit
no noticeable abnormality or lesion compared to those
of the controls, mice treated with PBS (Figure 6B),
indicative of lack of appreciable organ damages and
thus suggesting promise of using RBC-AuNCs for in vivo
applications. In contrast to the organ slices, the tumor
slices differ drastically depending on whether or not mice
are treated with AuNCs (Figure 6B). Tumor slices of mice
treated with RBC-AUNC or PVP-AuNCs exhibit apparent
abnormality or lesion compared to those of the PBS-
treated mice (Figure 6B), indicative of efficient ablation
of cancer cells, consistent with their observed inhibi-
tion on cancer growth (Figure 5C). Moreover, more
obvious abnormality or lesion are observed in tumor
slices of the RBC-AuNC-treated mice than in those of
the PVP-AuNC-treated ones (Figure 6B), consistent with
their improved PTT efficacy in vivo (Figure 5C—E). Taken
together, these observations suggest that the treatment
of RBC-AuNCs at Au dose of 250 ug within 21 days,
though effective in eliminating tumor via PTT, poses no
obvious signals of toxic side-effects in mice.

CONCLUSIONS

In summary, we have successfully fused natural RBC
membranes onto surfaces of the pristine PVP-AuNCs,
resulting in the RBC-AuNCs that perfectly integrate the
effective photothermal conversion effects of AuNC
cores with the long circulation lifetime of natural RBCs.
Using a mouse model, we have demonstrated that
the as-prepared RBC-AuNCs exhibit superior blood reten-
tion and circulation lifetime to their biopolymer-stealth-
coated counterparts. As a result, the RBC-AuNCs, when
administered systematically for in vivo PTT cancer treat-
ment, demonstrate significantly enhanced tumor uptake
and improved efficacy without causing noticeable dam-
ages to major organs. To further improve the biodis-
tributions and tumor uptake of RBC-AuNCs, potential
pathways worth of future efforts include decreasing the
nanocage size and functionalizing the RBC membranes
with active targeting ligands. This work suggests that the
RBC-AuNCs may facilitate the in vivo applications of
AuNGs, and the RBC-membrane-stealth coating tech-
nique may open possibilities of improving efficacy for
in vivo PPT cancer treatment modulated by noble metal
nanoparticles via surface engineering.

bath to 150 °C. 0.12 mL of NaSH solution (3 mM in EG, Sigma-
Aldrich) was quickly added into the heated solution. Four
minutes later, 1 mL of HCl solution was quickly added. The
HCI solution was prepared by adding 4 uL of HCl into 12 mL
ofEG. After 2 min, 2.5 mL poly(vinylpyrrolidone) solution (PVP,
20 mg-mL’1 in EG, MW ~ 55000, Sigma-Aldrich) was added.
After another 2 min, 0.8 mL of CF3COOAg solution (282 mM in
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EG, Aldrich) was added into the mixture. The mixture was
maintained at 150 °C for 1 h. The samples were washed with
acetone once and water twice and stored in water for fur-
ther use. For Au nanocages, adequate amount of as-stored Ag
nanocubes were added into 20 mL of H,0. Once the mixture
was heated to 90 °C, 0.6-mM HAuCl, aqueous solution was
injected at a rate of 0.2 mL/min. UV—vis absorption spectra were
used to monitor the progress. The injection was stopped until
the appropriate SPR peak was obtained. The mixture was stirred
for another 10 min. Then samples were purified and washed
and finally dispersed in deionized (DI) water.

Preparation of RB(-Membrane-Derived Vesides. The RBC-membrane-
derived vesicles were prepared using a procedure previously
reported,* which consists primary two steps: deriving RBC ghosts
from natural RBCs, and preparing RBC-membrane-derived vesicles
from RBC ghosts.

