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ABSTRACT Effective accumulation of nanoparticles (NPs) in tumors is crucial for NP-assisted cancer

diagnosis and treatment. With the hypothesis that aggregation of NPs stimulated by tumor
microenvironment can be utilized to enhance retention and cellular uptake of NPs in tumors, we
designed a smart NP system to evaluate the effect of aggregation on NPs' accumulation in tumor tissue.

Gold nanoparticles (AuNPs, ~16 nm) were facilely prepared by surface modification with mixed-charge

Blood and normal tissue
pH~7.4

Resist phagocytosis

Long blovd circulation |

Stealth

Monodispersed Pq::r!l;\atinn

Escape RES

zwitterionic self-assembled monolayers, which can be stable at the pH of blood and normal tissues but

aggregate instantly in response to the acidic extracellular pH of solid tumors. The zwitterionic AuNPs
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exhibited fast, ultrasensitive, and reversible response to the pH change from pH 7.4 to pH 6.5, which enabled the AuNPs to be well dispersed at pH 7.4 with

excellent stealth ability to resist uptake by macrophages, while quickly aggregating at pH 6.5, leading to greatly enhanced uptake by cancer cells. An in vivo

study demonstrated that the zwitterionic AuNPs had a considerable blood half-life with much higher tumor accumulation, retention, and cellular

internalization than nonsensitive PEGylated AuNPs. A preliminary photothermal tumor ablation evaluation suggested the aggregation of AuNPs can be

applied to cancer NIR photothermal therapy. These results suggest that controlled aggregation of NPs sensitive to tumor microenvironment can serve as a

universal strategy to enhance the retention and cellular uptake of inorganic NPs in tumors, and modifying NPs with a mixed-charge zwitterionic surface can

provide an easy way to obtain stealth properties and pH-sensitivity at the same time.
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he application of nanoparticles (NPs)

in biomedicine has provided new

noninvasive strategies for the diag-
nosis and treatment of cancer."® Nanopar-
ticles can be designed to realize various
inspiring functions in vivo, but only if they
are effectively accumulated at malignant
tumor sites, which is not an easy task due
to the complexity of biological systems>~"!
The leaky tumor vasculature endothelium
(100—1000 nm) provides the feasibility for
NPs to permeate into solid tumors, and the
lack of functional lymphatic drainage in
tumor tissue makes it difficult to efficiently
remove the permeated NPs, which are thus
retained in tumors. This phenomenon,
termed the enhanced permeability and re-
tention (EPR) effect, has served as a primary
rationale for the delivery of nanoparticles to
solid tumors.'*'® The accumulation of NPs
in tumors mediated by the EPR effect
strongly depends on the physicochemical
characteristics of nanoparticles, especially
size and surface properties.’*'* For NPs
without proper surface modification, once
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they enter the bloodstream, they are sus-
ceptible to nonspecific plasma protein ad-
sorption, known as opsonization."”” "7 The
opsonized nanoparticles can be easily cap-
tured by the reticuloendothelial system
(RES) or mononuclear phagocytic system
(MPS), leading to a rapid clearance of nano-
particles from the blood. Without a long
blood circulation time, nanoparticles have
no chance to achieve enough permeation
to tumor tissue through the leaky tumor
vasculature. Surface modification of nano-
particles with polyethylene glycol (PEG)'®~2*
or zwitterionic groups®>?>~3' is demon-
strated to be the most effective and pre-
ferred method for avoiding clearance of NPs
by the RES. The modified NPs are consid-
ered to be “stealth” NPs with a long blood
half-life. Besides surface property, size effect
plays an importance role in the accumula-
tion of the “stealth” NPs in tumors. It is
reported that nanoparticles with a diameter
between 30 and 200 nm can accumulate
more effectively inside tumor tissues.'®
Perrault et al. have demonstrated that large
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Scheme 1. Schematic illustration of the hypothesis that
retention and cellular uptake of small nanoparticles in
tumors can be enhanced by inducing aggregation of nano-
particles in the tumor environment.

nanoparticles (100 nm) modified with PEG do not
extravasate far beyond the blood vessel because they
remain trapped in the extracellular matrix between
cells, while small nanoparticles (20 nm) have the ability
to penetrate deep into the tumor tissue but are not
retained beyond 24 h before being cleared into the
surrounding tissues.’’ Besenbacher et al. also have
shown that small nanoparticles could re-enter the
bloodstream and deplete the amount retained within
tumors.?? This implies that particles with larger di-
ameters may benefit from a lower migration rate
through the interstitial space, allowing greater accu-
mulation, but also face the problem of inefficient
penetration into the tumor.

In fact, many nanoparticles, especially inorganic
nanoparticles, that are currently being studied for
biomedical applications have a relatively small size,
less than 50 nm, such as quantum dots,' magnetic
nanoparticles,” and gold nanoparticles.® Moreover, the
stabilization of larger nanoparticles is a more difficult
task than that of smaller nanoparticles.3*3* Therefore,
enhancing the retention of small particles in tumors
will be of great importance for realizing their unique
functions in cancer diagnosis and treatment. For
this purpose, we hypothesize that retention and cel-
lular uptake of small nanoparticles in tumors can be
enhanced by stimulated aggregation of nanoparticles
in tumor sites by certain factors of the tumor micro-
environment (Scheme 1). During circulation in the
blood, stable nanoparticles with stealth surfaces show
prolonged circulation times and can leak into tumor
sites through the EPR effect. Once nanoparticles extra-
vasate into tumor tissue, owing to the tumor stimuli,
the NPs will aggregate and hence be trapped in the
tumor site due to the increased sizes of the aggregates,
leading to enhanced retention of NPs in the tumor. The
NP aggregates are expected to sedimentate at the
tumor interstitium, which increases the uptake of NPs
by cancer cells due to the direct interaction between
the aggregates and cells.>* 37 The intracellular uptake
of NPs will further enhance the retention effect, which
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can also be utilized for realizing the function of NPs
within cells more than in tumor interstitium alone.

