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ABSTRACT: The acidic microenvironment of tumor tissues
has proven to be one of the major differences from other normal
tissues. The near-infrared (NIR) light irradiation of aggregated
gold nanoparticles in a tumor acidic pH-induced manner could
then provide an effect approach to treat solid tumors with the
advantage of minimizing the undesired damage to normal tissues.
Although it is well-known the aggregation of larger nanoparticles
will result in a better NIR photothermal effect, the preparation of
pH-sensitive gold nanoparticles in large sizes remains a big
challenge because of their worse dispersive stability. In this
paper, we introduce a facile way to endow large gold
nanoparticles with tunable pH-aggregation behaviors by
modifying the nanoparticle surface with mixed-charge self-
assembly monolayers compromising positively and negatively
charged thiol ligands. Four different size nanoparticles were used to study the general principle of tailoring the pH-induced
aggregation behaviors of mixed-charge gold nanoparticles (MC-GNPs) by adjusting the surface ligand composition. With proper
surface ligand composition, the MC-GNPs in four different sizes that all exhibited aggregation at tumor acidic pH were obtained.
The biggest MC-GNPs showed the most encouraging aggregation-enhanced photothermal efficacy in vitro when they formed
aggregates. The mixed-charge self-assembled monolayers were then proved as a facile method to design pH-induced aggregation
of large gold nanoparticles for better NIR photothermal cancer therapy.
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1. INTRODUCTION

Photothermal therapy collaborating with the near-infrared
(NIR) light (650−900 nm) irradiation has been considered
as an attractive way to treat solid tumors with the advantages of
minimally invasiveness, fast recovery and fewer complica-
tions.1−3 Certain photosensitizers are needed at the solid tumor
site to convert the NIR light into available heat, by which the
thermalsensitive tumor cells can be effectively killed.4 Several
gold nanomaterials, such as gold nanorods,5−7 nanocages,8−10

nanoshells11,12 and nanohexapods13 have been developed for
the NIR photothermal cancer therapy utilizing the plasmon−
enabled photothermal conversion properties.14 Though en-
couraging photothermal efficacy has been realized by those gold
photosentisizers both in vitro15,16 and in vivo,17−19 further
application is greatly limited by their complicated structure and
unclear biological toxicity.20,21 Compared with the nanoma-
terials mentioned above, spherical gold nanoparticles are well-
developed nanomaterials that are nontoxic, simple in structure
and easy to prepare,19 but they have been less favored in the
NIR photothermal therapy for their inefficient absorption of
the NIR light.22 What’s interesting is that when gold

nanospheres aggregate, there is a red-shift in the light
absorption spectrum, which dramatically enhances the light
absorbance in the NIR region, opening up new opportunities
for nanospheres to be utilized as photosensitizers in the NIR
photothermal therapy.22−25

Tumor acidic microenvironment (pH ∼6.0−7.0) is the most
common property of solid tumors that has been widely utilized
in nanotechnology to achieve targeting,26 imaging,27 drug
control release,28,29 and so on. Nam et al. introduced a 13 nm
spherical gold nanoparticle that could exhibit pH-induced
aggregation in mild acidic intracellular environments, and the
aggregates of nanoparticles showed potential for photothermal
cancer therapy. These results implied that the aggregation of
nanospheres can be realized in a pH-induced manner, which in
this work, was realized by the formation of mixed charged
surfaces because of the hydrolysis of the surface ligands.30

However, the pH-induced aggregation achieved by the breakage
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of chemical bond was lack of flexibility and the respond time
was relatively long. The recent research31,32 include ourselves
indicated that the mixed-charge gold nanoparticles (MC-
GNPs), with one of the counter charge ligands being weak
electrolytic, also showed unique aggregation property under
certain pH stimuli. The most exciting thing was that the pH at
which the MC-GNPs aggregated could be regulated by
changing the composition of the oppositely charged ligands
on the surface.32

