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  1.     Introduction 

 On-demand delivery of nanoparticles (NPs) into tumor 

cells remains an important challenge in the fi eld of 

DOI: 10.1002/smll.201403248

 Shielding nanoparticles from nonspecifi c interactions with normal cells/tissues before 
they reach and after they leave tumors is crucial for the selective delivery of NPs 
into tumor cells. By utilizing the reversible protonation of weak electrolytic groups 
to pH changes, long-chain amine/carboxyl-terminated polyethylene glycol (PEG) 
decorated gold nanostars (GNSs) are designed, exhibiting reversible, signifi cant, 
and sensitive response in cell affi nity and therapeutic effi cacy to the extracellular pH 
(pHe) gradient between normal tissues and tumors. This smart nanosystem shows 
good dispersity and unimpaired photothermal effi cacy in complex bioenvironment 
at pH 6.4 and 7.4 even when their surface charge is neutral. One PEGylated mixed-
charge GNSs with certain surface composition, GNS-N/C  4 , exhibits high cell affi nity 
and therapeutic effi cacy at pH 6.4, and low affi nity and almost “zero” damage to 
cells at pH 7.4. Remarkably, this signifi cant and sensitive response in cell affi nity and 
therapeutic effi cacy is reversible as local pH alternated. In vivo, GNS-N/C  4  shows 
higher accumulation in tumors and improved photothermal therapeutic effi cacy than 
pH-insensitive GNSs. This newly developed smart nanosystem, whose cell affi nity 
reversibly transforms in response to pHe gradient with unimpaired biostability, 
provides a novel effective means of tumor-selective therapy. 
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nanomedicine. [ 1–3 ]  Though receptor-ligand pairing is the 

most popularly used strategy, [ 4–9 ]  its effectiveness is greatly 

infl uenced by the heterogeneous nature of tumor and the 

dynamic expression of receptors during treatment. [ 10–12 ]  
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Hence, ongoing efforts are keenly focused on exploiting the 

characteristic acidic extracellular pH (pHe) of solid tumors 

(typically one unit of pH lower than that of normal tissues [ 13 ]  

to trigger enhanced cellular internalization. [ 14–17 ]  The key 

challenge of this strategy is the complete shielding of NPs 

from nonspecifi c interaction during circulation (both before 

NPs reach and after NPs leave tumors into circulation). [ 1–3,18 ]  

Toward this challenge, numerous efforts have been made to 

develop pHe-responsive strategies. Typical examples include 

polymeric micelles containing ionizable groups, which pre-

sent demicellization at acidic environment due to strong 

charge repulsion between ionized groups and release their 

cargoes; Alternative strategy is shielding the cell-affi nitive 

or positively charged moieties of NPs with acid-labile bonds, 

which would be hydrolyzed at tumoral pHe and re-emerge 

the shielded moieties to promote the cellular uptake of NPs 

in tumors. [ 4–9,19–23 ]  Although these designs offered excellent 

shielding of NPs before they reach tumors, few of them can 

re-shield NPs after they leaked out from tumors because of 

the irreversible nature of demicellization and bonds-hydrol-

ysis. This limitation raises great concerns about the potential 

toxicity of therapeutic NPs to major organs in their following 

excretion process once they were activated in the slightly 

acidic tumors. [ 10–12,24 ]  Therefore, a reversibly pHe controlled 

targeting strategy that only enhances endocytosis of NPs at 

acidic tumoral environment and inhibits their cellular inter-

action both before and after pHe activation is vital in view 

of maximizing the tumor selectivity and minimizing the side 

effects of therapeutic NPs. 

 Functionalizing NPs with mixed-charge surfaces is one of 

the most effective ways to shield NPs from nonspecifi c inter-

action during circulation. [ 13,25–28 ]  However, the pH-reversible 

controllability over the cell affi nity of mixed-charge nano-

particles (MCNPs) remains scarcely investigated. It has been 

reported that the net charge of MCNPs plays an important 

role in their interactions with cells in vitro, [ 14–17,29 ]  but the 

applications of MCNPs in pHe-selective delivery are still hin-

dered for two reasons. First, for MCNPs decorated with zwit-

terionic or oppositely charged strong electrolytic ligands, [ 26,30 ]  

the net charge of MCNPs has little response to pH changes. 