To achieve the aggregation of inorganic nano-
particles inside tumors, designing nanoparticles that
can respond to certain tumor microenvironments will
be a good choice. Stimulus-responsive nanoparticles
for tumor targeting have attracted extensive attention
so far.33° One of the most promising stimuli is the pH
of the tumor microenvironment. The extracellular pH
(pHe) of most tumors is more acidic (pH 6.0—7.0)
than that of extracellular fluid/blood in normal tissue
(pH 7.2—7.4), resulting from hypoxia, anaerobic/
aerobic glycolysis, and ion channel disregulation.**~**
Polymer-assembled nanoparticles**~*° or nanoparti-
cles encapsulated in a polymer®®~>2 with super pH
sensitivity for targeting the extracellular or intracellular
pH of tumors have been well developed. Despite these
remarkable advances, it is still a considerable challenge
to design an effective pH-smart targeting system for
inorganic nanoparticles merely by surface modi-
fication. Inorganic nanoparticles with pH sensitivity
between dispersion and aggregation could be easily
prepared by surface modification with various
ligands.>*~>° However, few of them are suitable for
tumor targeting. First, they have a pH-responsive range
not covering the tumor's pH extent where the nano-
particles should undergo an accurate and quick phase
transition in a complex biological system with a rela-
tively narrow range of pH difference (<1 unit between
normal and disease tissue).>**° Second, they may not
possess a “stealth” surface when circulating in blood and
normal tissue, which is a prerequisite for pH-responsive
nanoparticles to target an acidic tumor microenviron-
ment in vivo.*>*

Even though PEGylation-based pH-sensitive inor-
ganic nanoparticle systems have been successfully
developed,*®*" the special design of PEG is needed
as the inherent PEG chain itself has no pH sensitivity.
Distinctly, for a zwitterionic system comprising both
positively and negatively charged groups, there are many
ways to design pH-responsive systems with only one of
or both the groups protonated or deprotonated, such as
carboxyl and amino groups. We observed the pH
sensitivity of nanoparticles modified with 11-mercap-
toundecylphosphorylcholine in previous work,3*¢’
finding out the pH-responsive range is between 4
and 6, which is not suitable for tumor pHe targeting.
At present, few studies on the pH sensitivity of the
most commonly used single-component zwitterionic
groups, such as phosphorylcholine, sulfobetaine, and
carboxybetaine, have been reported due to their fixed
composition. Except for single-component zwitterionic
species bearing both positive and negative charges in
the same molecule, a surface fabricated with a combi-
nation of opposite charges in separate ligands in near
equal amount can also exhibit excellent nonfouling pro-
perties.®?~%* Recently, the mixed-charged zwitterionic
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Scheme 2. Schematic illustration of the targeting of acidic
tumor microenvironment by pH-responsive mixed-charge
zwitterionic AuNPs (symbols on the NP (yellow color)
surface mean positively charged groups (blue color) and
negatively charged groups (red color) localized on the NP
surface simultaneously). During circulation in the blood, the
nanoparticles with small size and the zwitterionic surface
exhibit a prolonged circulation time and hence can leak into
tumor sites via the EPR effect. Arriving at the tumor site,
stimulated by the tumor extracellular pH (pHe), the zwitter-
ionic AUNPs form aggregates and sedimentate in the tumor
space, leading to enhanced retention and cellular uptake of
NPs in the tumor.

strategy was successfully utilized to stabilize gold
nanoparticles**%> and tantalum oxide nanoparticles.?®
In preliminary work, we modified 16 nm gold nano-
particles with a combination of trimethylammonium
groups and sulfonic groups, which were stable over the
entire pH range because both kinds of ligands on NPs
are strong electrolytes with permanent positive and
negative charges.'” It can be easily imagined that if we
change the groups on the mixed-charge surface
from strong electrolytes to weak electrolytes, we could
obtain a pH-sensitive zwitterionic surface. Here, we
prepared pH-sensitive mixed-charge zwitterionic AuNPs
with modification of mixed self-assembled monolayers
(SAMs) of weak electrolytic 11-mercaptoundecanoic
acid and strong electrolytic (10-mercaptodecyl)tri-
methylammonium bromide. In this way, we can obtain
mixed-charge zwitterionic AuNPs with desired pH
sensitivity especially for the targeting of acidic tumor
microenvironments. The AuNPs can disperse well in
the pH range of blood and normal tissues, acting as
“stealth” NPs when circulating in the body due to the
nonfouling zwitterionic property. The NPs can also
aggregate instantly in the acidic pH range of tumors
(Scheme 2). The formation of large aggregates is
expected to enhance the retention of NPs in tumor
tissue both by being trapped in the extracellular matrix
and by being internalized by tumor cells owing to the
enhanced interaction between cells and NPs, since
the NP surface is no longer “stealth” after sedimenta-
tion on cells.

RESULTS AND DISCUSSION

To prepare pH-sensitive zwitterionic AuNPs, mix-
tures of weakly electrolytic negative 11-mercaptoun-
decanoic acid (HS-C10-C) and strongly electrolytic
positive (10-mercaptodecyl)trimethylammonium bromide
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Figure 1. (a) Schematics of pH-responsive zwitterionic gold
nanoparticles modified with mixed-charge thiols (16-AuNP-
C10-CN4-X:Y, not to scale). (b) Digital images of 16-AuNP-
C10-CN4-X:Y at different pH conditions. Clear red color
means excellent dispersion of gold nanoparticles. The red
lines are drawn to make the images show more clearly.
Samples between two dash dot lines are aggregated NPs.
Samples between a dash dot line and a dash line are par-
tially aggregated ones. The others are nonaggregated NPs.

(HS-C10-N4) with different ratios were used to modify
16 nm citrate-capped AuNPs (Figure 1a; in the follow-
ing discussion, these AUNPs are referred to as 16-AuNP-
C10-CN4-X:Y, C10-C means a carboxylic group at the
end of a 10-carbon (C10) alkyl chain, N4 means a
quaternary ammonium group (the number 4 means
quaternary); C10-CN4 means the ligands immobilized
on NPs are a mixture of C10-C and C10-N4; X:Y means
molar feed ratios of HS-C10-C to HS-C10-N4). When the
feed ratio of carboxylic ligand to quaternary ammo-
nium ligand ranges from 5:5 to 5:1, the modified AuUNPs
showed different aggregation transition pH values
ranging from 7.0 to 5.5 (Figure 1b). Taking 16-AuNP-
C10-CN4-5:5 as an example (Figure S1), transmission
electron microscopy (TEM) images of the AuNPs at
different pH values showed that AuNP aggregates
have sizes ranging from ~50—100 nm (loosely aggre-
gated, such as at pH 5.5) to ~100—300 nm (compactly
aggregated, such as at pH 6.8 and 6.5). For all NPs with
mixed SAM compositions, the AuNPs were stable at
both low and high pH values. The pH-induced aggre-
gation of AuNPs is a result of competition among van
der Waals attraction, hydrogen-bonding attraction,
electrostatic repulsion, hydration repulsion, and other
forces,%® which are mainly affected by interparticle
interactions, as the density of carboxylic charge varies
with different pH. Different from the NPs stabilized by
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Figure 2. (a) Zeta potential of 16-AuNP-C10-CN4-X:Y at
pH 7.4. (b) Gel images of plasma protein adsorption assay.
Line 1, line 3, line 5, and line 7: 16-AuNP-C10-CN4-X:Y mixed
with phosphate-buffered solution (PB, pH 7.4). Line 2, line 4,
line 6, and line 8: AuNPs mixed with platelet-poor plasma.