Size has always been considered as one of the most
important fundamental properties of nanoparticles, which has
great impacts on the physicochemical properties and biological
behaviors of nanoparticles.33−35 For spherical gold nano-
particles, increase in size slightly red-shifts the surface plasmon
absorption maximum,22 and aggregation from larger nano-
particles often results in red-shifts to much longer wavelength.23

Therefore, the examination of the photothermal therapy
capacity of the aggregates formed from different size nano-
particles can provide a better understanding of the way to
improve the photothermal therapy efficacy. However, the
current investigation in pH-induced aggregation behaviors of
spherical MC-GNPs is mainly conducted on nanoparticles in
relatively small sizes (≤16 nm). The preparation of pH
sensitive MC-GNPs in larger size remains a big challenge
because of their worse dispersive stability. Detailed studies on
pH-induced aggregation behaviors of those large MC-GNPs are
necessary, which may develop the understanding of realizing
better photothermal performances using the MC-GNPs as
photosentisizers.
In this paper, we prepared the MC-GNPs in four different

sizes (15 nm, 21 nm, 33 and 53 nm) to explore the pH-induced
aggregation achieved by the mixed-charge protecting strategy.
All of the MC-GNPs were surface modified by the mixed-
charge self-assembled monolayer with a mixture of a positively
charged (10-mercaptodecyl) trimethylammonium bromide
(TMA) and a negatively charged 11-mercaptoundecanoic acid
(MUA). The pH-sensitive aggregation behaviors of the MC-
GNPs were investigated by changing the proportion of surface
counter charge ligands or the size of GNPs (Scheme 1). By
virtue of the knowledge obtained from the above, four different
size of the MC-GNPs that all responded to the tumor acidic pH

were successfully prepared. Then the photothermal efficacy and
ablation of cancer cells of these MC-GNPs in their aggregation
state had been examined in vitro.

2. EXPERIMENTAL SECTION
Materials. The alkanethiol TMA with positively charged terminal

group was synthesized according to the procedures described
previously.36 The alkanethiol MUA with negatively charged terminal
group was purchased from J&K Chemical Ltd. (Shanghai, China).
Hydrogen tetrachloroaurate hydrate (HAuCl4·4H2O), trisodium
citrate dehydrate (C6H5Na3O7·2H2O) and other chemicals and
reagents were purchased from Sinopharm Chemical Reagent Co.,
Ltd. The HepG2 (liver hepatocellular carcinoma) cell line was
purchased from China Center for Typical Culture Collection. All
reagents were used without further purification

Synthesis of Gold Nanoparticles (GNPs) in Different Sizes.
Spherical GNPs in different sizes were synthesized by using the
standard citrate reduction method.37 In this method, GNPs that differ
in size can be prepared by adjusting the amount of added sodium
citrate, which acts as the reducing agent. Briefly, 1.214 mL of 10 mM
HAuCl4·4H2O solution in 50 mL of Milli-Q water was heated to boil.
With vigorous stirring, a certain amount of (1.5 mL, 1 mL, 0.75 and
0.5 mL were used to obtain different size GNPs, respectively) freshly
prepared sodium citrate(1%,w/v) was added to the boiling solution.
The mixing solution was kept boiling for another 30 min and was
cooled to the room temperature.

Synthesis of the MC-GNPs in Different Sizes with the Same
Ligand Feed Ratio. The ligand solution to modify the surface of
GNPs was prepared by mixing the same volume of 20 mM MUA and
20 mM TMA solution together, and 0.625 mL of the ligand mixture
solution was added to the ∼50 mL citrate-coated GNP solution under
vigorous stirring. The molar ratio between the total amount of those
two ligands and the amount of Au atom was 2:1. The mixing solution
was kept under stirring for 24 h and then was purified by
centrifugation at 15 000 rpm for 15 min. The centrifugation procedure
was conducted twice and then the precipitates were dissolved and
dispersed in 2 mL of mili-Q water. Size and size distribution were
determined from transmission electron microscopy (TEM) images
(JEM-1230EX TEM, 80 kV, bright field mode) using the analysis
software ImageJ (sample amount >150). The sizes of those four
different GNPs were 15 ± 1.2 nm, 21 ± 4.1 nm, 33 ± 5.8 nm, and 53
± 7.2 nm, respectively. Also, the dynamic light scattering (DLS)
analysis (Zetasizer Nano-ZS from Malvern Instruments, 633 nm He−
Ne laser, 25 °C with a detection angle of 173°) was used to determine
the MC-GNPs hydrodynamic size. Here, we refer to the molar feed
ratio between MUA and TMA as α.