RBC ghosts were prepared by subjecting natural RBCs to
hypertonic treatment. Briefly, fresh whole blood withdrawn
from male imprinting control region (ICR) mice (6—8 wk)
obtained from the Animal Center at Anhui Medical University
was centrifuged at 800 rcf for 5 min at 4 °C and the resultant
packed RBCs were washed with ice cold 1x PBS for three times,
to remove the plasma and the buffy coat. The as-washed RBCs
were then subjected to a hypotonic treatment, to remove their
intracellular contents; briefly, washed RBCs were resuspended
into 1/4x PBS, kept in an ice bath for 20 min, and subsequently
centrifuged at 800 rcf for 5 min. The supernatant which contains
the released hemoglobin was discarded, and the light-pink
pellet which contains the RBC ghosts was collected and washed
with 1x PBS twice. The preparation of RBC ghosts was mon-
itored using a Live Cell Workstation (AF6000LX, Leica), which
revealed an intact cellular shape but an altered intracellular
content (Figure STA,B).

The RBC-membrane-derived vesicles were prepared from
the as-obtained RBC-ghosts. Briefly, RBC ghosts were sonicated
in a capped glass vial for 5 min using a bath sonicator at a
frequency of 53 kHz and a power of 100 W, and subsequently
extruded sequentially through 400 nm and then 200 nm poly-
carbonate porous membranes with an Avanti mini extruder
(Avanti Polar Lipids). The preparation of RBC-membrane-
derived vesicles was monitored by measuring the hydro-
dynamic diameters and zeta-potentials of products after each
step (Figure S1C,D), using a nanoparticle analyzer (Nano-ZS90,
Malvern).

Fusion of RBC Membranes onto the Surfaces of PVP-AuNC Partides. 1 mL
of AuNCs at Au content of 25 ug/mL was mixed with RBC-
membrane-derived vesicles derived from 1 mL of whole blood;
both were in PBS. The resultant mixture was subsequently ex-
truded for 7 times through a 200 nm polycarbonate porous
membrane using an Avanti mini extruder, followed by centrifuga-
tion at 3500 rcf to remove excess RBC-membrane-derived vesicles,
yielding the RBC-membrane-fused AuNCs (RBC-AuNCs).

Characterizations of AuNCs before and after RBC Membrane Fusion.
The morphologies of AUNCs were characterized using a trans-
mission electron microscope (TEM) (H-7650, Hitachi) operating
at 100 kV; prior to TEM characterizations, one drop of an AuNC
suspension was added onto a carbon-coated copper grid and
dried under ambient conditions, followed by TEM imaging. The
hydrodynamic diameters and zeta potentials of AuNCs in PBS
(Au concentration of 25 ug/mL) were measured using nanopar-
ticle analyzer (Nano-ZS90, Malvern) at 25 °C. UV—vis—NIR
absorption spectra of AuNCs in PBS (Au content of 25 ug/mL)
were recorded using a UV—vis spectrometer (Cary 60 UV—vis,
Agilent).

In Vitro Photothermal Conversion Characterizations. The in vitro
photothermal conversion effects of AUNCs were characterized
by monitoring the temperature rise of AuNC dispersions
(500 ul) in phosphate buffered saline (PBS) upon irradiation
of an 850 nm laser at varying power densities as a function of
irradiation time; both RBC-AuNCs and the pristine PVP-AuNCs
were at Au content of 25 ug/mL, which is estimated to corre-
spond to an AuNC number density of approximately 10"
particles/mL, the minimal threshold number density for
PEGylated AuNC dispersions to achieve temperature rise of
15 °C° necessary for destroying cancerous cells within minutes.>®
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To assess how repeated NIR irradiations affect the photo-
thermal conversion effects of RBC-AuNCs, we subjected the
same RBC-AuNC dispersion to four irradiation-cooling cycles.
Briefly, 500 uL RBC-AuNC dispersion in PBS (Au content at
25 ug/mlL) was irradiated with an 850 nm laser at 1 W/cm? for
5 min, and then cooled naturally to room temperature (i.e.,
waiting for 5 min after ceasing the irradiation); this irradiation-
cooling cycle was repeated for four times.