positive or negative ligand alone with pure electro-
static repulsion, the mixed-charge NPs possess a spe-
cial zwitterionic characteristic when HS-C10-C ligands
were deprotonated, which can be stabilized by hydra-
tion repulsion via electrostatically induced hydra-
tion.5”%8 At high pH, NPs were stabilized in solution
due to strong hydration and electrostatic repulsion (all
NPs comprising a slightly negative charge, Figure 2a).
The strong hydration layer on the mixed-charge NP
surface makes them quite stable in solution with high
ionic strength, where the electrostatic repulsions are
screened (Supporting Information, Figure S2). When
the pH decreased to a certain value, the HS-C10-C
ligands partially protonated, resulting in attraction of
hydrogen bonding, and the hydration of the zwitter-
ionic surface became weak. Once the overall attrac-
tions of the van der Waals force and hydrogen bonding
surpassed the hydration and electrostatic repulsions,
the NPs started to aggregate. As the pH continued to
decrease, more and more HS-C10-C ligands were pro-
tonated. When the electrostatic repulsions of positive
quaternary ammonium surpassed the attraction of the
van der Waals force and hydrogen bonding, the NPs
underwent dispersion again. A propositional mechan-
ism is presented to better understand the pH-respon-
sive aggregation property (Schemes S1 and S2).

It can be noted that AuNPs modified with equal but
opposite ligands in feed ratios demonstrated the most
desired pH sensitivity (pH between 7.2 and 7.0) for
acidic tumor microenvironment targeting. Another
important question is whether the surface composition
is the most suitable one for stealth characteristics at
physiological pH such as resistance of nonspecific
protein adsorption. All AuNPs modified by different
C/N4 ratios were demonstrated to well repel protein
adsorption in single-protein solution (BSA, 5 mg/mL,
Figure S3). Especially, 16-AuNP-C10-CN4-5:5 exhibited
the best plasma protein resistance (gel electrophoresis
analysis, Figure 2b). It showed that the AuNPs modified
with mixed thiols in a more equal ratio have a zeta
potential value closer to neutral (ca. —4 mV for 16-AuNP-
C10-CN4-5:5, Figure 2a). We deduce that the nano-
particles with a surface more resembling a zwitter-
ionic interface of balanced charge possess better
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nonspecific protein resistance.®#5>¢%7° Unfortunately,
the final composition of oppositely charged ligands on
the nanoparticles cannot be confirmed at present
because of the lack of available analytical techniques
for exact quantification. Much effort has been made to
modify nanoparticles with zwitterionic ligands, which
also demonstrates that the zwitterionic surfaces are
closely related to the protein resistance and nonfouling
properties of nanoparticles>*”'~7% Furthermore, the
mixed-charge zwitterionic 16-AuNP-C10-CN4-5:5 exhib-
ited excellent long-term stability in biological com-
plex media such as cell culture medium, 100% fetal
bovine serum, and 100% human platelet-poor plasma
(Figure S4).

As 16-AuNP-C10-CN4-5:5 exhibited a suitable pH
transition at tumor extracellular pH and excellent
protein resistance, it was selected to prove the hypoth-
esis that controlling aggregation of nanoparticles at
tumor pHe can enhance the retention and cellular
uptake of small nanoparticles in tumors. Before in vitro
and in vivo studies, the pH sensitivity of 16-AuNP-C10-
CN4-5:5 was carefully investigated. The AuNPs aggre-
gated between pH 7.0 and 5.5, while dispersing well at
the other pH values (Figure 3a), which was very suitable
for targeting the acidic tumor microenvironment.
Moreover, they showed a very narrow pH extent for
phase transition of only 0.2 unit from pH 7.2 to pH 7.0
(Figure 1b and Figure 3a). The small transition value
indicates remarkable pH sensitivity, which will be im-
portant for distinguishing the narrow pH difference
between normal and tumor tissue.’>%° Extremely fast
pH-induced aggregation was observed (within several
seconds) by UV—vis spectra and dynamic light scatter-
ing (DLS) measurements (Figure 3b and c). The re-
sponse time for most pH-sensitive systems achieved by
breakage of chemical bonds is on the scale of minutes
at least,*®42°15875 \yhile the time for a mixed-charge
system is within a few seconds. Here we attribute the
temporal response to the dramatically deionization
transition of carboxylic groups in the mixed-charge
SAMs, as ionizable groups always render fast and
ultrasensitive response to changes in pH value.”® Be-
sides, the pH-responsive aggregation of these AuNPs
was reversible. Even in protein-rich medium, the AuNPs
exhibit similar excellent pH sensitivity (Figure 3e and f).
Notably, the pH-induced aggregation of the AuNPs
could even happen at extremely low concentration
and was well reversible in biological media (Figure S5).
The good pH sensitivity at a low concentration of NPs
indicates the response will still be effective after in-
jected samples are diluted in the blood compartment.
Itis believed that the rapid and accurate pH-responsive
transition of the mixed-charge stabilized nanoparticles
will give them a good pH-sensitive performance in vivo.