Exploration of the Size Effect on the pH-Induced
Aggregation Behaviors of the MC-GNPs (α = 1). Two methods
were used to evaluate pH-induced aggregation behaviors of the MC-
GNPs (α = 1) in different sizes. First, the pH-sensitive behaviors of the
MC-GNPs were investigated by examining the stability of the MC-
GNPs added in a series of 50 mM phosphate buffered (PB) solution
that differed in pH values. The stability (dispersed or aggregated) of
the MC-GNPs was confirmed by UV−vis spectra, as the aggregation of
the MC-GNPs would result in red-shift in the absorption spectra. This
method gave us a quick glimpse of the pH-induced aggregation
behavior of the MC-GNPs. To further determine the exact pH
transition point of the MC-GNPs, a chemical titration method was
used.32 That is, with the presence of a pH meter, the MC-GNPs
solution was adjusted to pH 10 by 1 M sodium hydroxide, then was
titrated by 1 M, 1 mM and 0.05 mM hydrochloric acid (using acid in
proper concentration to minimize the increase of solution volume) to
find out the abrupt transition point at which the MC-GNPs perform
pH-induced aggregation behaviors. The solution was measured by
UV−vis spectrometer (Shimadzu UV-2505) at certain pH intervals to
determine the stability of the MC-GNPs solution more subtly and
convincingly.

Tailoring pH-Sensitive Range of the MC-GNPs by Changing
the Feed Ratio α of Ligands. The pH at which the well dispersed

Scheme 1. Schematic Illustration of the MC-GNPs with
Different pH-Induced Aggregation Behaviors Obtained by
Adjusting the Counter Charge Ligands Feed Ratio and the
Size of GNPs (Not to Scale)
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NPs formed aggregates was tuned by changing the feed ratio of the
two counter charge ligands. Here, we increased the proportion of
MUA in the total ligands amount, and a decrease in the MC-GNPs’
aggregation pH value was observed. To obtain MC-GNPs in different
sizes that respond to the tumor site acidic environment, we changed
the value of α for several times. Since the 15 nm MC-GNPs (α = 1)
already had the ability to respond to tumor acidic pH, the value of α
was kept at 1 and acted as a control for the other size MC-GNPs. The
sizes of the MC-GNPs aggregates were characterized by TEM and
DLS.
NIR Photothermal Conversion Efficiency. The four different

size MC-GNPs which were sensitive to the tumor acidic pH were
added to pH 7.4 and pH 6.5 PB solution separately to make 1 mL 20
μg/mL solution. The temperature rise of each solution was recorded
after 2 min irradiation by 13.8 W/cm2 808 nm continuous wave (CW)
laser (MDL-N-808 nm, Changchun New Industries Optoelectronics
Tech. Co., Ltd., ∼6 mm diameter spot-size). The pH 7.4 and pH 6.5
solution without MC-GNPs were used as a control. To examine the
repeatability of photothermal conversion performances, the 53 nm
MC-GNPs aggregated in 1 mL pH 6.5 PB solution was irradiated for 5
times and the temperature rise after each irradiation was recorded.
Photothermal Ablation of Cancer Cells. HepG2 cells were

seeded at a density of 30 000 cells/well in 96-well plates and cultured
with regular growth medium consisting of high-glucose DMEM (pH
7.4) for 24 h before experimentation. Then the medium was replaced
with 40 μL 50 μg/mL MC-GNPs solution (added to pH 6.5 DMEM
medium) of different sizes. The cell growth medium with either pH
7.4 or pH 6.5 was used as a control. The cells incubated with the
different size MC-GNPs were irradiated by a 25.5 W/cm2 808 nm NIR
CW laser (Hi-Tech Optoelectronics Co., Ltd.) with a 1 mm focused

spot size for 1 min. After irradiation, the MC-GNPs solution was
replaced by pH 7.4 DMEM medium. The cells were stained with
fluorescein diacetate (FDA) to determine the cell viability, as live cells
could give out green fluorescence from FDA with the inside esterase,
whereas dead cells could not give out fluorescence.