Second, for MCNPs decorated with oppositely charged weak 

electrolytic ligands, the stability of MCNPs is rather poor 

when their net charge is neutralized at isoelectric point. [ 29,31 ]  

The poor stability would result in rapid aggregation of 

MCNPs, which is obviously undesirable for the applications 

of NPs with well-designed shapes or structures in vivo. 

 Addressing these issues, we reported herein a new strategy 

to target tumor by reversibly controlling the cell affi nity 

of PEGylated MCNPs as a function of pHe. We delicately 

decorated gold nanostars (GNSs) with long-chain amine-ter-

minated (positively charged) and carboxyl-terminated (nega-

tively charged) polyethylene glycol (PEG) ( Scheme    1  ). The 

dense assembled PEG chains provided an additional strongly 

hydrophilic layer, which protected GNSs from aggregation 

even when their net charge was neutralized. Meanwhile, 

the weak electrolytic terminated groups granted revers-

ible response in the net charge of GNSs to the change of 

pH. We found that by optimizing the surface composition of 

PEGylated mixed-charge GNSs, a reversible, signifi cant, and 

sensitive response in cell affi nity to the pHe gradient between 

tumor and normal tissues could be achieved. Since our pre-

vious work showed GNSs could generate heat upon irradia-

tion of near infrared laser, [ 32,33 ]  we could easily translate this 

response into therapeutic effect and perform reversibly pHe 

controlled photothermal therapy (PTT) for the fi rst time. 

    2.     Results and Discussion 

  2.1.     Synthesis and Characterization of PEGylated 
Mixed-Charge GNSs 

 GNSs used in this study were prepared following a cetyltri-

methylammonium bromide (CTAB) free method to avoid 

potential cytotoxicity. [ 34 ]  Transmission electron microscopy 

(TEM) images well illustrated the multi-branch shape of 

GNSs with size around 70 nm ( Figure    1  A and Figure S1, 

Supporting Information). The localized surface plasmon res-

onance (LSPR) of bare GNSs was at 762 nm (Figure S2A, 

Supporting Information). Dynamic light scattering (DLS) 

measurement showed the hydrodynamic diameter of bare 

GNSs was 77.5 ± 3.2 nm. To obtain PEGylated mixed-

charge GNSs, these bare GNSs were conjugated to thiol 

PEG (M.W. ≈ 1000) terminated with positively charged 

amine group (NH 2 -PEG-SH) and negatively charged car-

boxyl group (COOH-PEG-SH) at various NH 2 /COOH ratios 
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 Scheme 1.    Schematic illustration of the preparation of PEGylated mixed-charge GNSs and their pH-reversible cell affi nity and photothermal 
therapeutic effi cacy.
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(3:1, 4:1, 5:1, 6:1, and 7:1). The products were purifi ed and 

termed as GNS-N/C  3 , GNS-N/C  4 , GNS-N/C  5 , GNS-N/C  6 , 

and GNS-N/C  7 . The exact compositions of the two ligands 

assembled on the surface of GNSs were determined to be 

 γ  surf  = c  NH2 / c  COOH  =  0.52, 0.73, 1.05, 2.30, 3.08 indirectly by 

measuring the concentration of unbound amine and sulfhy-

dryl groups. As controls, GNSs decorated with complete NH 2 -

PEG-SH (GNS-NH 2 ) or COOH-PEG-SH (GNS-COOH) 