As mentioned above in the introduction, a “stealth”
surface of NPs when circulating in blood and normal
tissue is a prerequisite for pH-responsive nanoparticles
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Figure 3. pH sensitivities of mixed-charge AuUNPs (16-AuNP-C10-CN4-5:5). (a) Absorbance peak values of AuNPs detected by
UV—vis spectrum once added to phosphate-buffered (PB, 50 mM) solution at different pH values. (b) Real-time recording of
UV—vis spectra of AuNPs as soon as they are added in PB solution (50 mM, pH 6.5). (c) Real-time recording of DLS results of
AuNPs as soon as they are added in the PB solution. Inset is the images of AuNPs when the pH changes from 7.4 (left) to 6.5
(right). (d) UV—vis spectra of AuNPs at pH 7.4 and 6.5 and detected after adjusting the AuNPs from pH 6.5 to ca. 7.4 again
(inset: digital images of AuNPs for these cases). (e) UV—vis spectra of AuNPs incubated in the PB solution (50 mM) and DMEM
culture medium with 10% FBS at pH 7.4 and 6.5. (f) Representative TEM images of AuNPs (scale bar in upper images is 50 nm,

and that in lower images is 20 nm).

to target the acidic tumor microenvironment in vivo.
Before the in vivo study, an in vitro evaluation of stealth
characteristics of AuNPs was carried out. Here the
macrophage cell line RAW 264.7 was used as a model
of phagocytes in RES.”” As shown in Figure 4a, the
cellular uptake by RAW 264.7 cells at pH 7.4 decreased
obviously as the ratio of C/N4 used to modify AuNPs
changed from 5:1 to 5:5. Particularly, the uptake of
16-AuNP-C10-CN4-5:5 was even lower than that of
traditional PEGylated AuNPs (16-AuNP-PEG2000). This
antiphagocytosis tendency of AuNPs is consistent with
the protein resistance of NPs as better protein resis-
tance for lower uptake, where 16-AuNP-C10-CN4-5:5 exhi-
bited the best plasma protein resistance (Figure 4a).
It promised good steath properties for these AuNPs
with a long blood criculation time in vivo.

To investigate in vitro cell uptake behavior of
pH-sensitive AuNPs in a tumor-like acidic environment,
the uptake by HepG2 cancer cells was evaluated at
both pH 7.4 and 6.5. After cells were incubation with
16-AuNP-C10-CN4-5:5 at pH 6.5 for 12 h, remarkably
increased cell uptake was observed, which was about
30-fold higher than that at pH 7.4 (Figure 4b). As a
control, there was no observable difference between
the two pH conditions for 16-AuNP-PEG2000 or the
mixed-charge AuNPs with a pH sensitive range not at
pH 6.5 (16-AuNP-C10-CN4-5:1 aggregated at pH from
6.0to 5.0, Figure 1b). It was found that a notable uptake
was observed only after 1 h incubation of 16-AuNP-
C10-CN4-5:5 at pH 6.5, which increased dramatically
with an increase in incubation time and concentration
(Figure 4c and d). TEM analysis further confirmed the
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obvious internalization of AUNP aggregates in cancer
cells when cultured at low pH (Figure 4e and Figure S6),
but no detectable uptake by macrophages at normal
pH (Figure S7). For other types of cancer cells, such as
KB and Hela cells, similar significant pH-enhanced
uptake was also observed (Figure 4f). This demon-
strated that the enhanced uptake for pH-induced
aggregates seemed to be universal and cell type
independent. Albanese et al. reported that the cell
type might play a significant role in enhancing the
uptake of aggregates.>® The reason for the difference
between our system and Albanese's work could be
attributed to the different sizes and surfaces of the two
systems. Albanese et al. fabricated stable aggregates
with sizes ranging from 26 to 98 nm and special trans-
ferrin coatings. However, in our system, the AuNPs
spontaneously aggregated to clusters with sizes up
to ~100—300 nm at acidic pH; fast aggregation made
the large aggregates sedimentate on the cells sub-
sequently. Besides, the AuNPs with different surfaces
will adsorb different serum proteins, which will me-
diate endocytosis of NPs in different mechanisms.
The enhancement of uptake at pH 6.5 is mainly due
to the pH-induced surface change and aggregation of
AuNPs. Once AuNPs were added to culture medium at
pH 6.5, instant aggregation made the large aggregates
subsequently sedimentate on the cells, which results in
a remarkably high local concentration of NPs on the
cell surface and leads to great increase in uptake.3> >’
Furthermore, the AuNPs' surfaces became fouling when
aggregated at low pH. These aggregates tend to
adsorb serum proteins on their surfaces, which is facile
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Figure 4. Cell uptake of AuNPs evaluated by ICP-MS and TEM measurements. (a) RAW 264.7 cells after incubation with AuNPs
with different surfaces at pH 7.4 for 12 h. (b) HepG2 cells after incubation with AuNPs with different surfaces at pH 7.4 and
6.5 for 12 h. (c) HepG2 cells after incubation with 16-AuNP-C10-CN4-5:5 with different Au concentrations at pH 7.4 and 6.5 for
12 h. (d) HepG2 cells after incubation with AuNPs for different times at pH 6.5. (e) Representative TEM image of a section of
HepG2 cells at pH 6.5 after incubation with 16-AuNP-C10-CN4-5:5 for 12 h. (f) KB and HelLa cells after incubation with 16-AuNP-
C10-CN4-5:5 for 12 h at pH 7.4 and 6.5. Here except for (c) all concentrations of AuNPs are 0.0284 mM for Au atoms. Error bars
represent mean =+ SD (n = 3); asterisk indicates significant difference, *p < 0.05 and **p < 0.01.

to mediate endocytosis of NPs. This implies that the
pH-responsive zwitterionic nanoparticles can strongly
resist phagocytosis by macrophages at normal pH
conditions, while the uptake was enhanced greatly
by cancer cells once aggregation happens in a tumor-
like acidic microenvironment.

After analyzing the inspiring results of the pH-
responsive AuNPs in vitro, the in vivo fate of these
zwitterionic AuNPs was studied. The 16-AuNP-C10-
CN4-5:5 showed a similar blood circulation time to
that of 16-AuNP-PEG2000 after intravenous adminis-
tration into normal ICR mice (Figure 5a). Nevertheless, a
clear difference was observed between the biodistribution
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of two AuNPs in the main organs (Figure 5b). The
accumulations of 16-AuNP-C10-CN4-5:5 in major RES
organs, liver and spleen, were lower than those of
16-AuNP-PEG2000. The concentration of Au (ug/g
tissue) in the liver and spleen of zwitterionic AuNPs
was 55% and 61% for PEGylated AuNPs. Considering
the liver is the main high-weight organ in mice, the
total RES accumulation of zwitterionic AuNPs could be
considered much lower than that of PEGylated AuNPs.
It is interesting to note that the blood circulations of
16-AuNP-PEG2000 and 16-AuNP-C10-CN4-5:5 are simi-
lar to each other, yet the RES uptakes were quite dif-
ferent from each other. We speculate that the different
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Figure 5. Blood circulation curves (a) and biodistribution (b) of 16-AuNP-C10-CN4-5:5 and 16-AuNP-PEG2000 after
intravenously injecting ICR mice. (c) Representative H&E stained images of major organs including liver, spleen, and kidney
collected from the control untreated mice and AuNP-injected ICR mice at 24 h postinjection. Error bars represent mean + SD
(n = 3); asterisk indicates significant difference, *p < 0.05). Here each mouse is injected with 100 xg of AuNPs.