3. RESULTS AND DISCUSSION

pH-Induced Aggregation Behaviors of Different Size
MC-GNPs with the Same Surface Ligand Composition.
The four different size GNPs were surface modified with the
MUA and TMA with the feed ratio α equals 1 (α refers to the
molar ratio between MUA and TMA) according to the method
reported before for preparing 16 nm MC-GNPs.31 The sizes of
the MC-GNPs measured by TEM were 15 ± 1.2, 21 ± 4.1, 33
± 5.8, and 53 ± 7.2 nm, respectively (Figure 1). The DLS
measurements showed the hydrodynamic size and size
distribution of the MC-GNPs (See Figure S1 in the Supporting
Information). The pH sensitivity of the MC-GNPs was
examined by adding the MC-GNPs to PB solution of different
pH values. Distinguished pH-induced aggregation behaviors
among those four different size MC-GNPs (α = 1) could be
roughly checked from the concomitant colorimetric change of
the MC-GNPs solution (Figure 2A), as the well-dispersed MC-
GNPs showed red wine color, whereas the aggregated MC-
GNPs showed blue or purple color. Accurate pH sensitivity and
the degree of aggregation were studied using UV−vis spectra of
the MC-GNPs solution. Figure 2B showed the wavelengths of

Figure 1. Representative TEM images of MC-GNPs with size of (A) 15, (B) 21, (C) 33, and (D) 53 nm, respectively. (E) UV−vis spectra of freshly
prepared MC-GNPs.

Figure 2. pH-induced aggregation behaviors of the MC-GNPs (α = 1) in different sizes. (A) Digital image of different size MC-GNPs incubated in
50 mM PB solution of different pH values. (B) Wavelength of the absorbance peak of different size MC-GNPs in PB solution detected by UV−vis
spectrometer.
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the light absorption peak of different size MC-GNPs (Detailed
spectra of each size MC-GNPs were presented in Figure S2 in
the Supporting Information) in PB solution at different pH.
Consistent with the work reported before,31 the smallest 15 nm
MC-GNPs (α = 1) dispersed well in pH 7.4 phosphate buffer
(PB, 50 mM) solution while aggregated in the PB solution at
the tumor acidic pH 6.8. At certain pH range below the
aggregation transition pH, the MC-GNPs still formed
aggregates. When the pH of the MC-GNPs solution became
rather acidic, such as pH 5.0, the MC-GNPs would be dispersed
again and the absorption peak in UV−vis spectra returned to
the well-dispersed state’s position. Comparing the pH-induced
aggregation behaviors among those different size MC-GNPs, an
increasing trend in the aggregation transition pH values was
observed as the size of the MC-GNPs increased, and so did the
pH range in which the MC-GNPs formed aggregates. For the
biggest 53 nm MC-GNPs, the MC-GNPs were no longer stable
regardless of the pH of the solution and instability was also
observed during the storage. More detailed observation of the
pH-induced aggregation behaviors was conducted by chemical
titration method (see Figure S3 in the Supporting Information)
and the abrupt transition pH at which the MC-GNPs
performed pH-induced aggregation behaviors were obtained,
that is pH 7.0, 7.8, and 9.2 for the 15, 21, and 33 nm MC-
GNPs, respectively. The 53 nm MC-GNPs did not exhibit
abrupt pH-induced transition within the whole tested pH
range, for the GNPs could not be stabilized by the ligands
modification of α = 1.
The aggregation of MC-GNPs was mainly caused by the

disturbance of the balance of the interparticle interaction. There
was a competition in the interparticle interaction among the
attractive electrostatic interaction, hydrogen-bonding interac-
tion, van der Waals interaction and repulsive hydration
interaction, electrostatic interaction and other interactions.38,39