were also synthesized. In all these experiments, the total 

concentration of PEG was kept constant. After PEGylation, 

the localized surface plasmon resonance of PEGylated GNSs 

slightly red shifted from 762 to 780 nm without signifi cant 

broadening of peaks (Figure  1 B and Figure S2A, Supporting 

Information). The relationship between the concentration 

of PEGylated GNSs and absorbance of LSPR was depicted 

in Figure S2B, Supporting Information. DLS measurements 

showed the increase of hydrodynamic diameter of GNSs from 

77.5 ± 3.2 to 94.3 ± 4.3 nm after PEGylation. No signifi cant 

difference was observed between the sizes of GNSs deco-

rated with various composition of PEG (Table S1, Supporting 

Information). Zeta potentials of PEGylated GNSs were 

determined in a series of buffer solutions from pH ≈3 to ≈11. 

It is noteworthy that the isoelectric point of mixed-charge 

GNSs could be regulated continuously by adjusting the pro-

portion of NH 2 -PEG-SH and COOH-PEG-SH (Figure  1 C). 

    2.2.     pH-Independent Biostability and Photothermal Effi cacy 
of PEGylated Mixed-Charge GNSs in Bioenvironment 

 Biostability is critical for the applications of NPs in vivo. To 

test the biostability of PEGylated mixed-charge GNSs, we 

chose Dulbecco’s Modifi ed Eagle’s Medium (DMEM, all 

DMEM used in this paper were supplemented with 10% fetal 

bovine serum unless otherwise stated) at pH 7.4 and 6.4 to 

mimic the environment of circulation and tumor respectively. 

After being resuspended in DMEM, the color of PEGylated 

mixed-charge GNSs solutions turned from blue to dark 

purple at pH 7.4, or to yellowish at pH 6.4. (The difference of 

color came from the effect of phenol red. When suspended in 

DMEM without phenol red, the color of PEGylated mixed-

charge GNSs solutions remained blue,  Figure    2  A.) UV–vis 

measurement did not show any signifi cant change in the 

shape of LSPR in GNS-N/C  3–7  solutions after three days of 

incubation in DMEM at pH 7.4 and 6.4 (Figure  2 C). Notice 

that the zeta potentials of GNS-N/C  4–7  were close to zero at 

pH 7.4 or 6.4, which means the long hydrophilic PEG chains 

can prevent neutralized GNSs from rapid aggregation. This 

feature was not observed in gold NPs protected by short 

weak electrolytic ligands without PEGylation, [ 29,35 ]  indicating 

the important role of PEGylation in the preservation of dis-

persity of MCNPs near isoelectric point.  

 To further understand the effect of the PEG-terminated 

groups to the dispersity of GNSs, we compared the biosta-

bility of GNS-N/C  4  in culture medium with that of GNSs-

NH 2  and GNS-COOH and GNSs decorated with a mixture 

of NH 2 -PEG-SH and mPEG-SH (GNS-N/M). As shown in 

Figure  2 B, when dissolved in DMEM at pH 7.4, the color 

of GNS-NH 2  solution turned to light purple, whereas other 

solutions appeared dark purple, indicating that aggregation 

occurred in GNS-NH 2  solution. After three days of incuba-

tion, the UV–vis spectra showed that both GNS-N/C  4  and 

GNS-COOH had excellent colloidal biostability in DMEM, 

while the absorbance peak of GNS-N/M slightly red shifted, 

and the peak of GNS-NH 2  almost disappeared (Figure  2 D). 

In addition, the hydrodynamic diameters of GNS-N/C  4  and 

GNS-COOH were close to their initial sizes in water, whereas 

the hydrodynamic diameters of GNS-N/M and GNS-NH 2  

increased to 125.3 ± 8.9 and 343.2 ± 14.8 nm, respectively 

(Table S2, Supporting Information). The poor biostability of 

GNS-NH 2  and GNS-N/M was most likely attributed to the 

strong interaction between the cationic groups of NPs and 

serum proteins. [ 36 ]  The superior biostability of GNS-N/C  4  

suggested that the assembled mixed-charge monolayer may 

shield the cross-linking between serum proteins and positively 

charged groups on NPs, providing a novel way to anchor the 

cell affi nitive cationic moieties on the surface of NPs without 

sacrifi cing their dispersity in complex bioenvironment. 