phagocytosis of the two AuNPs by phagocytes such as
liver Kupffer cells and splenic macrophages is the main
reason for their difference in RES uptake. Although
lung also contains a significant quantity of macro-
phages such as alveolar macrophages, the basal
membrane in lung can prevent extravasation of nano-
structures larger than 10 nm from blood, where the
continuous endothelial lining with tight junctions of
sizes around 5 nm allows passage of only fluids and
small molecules.”® So there was little chance for the
macrophages in lung to phagocytose the AuNPs (core
size: 16 nm), which resulted in a much lower accumula-
tion of both AuNPs in lung than that in liver and spleen.
An in vitro study showed that 16-AuNP-C10-CN4-5:5
had a lower uptake level by the macrophage RAW
264.7 cells than 16-AuNP-PEG2000 (Figure 4a). This
indicated that 16-AuNP-C10-CN4-5:5 may have better
phagocytic resistance and result in lower RES uptake
in vivo than 16-AuNP-PEG2000. For blood circulation
time, the clearance of NPs from blood is greatly
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affected by the RES uptake, but it is also affected by
the clearance from blood to other non-RES organs. It
was observed that the accumulations of 16-AuNP-C10-
CN4-5:5 were higher than that of 16-AuNP-PEG2000 in
kidney and lung (Figure 5b). Although the 16-AuNP-
C10-CN4-5:5 capped by small molecular ligands has
a smaller hydrodynamic diameter than the 16-AuNP-
PEG2000, this might favor their wide dispersion in
organs.”? The difference may not totally result from
the tiny size difference between the two AuNPs (only
from the difference in ligand length, ~10 nm). It is
more likely that the AuNPs with a zwitterionic surface
could distribute in many different organs more rapidly,
which needs further investigation. So the similar blood
circulation between 16-AuNP-PEG2000 and 16-AuNP-
C10-CN4-5:5 could compromise the results of both
different RES uptake rate and different rate of NP
distribution into non-RES organs. Additionally, no
apparent histopathological abnormalities or lesions
were observed in liver, spleen, and kidney in the
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Figure 6. (a) Accumulation of 16-AuNP-C10-CN4-5:5 and 16-AuNP-PEG2000 in KB tumor in BALB/c nude mice at 24, 48, and
72 h postinjection. (b) Tumor uptake normalized at 48 and 72 h postinjection to that at 24 h (error bars represent mean + SD
(n =3); asterisk indicates significant difference, *p < 0.05). (c—f) Representative TEM images of sections of KB tumor tissue after
injection with AuNPs for 24 h: 16-AuNP-C10-CN4-5:5 located in interstitium (c) and lysosome of tumor cells (e) and 16-AuNP-
PEG2000 located in interstitium (d) and lysosome of tumor cells (f); red arrows mark the AuNPs. Each mouse is injected with

100 ug of AuNPs.

16-AuNP-C10-CN4-5:5-treated mice by H&E staining,
which showed no noticeable toxic effect of these
zwitterionic AuNPs on the major organs of mice at
24 h after NP administration (Figure 5c). In vitro evalua-
tion also demonstrated that these zwitterionic gold
nanoparticles exhibited no apparent cellular cytotoxi-
city (Figure S8). Although systematical investigation
of the nanotoxicity of these AUNPs by comprehensive
analysis for sufficient time is needed before clinic
application, the preliminary results indicate ideal
biocompatibility of the mixed-charge zwitterionic gold
nanoparticles for in vivo applications.

Accumulation of nanoparticles in tumors is of critical
importance, as it determines the potential impact of a
diagnostic or therapeutic effect on the tumor mass.2"?*
The prolonged presence of NPs in tumors is an advan-
tage for many aspects of an NP formulation as bioimag-
ing agent, therapeutic agent, or drug carrier.2° Tumor
retention of AUNPs was evaluated in BALB/c nude mice
bearing KB tumors (a representative tumor model with
an acidic microenvironment®') at three time points of
24, 48, and 72 h postinjection. It was found that the
tumor uptake of 16-AuNP-C10-CN4-5:5 was about
twice that of 16-AuNP-PEG2000 at 24 h postinjection
(Figure 6a). Furthermore, it was observed that the
accumulation of 16-AuNP-PEG2000 at 72 h postinjec-
tion was further decreased to only ~30% of thatat 24 h
postinjection. Perrault et al. have reported that AuNPs
with similar size and surface were not retained in
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tumors beyond 24 h, which may migrate into surround-
ing tissues from the tumor.?' Here, the 16-AuNP-
PEG2000 showed a relatively slower clearance rate up
to 72 h; the difference may come from the different
tumor models used in the two studies. Differently, the
retention of 16-AuNP-C10-CN4-5:5 at 72 h post-
injection was still ~80% of that at 24 h. The differences
between the two AuNPs became more significant as
time increased to 72 h, where the accumulation of
16-AuNP-C10-CN4-5:5 was 5—6 times that of 16-AuNP-
PEG2000. Normalizing the tumor uptake of AuNPs at
different times to that at 24 h, it was clearly observed
that the clearance of 16-AuNP-PEG2000 was much
faster than that of 16-AuNP-C10-CN4-5:5 (Figure 6b).
It was expected that the 16-AuNP-C10-CN4-5:5 aggre-
gated in tumors will sedimentate in the tumor inter-
stitium, then enhance the uptake of nanoparticles by
tumor cells due to sedimentation-driven uptake.3>—>7
Direct evidence can be provided for this case by TEM
analysis of tumor tissue.®’ AUNPs as aggregates located
in the interstitial space were observed in TEM sections
of tumor after treatment with 16-AuNP-C10-CN4-5:5
(Figure 6c), which supported the argument that
pH-responsive aggregation happened in acidic tumor
spaces. We also found that the zwitterionic AuNPs
were efficiently internalized in tumor cells as aggre-
gates in a similar manner to those internalized in KB
cells in vitro at pH 6.5 (Figure 6e, Figures S9 and S10).
The aggregates were mainly observed in lysosomes,
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and no NPs were found directly in the cytosol, mito-
chondria, and nucleus, suggesting that the AuNPs
enter the cells predominantly through the endocytic
pathway.3%#? Differently, the PEGylated AuNPs remain
individual in the interstitial space within the tumor as
single particles (Figure 6d). This clearly demonstrates
the difference in aggregation state of the two types
of AuNPs. Moreover, much fewer nonresponsive
PEGylated AuNPs were observed in tumor tissue, and
only a few small aggregates of 16-AuNP-PEG2000 in
lysosomes of tumor cells were found, as their endo-
cytosis was prevented by PEG this time (Figure 6f).
The size of 16-AuNP-PEG2000 aggregates in cells was
much smaller than that of 16-AuNP-C10-CN4-5:5,
which could be formed during the endocytosis pro-
cess. This also partially demonstrates the different
aggregation states between the two AuNPs in tumor
tissue. Silver enhancement of tumor histological sec-
tions also showed that, compared to the case of
PEGylated AuNPs, much more zwitterionic AuNPs look
like aggregates localized in the tumor (Figure S11).