The amount of the negative charges on the MC-GNPs surface
varied as the pH of the solution changed, because some of the
negative charge would be shielded because of the protonation
of the carboxyl group in MUA at lower pH, which affected the
interparticle interaction and in some certain cases would result
in the aggregation of the MC-GNPs. In the solution with
relatively high or low pH, the NPs surface would be dominated
either by negative or positive charge, and the MC-GNPs were
stable owing to the strong electrostatic repulsion. The different
size MC-GNPs with the same feed ratio=1 showed diverse pH-
sensitivity, which may be caused by the varied need for
repulsive forces to stabilize the MC-GNPs in different sizes. At
the same environmental pH, the repulsive interaction provided
by the same ligand composition may be able to stabilize those

small MC-GNPs but is not strong enough to keep the large-
sized MC-GNPs dispersed, which endowed the large MC-
GNPs with higher transition pH than the small ones with α = 1.
Those MC-GNPs (α = 1) in different sizes not only differed

in the pH-induced aggregation behavior, but had distinguished
red-shift performances (Figure 2B). In the dispersed states of
the different size MC-GNPs, there was only a slight difference
in the wavelength of absorption peak (Figure 1E). But when
they formed aggregates, the degree of the red-shifts varied
significantly. The MC-GNPs that bigger in size would red-shift
to a longer wavelength after aggregation. For now, the NIR
laser commonly used in phothothemal therapy are of 808 nm
wavelength.40 Hence, efficient aggregation-induced enhance-
ment of the light absorption around 800 nm is in great help for
increasing the generated heat energy through photothermal
conversion, since larger amount of light is ready to be
converted into heat. As to large MC-GNPs such as 33 or 53
nm, the aggregation of the MC-GNPs shifted the light
absorption to comparable long wavelength and had consid-
erable absorption near the 800 nm wavelengths, which held
great promise in photothermal cancer therapy.
With the same ligand feed ratio α = 1, the MC-GNPs in

different sizes showed diverse pH-induced aggregation
behaviors, but only those MC-GNPs with the size of 15 nm
exhibited effective pH-sensitivity to the tumor acidic pH. The
ideal photothermal therapy based on MC-GNPs is that the
MC-GNPs are well-dispersed at the normal tissue pH 7.4 while
exhibit a pH-induced aggregation in respond to the tumor site
acidic pH 6.8−6.5. And the aggregation of the MC-GNPs
should result in efficient red-shifts so that considerable
enhancement in the NIR light absorption can be achieved,
which means after the NIR light irradiation enough heat can be
generated to kill cancer cells. Hence, further tailoring of surface
ligands composition was required to obtain MC-GNPs that
could aggregate abruptly at pH 7.0 to pH 6.5.

Tailoring the pH-Induced Aggregation Behaviors of
the MC-GNPs by Changing the Counter Charge Ligands
Feed Ratio α. By raising the feed ratio α, a decrease in
aggregation transition pH was observed in the MC-GNPs. For
example (Figure 3), after raising the feed ratio α of the 21 nm
MC-GNPs from 1 to 2, the NPs showed very different
aggregation behaviors than before. The 21 nm MC-GNPs with
α = 1 aggregated at pH 7.4, whereas the 21 nm MC-GNPs at α
= 2 were well dispersed at pH 7.4. This meant that by
increasing the MUA proportion in the feed ligands, the MC-
GNPs could show a decrease in aggregation pH. So it could be
utilized to lower the pH at which the MC-GNPs aggregated by
increasing the proportion of the pH-sensitive weak electrolyte