In Vitro Cell Uptake Studies. Approximately 100000 cells in
Dulbecco's modified Eagle's medium (DMEM, SH30022.01B,
Hyclone) supplemented with 10% FBS were seeded into a
well of a 12-well plate, incubated at 37 °C for 24 h until reaching
~80% confluence, washed with PBS twice, incubated in
FBS-absent DMEM with RBC-AuNCs (Au dose of 25 ug/mL) for
12 h, and washed with PBS for three times. To differentiate
AuNCs internalized into cells from those attached to cell
surfaces, we carried out an etching procedure as previously
reported.>*>* Briefly, after the 12-h incubation, samples were
treated with a solution (1 mL) composed of |, (0.34 mM) and Kl
(2.04 mM) for 5 min, followed by PBS wash for three times; this
1,/KI solution selectively dissolves Au nanostructures attached
to cell surfaces without affecting those inside cells.>*>*

Subsequently, samples were treated with trypsin, for cell-
number quantification, and then aqua regia to dissolve Au. The
resulting solutions were left standing still at room temperature
for 6 h and then heated at the temperature of 60 °C for 12 h
to remove aqua regia. The residuals were dissolved in DI water,
for followed Au content determination using an inductively
coupled plasma mass spectrometry (ICP-MS). Comparable mea-
surements on solutions with known Au concentrations were
performed, which yielded the calibration curve (Figure S8). Each
trial was carried out in triplicate, and the reported results are
averages of two independent trials.

In Vitro PTT Cell Studies. HepG2 cells were used as representa-
tive cancerous cells. The in vitro cytotoxicity of the as-prepared
RBC-AuNCs was assessed with MTT assays, using 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, 98%,
Sigma-Aldrich). Briefly, approximately 10000 cells in Dulbecco's
modified Eagle's medium (DMEM, SH30022.01B, Hyclone) supple-
mented with 10% FBS were seeded into a well of a 96-well plates,
incubated at 37 °C for 24 h until reaching ~80% confluence,
washed with PBS twice, incubated in FBS-absent DMEM with RBC-
AuNCs at varying concentrations for 3 h, and subsequently
irradiated with an 850 nm laser at 1 W/cm? for 5 min. Relative cell
viabilities were determined by monitoring the optical densities at
490 and 570 nm with a microplate reader (Varioskan, Thermo).
Comparable assays using the pristine PVP-AuNCs are included for
parallel comparisons. Controls include those assayed similarly but
without AuNC addition to indicate 100% cell viability as well as
those assayed similarly but without laser irradiation to indicate
the intrinsic cytotoxicity of AuNCs. Each trial was carried out in
triplicate and the reported results are averages of two indepen-
dent trials.

Whether RBC-AuNCs were capable of ablating cancerous
cells via photothermal effects in vitro was also evaluated using
laser scanning fluorescence confocal microscopy. Briefly, ap-
proximately 50 000 HepG2 cells were seeded into a culture dish
specifically designed for use with a confocal microscopy, in-
cubated at 37 °C under 5% CO? conditions for 24 h until
reaching ~80% confluency, treated with RBC-AuNCs (Au dose
of 25 ug/mL) for 3 h, and subsequently irradiated with a 850 nm
laser at 1 W/cm? for 5 min. The irradiated cells were then stained
with SYTO 9 and propidium iodide (Pl) (Molecular Probes) in
dark for 30 min, washed with 1x PBS once, and imaged under a
fluorescence confocal microscope (SP5, Leica). Laser lines of 485
and 535 nm at approximately 20% of their maximum intensity
were used to excite SYTO 9 and PI, respectively. Comparable
assays using the pristine PVP-AuNCs are included for parallel
comparisons. Controls are those assayed similarly but without
AuNC addition.