As the blood circulation curves of the two AuNPs
were very similar to each other, they were expected to
have similar chances to enter the tumor via leaky
vasculature. In fact, tumor accumulation is a function
of both the rate of extravasation from the blood to the
tumor space and the rate of clearance out of the tumor.
Particles that enter the tumor through leaky vascula-
ture may be carried by convection past the tumor
periphery and into the surrounding tissue, where they
are likely to be cleared.?! Perrault et al. demonstrated
that tumor accumulation of particles in the 20 nm
range depends on effects of both size and half-life.?'
Therefore, the tumor accumulation of 16-AuNP-
PEG2000 would be a combined result of AuNPs extra-
vasated from the blood with high NP concentration to
the tumor space and those cleared from the tumor to
periphery tissues at a high rate at the same time.
However, for the pH-responsive 16-AuNP-C10-CN4-
5:5, once arriving at the tumor tissue, they aggregated
quickly, stimulated by the acidic tumor microenviron-
ment, which restricts their migration into surrounding
tissues owing to the formed aggregates with large size,
which were firmly trapped in the tumor extracellular
matrix. What's more, the enhanced uptake of aggre-
gates will also favor the retention of the zwitterionic
AuNPs, but the PEGylation of AuNPs is not favorable for
cell uptake. So even though the 16-AuNP-C10-CN4-5:5
and 16-AuNP-PEG2000 have similar blood circulation
times, which means they had a similar chance to
extravasate into the tumor, the different retention
and cell uptake abilities result in quite different tumor
accumulation of the two AuNPs.

In addition, considering the NPs with small size
will have the advantage of deep penetration into
the tumor, the remaining question is whether the
aggregation-responsive AuNPs still have a chance to

LIU ET AL.

penetrate deep into the tumor. For the pH-responsive
16-AuNP-C10-CN4-5:5 with small size before aggrega-
tion, the penetration problem depends on which part
of the tumor is more acidic. In the site with pH > 7.0, the
AuNPs could exist as small single particles, which may
migrate into the deep interstitial space.>’ When arriv-
ing at the site with pH < 7.0, they quickly aggregate,
resulting in large sizes, which will be trapped right in
place. The outer region of the tumor tissue near the
blood supply is less hypoxic and less acidic, and the
inner region of the tumor far away from the blood
supply is more hypoxic and more acidic.®** AuNPs
that look like aggregates localized perivascularly or
migrated far into the interstitial space in the tumor
were observed in the silver-enhanced tumor histolo-
gical sections (Figure S11). This indicated that the
pH-responsive AuNP system might also penetrate
deeply into tumors.

Although aggregation of nanoparticles is usually
considered a serious problem in nanobiotechnology,
a design of controllable aggregation can be beneficial,
similar to “turning lemons into lemonade” 2>#* It was
noted that pH-induced aggregation shifts the absorp-
tion band of AuNPs to the NIR wavelength (Figure 3),
which can be applied for NIR photothermal therapies
with deep tissue penetrations.”® As cancer cells are
more sensitive to temperature (usually >42 °C) than
normal cells, the heat generated by AuNPs attached on
or internalized in cells can effectively damage cancer
cells. HepG2 cells incubated with PEG and mixed
charge modified AuNPs at pH 7.4 and pH 6.5 were
irradiated under the same NIR laser beam using a
continuous wave (CW) diode laser of 808 nm. Serious
damage to cells was observed in the test group with
16-AuNP-C10-CN4-5:5 at pH 6.5 (Figure 7d), but was
not observed in the test groups with 16-AuNP-C10-
CN4-5:5 at pH 7.4 (Figure 7b), 16-AuNP-PEG2000 at
pH 7.4 (Figure 7a), and 16-AuNP-PEG2000 at pH 6.5
(Figure 7c). When cells were cultured at pH 6.5 in vitro,
the acidic pH will slightly affect the cell viability, but the
aggregation of 16-AuNP-C10-CN4-5:5 at this pH did not
induce more toxicity to the cells (Figure S12). So here,
the serious damage to cells in the test group with
16-AuNP-C10-CN4-5:5 at pH 6.5 irradiated by the NIR
laser was a result of photothermal ablation of the cells
assisted by AuNP aggregates. Kim et al. have reported
a “smart” gold nanoparticle that aggregates in acidic
intracellular pH by its hydrolysis-susceptible surface
for photothermal cancer therapy.”® Differently, the
pH-induced aggregation in this system has a much
faster and more ultrasensitive transition between
normal tissues (7.2—7.4) and most solid tumors
(6.0—7.0). Moreover, the mixed-charge 16-AuNP-C10-
CN4-5:5 with zwitterionic surfaces at pH 7.4 have
good stealth properties, which endow them with a
long blood half-life and effective tumor accumulation
after intravenous injection. We further preliminarily
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Figure 7. (a—d) Cell viability assessed via fluorescein diacetate (FDA) staining. After treatment with NPs for 1 h, cells were
irradiated with an 808 nm laser of 400 mW for 1 min: (a—c) no dead cells in the test group with 16-AuNP-PEG2000 at pH 7.4 (a)
and pH 6.5 (c) and 16-AuNP-C10-CN4-5:5 at pH 7.4 (b); (d) cell death and disappearance within the spot for 16-AuNP-C10-CN4-
5:5 at pH 6.5. (e) Tumor size at different time points postirradiation of mice treated with 16-AuNP-C10-CN4-5:5 plus NIR laser
and other applied conditions. Black arrows indicate irradiation with an 808 nm laser of 800 mW for 1 min. Error bars represent
mean =+ SD (n = 3); asterisk indicates significant difference, *p < 0.05 for 16-AuNP-C10-CN4-5:5 plus NIR laser treated group
versus all other groups. (f) Tumor weight after 2 weeks postirradiation of mice treated with 16-AuNP-C10-CN4-5:5 plus NIR
laser and other applied conditions. Error bars represent mean + SD (n = 3); p =0.11, 0.015, 0.15, and 0.032 for 16-AuNP-C10-
CN4-5:5 + NIR treated group versus PBS treated group, 16-AuNP-C10-CN4-5:5 treated group, 16-AuNP-PEG2000 + NIR treated
group, and PBS + NIR treated groups, respectively. Insets are representative images of tumors after corresponding

treatments.