Figure 3. pH-induced aggregation behaviors can be tailored by changing the feed ratio α of the surface counter charge ligands. (A) 21 nm MC-GNPs
with α = 1 aggregated at pH 7.4, whereas (B) 21 nm MC-GNPs α = 2 dispersed well at pH 7.4.
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ligand MUA. As discussed before, the aggregation behaviors of
the MC-GNPs would be affected significantly by the change in
the amount of negative charge on the NPs’ surface, since the
amount of positive charge from the TMA ligand remained the
same no matter what pH the solution was. So increasing the
proportion of the MUA in the feed ligands would lead the MC-
GNPs to aggregate at lower pH, for more H+ ions are needed
to protonize the negatively charged MUA ligands so that the
aggregation could happen.
With a series of regulation of the surface ligands composition,

diverse pH-induced aggregation behaviors of the MC-GNPs in
different sizes were observed (see Figure S4 in the Supporting
Information), and the size effect in the red-shift ability after
aggregation remained the same as before. The results implied
that by tailoring the surface ligand composition, MC-GNPs
with various pH-induced aggregation behaviors can be
obtained. Most inspiringly, MC-GNPs in four different sizes
that all exhibited desired pH-induced aggregation at the tumor
acidic pH were successfully prepared by virtue of the
knowledge obtained above. Those MC-GNPs were 15 nm
MC-GNPs with α = 1, 21 nm MC-GNPs with α = 2, 33 nm
MC-GNPs with α = 4, and 53 nm MC-GNPs with α = 4. The
precise aggregation transition pH was determined by the
chemical titration method for the MC-GNPs in different sizes
(Figure 4).
Photothermal Therapy Efficacy of the MC-GNPs in

Different Sizes. The four different size MC-GNPs with the
ability to exhibit aggregation behaviors in response to tumor
site acidic pH were obtained simply by tailoring the feed ratio
of the surface counter charge ligands. Panels A and B in Figure
5 showed the light absorption performances of the four
different size MC-GNPs in dispersed state and aggregated state.
All of the MC-GNPs exhibited red-shifts in their light
absorption spectra when they formed aggregates and an
increasing trend in the degree of red-shifts was observed as
the size of the MC-GNPs increased, which was in agreement
with the previous results. Then those four different size MC-

GNPs that all went through the pH-induced aggregation at
tumor acidic pH were used to explore the photothermal
therapy efficacy of MC-GNPs.
Plasmon-enabled photothermal conversion efficiency of

those four different size MC-GNPs was evaluated by measuring
the temperature rise of the MC-GNPs solution after irradiation
by the NIR continuous wave (CW) laser. The MC-GNPs in
four different sizes were added to pH 7.4 and pH 6.5 PB
solutions respectively, and the temperature rise of the MC-
GNPs solutions after the NIR light irradiation was recorded
(Figure 5C). A significant difference in temperature rise
between the dispersed state at pH 7.4 and the aggregated
state at pH 6.5 for each size MC-GNPs was observed, which
suggested that the aggregation of the MC-GNPs indeed
improved the photothermal conversion efficiency. Moreover,
an increase in temperature rise was observed when the original
size of the MC-GNPs to form aggregates increased. It was
because more NIR light could be absorbed by the aggregates of
large size MC-GNPs as Figure 5B showed, and hence more
heat would be generated through plasmon-enabled conversion
after the NIR laser irradiation. What’s more, the repeatability of
photothermal conversion ability was examined by irradiating
the MC-GNPs (53 nm in size) for five times. Figure 5D
showed the temperature of the MC-GNPs solution through the
five time irradiation. No significant difference could be told
from the temperature rise degrees of the MC-GNPs aggregates
solution during the five time irradiation, which suggested the
aggregates of the MC-GNPs were quite stable under reasonable
power of laser irradiation.
Cell ablation efficacy that achieved by the MC-GNPs was

evaluated on the HepG2 cancer cells. The aggregates of
different size MC-GNPs formed in the pH 6.5 cell growth
media DMEM were added to the HepG2 cells, then were
irradiated by the NIR CW laser. The cells were then stained by
FDA. The live cells and dead cells could be told from the
fluorescence under fluoresce microscope as live cells could give
out a green fluorescence while no fluorescence could be