Pharmacokinetics Studies. Eight male ICR mice (6—8 wk) ob-
tained from the Animal Center of Anhui Medical University were
used and randomly divided into two groups (n = 4 per group)
and, into each mouse, 100 uL of expected type of AuNCs in PBS
(Au content of 2.5 mg/mL) were injected through the tail vein.
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At varying time-points after injection (i.e., 1,5, 15,30 min,and 1,
2,4,8,24h),50 uL blood were collected from mouse tail vein for
the followed Au content determination with an inductively
coupled plasma mass spectrometry (ICP-MS). All animal experi-
ments were conducted in compliance with the guidelines for
the care and use of research animals established by the Animal
Care and Use Committee at University of Science and Technol-
ogy of China.

Samples for ICP-MS measurements were prepared as fol-
lows. 50 uL of freshly withdrawn blood was added into 1T mL
of aqua regia, and the resultant mixture was left standing-still at
room temperature for 12 h and then kept in oil bath at 80 °C for
6 h to remove acids. The residual was subsequently resus-
pended into 1 mL of deionized (DI) water and filtered through
a 0.22 um membrane filter unit (Millipore), yielding samples
for Au content quantification with ICP-MS (Optima 7000 DV,
PerkinElmer). Comparable measurements on solutions with
known Au concentrations were performed, which yielded the
calibration curve (Figure S8).

Biodistribution Studies. BALB/c mouse bearing 4T1 murine
breast tumor was used as mouse model for biodistribution
studies. BALB/c mice (3—4 wk) were obtained from the Animal
Center at Anhui Medical University and, into the left rear flank of
each mouse, ~3 x 10° 4T1 murine breast cancer cells in 100 uL
PBS was subcutaneously injected, yielding the 4T1 tumor
model. Sixteen mice bearing 4T1 tumor were used and divided
into two groups (n = 8 per group) and, into each mouse, 100 uL
expected type of AUNCs (Au content of 2.5 mg/mL) was injected
through the tail vein. At 24 and 48 h after injection, four mice
from each group were randomly selected and sacrificed, and
their livers, kidneys, spleens, lungs, hearts, and tumors were
collected and completely digested with 4 mL of aqua regia for
Au content determination with ICP-MS. The Au content in each
organ was expressed as percent of the injected Au dose per
gram of tissue (% ID/g).

In Vivo PTT Cancer Treatment. Fifteen BALB/c mice bearing 4T1
tumor were used and randomly divided into three groups (n =5
per group) and, among them, two groups were injected with
100 uL expected type of AuNCs (Au content of 2.5 mg/mL),
whereas the other group were injected with 100 uL PBS; all
injections were administered intravenously through the tail
vein. At 48 h after injection, all mice were anesthetized with
3% neodorm, and their tumors were irradiated with an 850 nm
laser at a power density of 1.0 W/cm? for 10 min; the NIR laser
was coupled to a 100 mm-core fiber with the spot size of the
laser beam adjusted to cover the entire tumor regions. During
irradiation, thermographs of mice were recorded with an infra-
red thermal camera (ICI7320, Infrared Camera Inc.), and on the
basis of the as-obtained thermographs, temperatures at tumor
sites were obtained. The NIR irradiation was repeated once a
day ever since over a span of 19 days, during which tumor
lengths and widths were measured with a caliper and mouse
body weights were measured using a scale-balance every other
day. Tumor volume was calculated as the volume V = (tumor
length) x (tumor width) %/2.

Histology Analysis. On the 21st day after injection (i.e., the 19th
day after initiation of NIR irradiation), one mouse from each
group was randomly selected and sacrificed for histology
analysis; the mouse which received PTT cancer treatment
modulated by PVP-AuNCs but died on the 19th day after
initiation of NIR irradiation was used. Organs including liver,
spleen, kidney, heart, lung, and tumor of these mice were
collected, fixed in 10% neutral buffered formalin, processed
routinely into paraffin, sectioned at 8 um, stained with hema-
toxylin and eosin (H&E), and examined using an inverted
fluorescence microscope (IX81, Olympus).

Statistical Analysis. Statistical comparisons were carried out
by performing student t test analysis with the statistical soft-
ware package BioMedCalc (version 2.9). p values of <0.05 and
<0.01 indicate statistical difference and statistically significant
difference, respectively.
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