evaluated the possibility of NIR photothermal ablation
of tumors using this kind of pH-responsive AuNPs
in vivo. After a single injection of AuNPs, the tumors
on mice were irradiated with a mild NIR laser at 808 nm.
As shown in Figure 7e, the tumor volume of 16-AuNP-
C10-CN4-5:5 plus NIR treated mice increased signifi-
cantly slower than those of the 16-AuNP-PEG2000 plus
NIR treated group and groups treated with other
control conditions from the sixth day after the first
NIR treatment. The tumor weight after 2 weeks post-
irradiation of mice treated with 16-AuNP-C10-CN4-5:5
plus NIR laser was also lower than those of mice treated
with all other applied conditions (Figure 7f). This
demonstrated the 16-AuNP-C10-CN4-5:5 plus NIR laser
have possible tumor inhibition ability, which deserves
further preclinical and even clinical studies.

CONCLUSION

In summary, we demonstrate that gold nanoparti-
cles with fast, ultrasensitive, and reversible pH sensi-
tivity can be simply prepared by surface modification
with mixed-charge zwitterionic SAMs. The zwitterionic

EXPERIMENTAL SECTION

Synthesis of Thiol-Protected AuNPs. Citrate-capped AuNPs with a
diameter of ca. 16 nm and thiol-modified AuNPs were prepared
according to previous reports.>® A series of mixed-charge SAMs
protected AuNPs with different surface charges were prepared
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AuNPs are stable with a stealth surface at normal pH
during circulation but quickly aggregate in the acidic
extracellular pH of solid tumors once arriving in the
tumor. The mixed-charge zwitterionic strategy can
further be used to easily fabricate other functional
nanoparticles with stealth properties and desirable
pH sensitivity simultaneously. The total accumulation,
retention, and cell uptake of the pH-responsive
AuNPs in tumors are significantly enhanced by the
pH-induced aggregation effect compared with that of
nonsensitive PEGylated AuNPs. A preliminary photo-
thermal tumor ablation evaluation suggests that the
aggregation of AuNPs can be applied in cancer NIR
photothermal therapy. Considering that the microen-
vironment in tumors is always different from that in
normal tissue, controlling the aggregation of NPs
responding to the tumor environment, such as low
pH, low O,, or matrix metalloproteinase enzymatic
activity, can serve as a universal strategy to enhance
retention and cell uptake of inorganic NPs in tumors
and improve the performance of NPs used in cancer
diagnosis and treatment.

by adding the same total concentration of thiols with different
molar ratios of HS-C10-C to HS-C10-N4 to the same amount of
citrate-coated 16 nm Au-NPs. Here, we refer to these Au-NPs as
16-AuNP-C10-CN4-X:Y (X:Y means the feed ratios of HS-C10-C to
HS-C10-N4). The HS-PEG2000-modified AuNPs were named

VOL.7 = NO.7 = 6244-6257 =

ACS

2013 AL

LM\

N
\ O

WWW.acsnano.org

6253



16-AUNP-PEG2000 as described previously.>® Taking 16-AuNP-
C10-CN4-5:5 as an example to describe the synthesis routes,
briefly, a mixed thiol aqueous solution (25 mM, 1 mL) that
contained a 5:5 molar ratio of HS-C10-C and HS-C10-N4 was
added into the original citrate-coated 16 nm AuNP solution
(10 mL). The pH of the solution was adjusted to pH ~9 with 1M
NaOH, as HS-C10-C has a better solubility in alkaline conditions,
and it is also helpful for keeping the AuNPs stable through the
ligand exchange reaction. After stirring at room temperature for
24 h, the modified AuNPs were purified by centrifuging twice at
16000 rpm for 10 min. Then the AuNPs were redispersed in
water, and drops of phosphate buffer solution (10 mM PB,
pH 7.4) were added to adjust the pH to ~7.4, making a dispersed
AuNP solution. Similarly, the Au-NPs protected by different
ratios of mixed-charge thiols and other thiols were prepared
in the same way.

Measurement of pH Sensitivity of AuNPs. To determine the
AuNPs' sensitivity with respect to pH, 10 uL of purified AuNPs
was added to 190 uL of PB (50 mM) solutions with different pHs.
For the pH sensitivity of AuNPs in biological media, AUNPs were
added to cell culture media with 10% fetal bovine serum (FBS) at
different pHs. The stability of gold nanoparticles was detected
by color change observation, UV—vis spectrum, DLS, and TEM
measurements.

AuNPs Interaction with BSA and Plasma. The interaction of AUNPs
with BSA or plasma was measured by gel electrophoresis.
The experiments were done by mixing 5 uL of AuNPs with
5 uL of 10 mg/mL BSA or 40% human platelet-poor plasma.
After incubation at room temperature for 10 min, the mix-
ture was loaded on a 1% agarose gel buffered with 0.5x TBE
(Tris-borate-EDTA, pH 7.4). Gel electrophoresis was also run in
0.5x TBE buffer at 120 V constant voltage for 15 min. Gel shift
bands were directly recorded by digital camera.

Cell Culture. RAW 264.7 cells, HepG2 cells, and Hela cells
were cultured with regular growth medium consisting of high-
glucose DMEM, and KB cells were cultured with RPMI 1640. All
cell growth media were supplemented with 10% FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin and cultured at 37 °Cin
a 5% CO, humidified environment. Cell culture media with
different pHs were prepared in 25 mM HEPES and adjusted by
NaOH to a final pH value.

Cellular Uptake of AuNPs. Cellular uptake of the AuNPs was
determined by ICP-MS quantitatively. To determine the AuNP
uptake amount quantitatively, the cells were seeded on a
24-well plate at a certain density (1 x 10° cells per well for
HepG2, KB, and Hela and 2 x 10° cells per well for RAW 264.7,
which volume is much smaller than that of HepG2, KB, and
HelLa). After culturing for 24 h, the medium was replaced with
fresh medium at pH 7.4 or 6.5, and then the cells were incubated
with AuNPs of varying concentration for 12 h or other time
intervals. At a determined time, the cells were washed five times
with PBS and then treated with aqua regia (HCI/HNOs = 1:3,
volume ratio) for 2 h. The treated solution was diluted 20 times
to measure Au concentration by ICP-MS (Thermo Elemental
Corporation of USA, X Series ).