Figure 4. Precise aggregation transition pH values of (A) 15, (B) 21, (C) 33, and (D) 53 nm MC-GNPs which responded to the tumor acidic
environment. The pH at which the MC-GNPs started to form aggregates was pointed out and only partial of the UV-vis spectra were presented for
simplicity.
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observed in dead cells. As Figure 5E showed, the HepG2 cells
with the aggregates of the MC-GNPs could be killed to some
extent after the NIR light irradiation. The ablation of the
HepG2 cancer cells were intensified in those cells with the MC-
GNPs aggregates formed from large size MC-GNPs. Among
others, the largest 53 nm MC-GNPs showed the best
photothermal therapy efficacy, which was well consistent with
the photothermal conversion efficiency mentioned before. No
significant toxicity of the different size MC-GNPs to the
HepG2 cells was observed.
To further investigate the influence of the size of the MC-

GNPs aggregates on the photothermal efficacy, we added MC-
GNPs in the four different sizes that all responded to the tumor
site pH into pH 6.5 cell growth medium separately. The
aggregation behaviors were observed by TEM and DLS. The
TEM images of the aggregates formed from four different size
MC-GNPs and their size and size distribution are shown in

Figure 6. No dramatic size difference was observed among the
aggregates of the 21, 33, and 53 nm MC-GNPs while their
photothermal efficacy varied significantly, which meant the
photothermal efficacy did not depend on the size of the formed
MC-GNPs aggregates, but heavily influenced by the original
size of the MC-GNPs. This was because the light absorption
ability was different among those MC-GNPs aggregates formed
from different size, so was the heat generated by the aggregates.
Moreover, the aggregation of the different size MC-GNPs for
cell endocytosis would merit further investigation.41

In this study, it was suggested that the mixed-charge strategy
was ready to endow NPs with controllable pH-sensitivity, and
the pH-induced aggregation behaviors were able to be tailored
by changing the size or the composition of the two opposite
ligands on NPs surface. The MC-GNPs with desired sensitivity
to the tumor site acidic pH, showed encouraging photothermal
cancer therapy potential, especially those large in size. To

Figure 5. Photothermal therapy efficacy of tumor acidic pH sensitive MC-GNPs. (A) Dispersed and (B) aggregated state of MC-GNPs. (Insets are
the images of the MC-GNPs solutions at corresponding pH. From left to right are 15, 21, 33, and 53 nm MC-GNPs, respectively). (C)
Photothermal conversion performances of the MC-GNPs after the NIR CW light irradiation. (D) Temperature of the 53 nm MC-GNPs solution
during 5 times NIR irradiation. (E) Ablation of HepG2 cells with MC-GNPs in different sizes after the NIR light irradiation. Cells were stained with
FDA, thus live cells could give out green fluorescence while dead cells could not.
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further develop the MC-GNPs system, specific ligands with
functionality could be introduced to the NPs’ surface to obtain
multifunctional nanomaterials.

4. CONCLUSIONS

In summary, we demonstrated here that the mix-charged self-
assembled monolayers can serve as a facile method to prepare
large gold nanoparticles with tunable pH-induced aggregation
behaviors. The basic law of the pH-induced aggregation of the
MC-GNPs influenced by surface charge composition and size
factors was systematically investigated. The results indicated
that by increasing the negatively charged ligands proportion or
decreasing the MC-GNPs size, the aggregation transition pH of
the MC-GNPs would decrease, whose converse is also true.
Given this, four different size MC-GNPs with desired tumor
acidic pH induced aggregation were prepared. The photo-
thermal efficacy had an increasing trend as the size of the MC-
GNPs increased, and when it came to those 53 nm ones, the
most encouraging photothermal therapy efficacy with HepG2
cancer cells was achieved. The mixed-charge self-assembly
monolayers of the positively and negatively charged thiol
ligands were then proved as an effective method to design pH
sensitive large gold nanoparticles for better NIR photothermal
cancer therapy.
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