Internalization of AuNPs Detected by TEM Analysis. For TEM cell
sections analysis, the cells were seeded on a six-well plate at a
certain density (5 x 10° cells per well for HepG2 and KB, 1 x 10°
cells per well for RAW 264.7) and cultured for 24 h. After
culturing for 24 h, the medium was replaced with fresh medium
at pH 7.4 or 6.5, and then the cells were incubated with AuNPs
with a Au atomic concentration of about 0.0284 mM for 12 h. At
a determined time, the cells were washed five times with PBS
and trypsizined, centrifuged, and then fixed with 2.5% glutar-
aldehyde. After 2 h fixation at 4 °C, the samples were washed
with phosphate-buffered saline (0.1 M, pH = 7.0) three times.
Then the samples were fixed with 1% perosmic oxide for 2 h at
4 °C. After being washed by water, the samples were dehy-
drated in an alcohol series, embedded, and sliced with a
thickness of 50 to 70 nm.

NIR Photothermal Assay in Vitro. HepG2 cells were cultivated as
above to near 100% confluence. After treating with 0.0284 mM
AuNPs for 1 h at pH 7.4 and pH 6.5, respectively, the medium
was carefully removed and the cells were irradiated using an
NIR laser with a T mm focused spot size. The efficiency of
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photoinduced cancer cell thermal ablation was investigated
with various power densities of the CW laser at 808 nm and
different irradiation times. The cell viability was confirmed by
staining the cells with FDA. The live cells can manufacture
fluorescein from FDA by esterase inside cells, while the dead
cells cannot. The diode continuous wave laser with a wave-
length of 808 nm was from Hi-Tech Optoelectronics Co., Ltd.

Animals. Animal experiments were performed according to
the Guidelines for Animal Care and Use Committee, Zhejiang
University. Healthy male ICR mice and male BALB/c mice were
purchased from the animal center of Zhejiang Academy of
Medical Sciences.

Blood Circulation and Biodistribution. Blood circulation and bio-
distribution of gold nanoparticles were first evaluated in healthy
male ICR mice (20—24 g). Nanoparticles in 0.2 mL of PBS with
100 ug of Au were injected via the tail vein in each mouse. Blood
circulation analysis was performed by measuring the remaining
gold content from blood taken after injection at different times.
Biodistribution analysis was performed by measuring the gold
content in different tissues 24 h after injection. Examined tissues
include liver, kidneys, spleen, heart, and lung. The gold content
was analyzed by ICP-MS.

Histology. For histology, major organs (liver, kidneys, and
spleen) were harvested from mice 24 h after injection. Organs
were fixed in 3.7% neutral buffered formalin, processed rou-
tinely into paraffin, sectioned into ~4 um, and stained with
hematoxylin and eosin (H&E). The histology was performed in
a blinded fashion by professional personnel in the medical
college of Zhejiang University. The samples were examined
by microscope (Olympus BX61 inverted microscope) in bright
field.

Tumor Accumulation and Cell Internalization. KB cells (2 x 10°) in
0.1 mL of PBS were injected subcutaneously into the right rear
flank area of male nude BALB/c mice of weight 16 to 18 g.
Tumors were allowed to grow to ~100 mm? before experimen-
tation. Nanoparticles in 0.2 mL of PBS with 100 ug of Au were
injected via the tail vein in each mouse. Tumors were collected
for measuring their Au content by ICP-MS at 24, 48, and 72 h
postinjection. Tumors at 24 h were also collected for cell
internalization of AuNP analysis by TEM sections and histologi-
cal silver enhancement analysis.

ICP-MS Measurement. Organs and tumors were washed with
PBS buffer and lyophilized for 1 day. Blood was lyophilized
directly. The dried tissues and blood were mashed and dis-
solved in aqua regia (2 mL for liver and 1 mL for all others) for
1 day. Tissue debris was removed by centrifugation at 10 000 rpm
for 5 min. After dilution, the Au content was detected by ICP-MS.

Transmission Electron Microscopy. Tumors were first fixed in
2.5% glutaraldehyde (in 0.1 M phosphate buffer, pH 7.0). Then
the samples were fixed with 1% perosmic oxide for 2 h at 4 °C.
After being washed in water, the samples were dehydrated in
an alcohol series, embedded, and sliced with a thickness of 50 to
70 nm.

Histological Silver Enhancement. For silver enhancement, the
tissue sections were dewaxed with xylene, washed consecu-
tively with 100%, 90%, 70%, and 30% ethanol, and immersed in
a silver enhancement solution for 5 min, which is composed of
equal amounts of solutions A and B from the Silver Enhancer Kit
(Sigma-Aldrich). After rinsing, the tissue sections were fixed with
2.5% sodium thiosulfate for 3 min, washed with DI water, and
then stained with hematoxylin and eosin (H&E). The samples
were examined by microscope (Olympus IX81 inverted
microscope) in bright field.

NIR Photothermal Assay in Vivo. KB cells (2 x 10% in 0.1 mL of
PBS were injected subcutaneously into the right rear flank area
of male nude BALB/c mice of weight 16 to 18 g. Tumors were
allowed to grow to ~100 mm? before experimentation. Nano-
particles in 0.2 mL of PBS with 100 «g of Au or pure PBS without
AuNPs as control were injected via the tail vein in each mouse.
After 24 h, the tumors were irradiated using a CW laser at
808 nm with a ~6 mm focused spot size and a power density of
800 mW. The tumors were irradiated every two days up to the
sixth day after the first treatment. Tumor dimensions (length
and width) were measured using a caliper. The tumor volume
was calculated as length x width?/2 (mm?3). The tumor volume
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of all treated groups was recorded every two days, the mice
were sacrificed after 2 weeks postirradiation, and the tumors
were weighed. The diode continuous wave laser (MDL-N-
808 nm) with a wavelength of 808 nm was from Changchun
New Industries Optoelectronics Tech. Co., Ltd.

Statistical Analysis. All the experiments were repeated at least
three times, and the data are presented as means =+ standard
deviation (SD). The statistical significance (p < 0.05) was eval-
uated by Student'S t test when only two groups were compared.
One-way analysis of variance (ANOVA) with Tukey's test was
used for multiple comparisons. In all tests, the statistical sig-
nificance was set at p < 0.05.
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