 To evaluate the photothermal effi cacy of PEGylated mixed-

charge GNSs in bioenvironment at different pH, the laser-

heating curves of GNS-N/C  4  incubated in DMEM (pH 6.4 or 

7.4) for three days were recorded. An increase of temperature 

up to ≈75 °C was clearly observed in DMEM solutions with 

GNS-N/C  4  upon 808 nm laser irradiation at 2 W cm −2  for 

3 min at pH 6.4 and 7.4, while the DMEM solutions without 

GNSs under the same irradiation exhibited almost no change 

in temperature (Figure  2 E). The photothermal effi cacy of 

GNS-N/C  4  was close to that of GNS-COOH due to their sim-

ilar dispersity in culture medium. In stark contrast, the photo-

thermal effi cacy of GNS-N/M and GNS-NH 2  was signifi cantly 

decreased after incubation in DMEM because of their insuffi -

cient biostability (Figure  2 F). These results demonstrated that 

the mixed-charge PEG monolayer may help GNSs maintain 

their unique photothermal conversion capability in complex 
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 Figure 1.    (A) Typical transmission electron microscopic image of GNSs. Scale bar: 50 nm. B) UV–vis spectra of GNS-NH 2 , GNS-COOH, and GNS-N/C 
 3–7 . C) Zeta potentials of GNS-NH 2 , GNS-COOH, and GNS-N/C  3–7  in a series of buffer solutions from pH ≈3 to ≈11. 
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bioenvironment regardless changes in pH, which is necessary 

for their therapeutic applications in vivo. 

 Other factors related to the photothermal effi cacy of 

PEGylated mixed-charged GNSs were investigated. A con-

centration-dependent (from 2.5 × 10 −12   m  to 80 × 10 −12   m ) 

and laser power-dependent (form 0.5 to 2 W cm −2 ) photo-

thermal effi cacy of GNS-N/C  4  was determined (Figure S3, 

Supporting Information). Furthermore, the GNSs showed 

superior photothermal stability over gold nanorods (GNRs) 

though fi ve repeated cycles of laser heating (Figure S4, 

Supporting Information), which was consistent with previous 

report that GNSs were more resistant to melting under laser 

irradiation than other gold nanostructures. [ 37 ]   

  2.3.     pHe Controllable Cell Affi nity and Therapeutic Effi cacy of 
PEGylated Mixed-Charge GNSs 

 We next investigated the cell affi nity of PEGylated GNSs. 

 Figure    3   summarizes the experimental results in which 
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 Figure 2.    A) Digital photos of GNS-N/C  4  suspended in H 2 O (1), DMEM at pH 7.4 without phenol red (2), DMEM at pH 7.4 (3), and DMEM at 
pH 6.4 (4). B) Digital photos of GNS-N/C  4  (1), GNS-COOH (2), GNS-N/M (3), and GNS-NH 2  (4) suspended in DMEM at pH 7.4. C) Normalized UV–vis 
spectra of GNS-N/C  3–7  incubated in DMEM at pH 7.4 (dashed lines) or 6.4 (solid lines) after 3 days. The peaks at 560 nm come from phenol red. 
D) UV–vis spectra of GNS-N/C  4 , GNS-COOH, GNS-N/M, and GNS-NH 2  incubated in DMEM at pH 7.4 after three days. E) Heating curves of DMEM at pH 
7.4 or 6.4 with or without GNS-N/C  4  upon 808 nm laser irradiation (2 W cm −2 , 3 min). GNS-N/C  4  was incubated in DMEM for three days. F) Heating 
curves of GNS-N/C  4 , GNS-N/M, GNS-COOH, and GNS-NH 2  upon 808 nm laser irradiation (2 W cm −2 , 3 min) after incubation in DMEM for three days.
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GNS-NH 2 , GNS-COOH, and GNS-N/C  3–7  were incu-

bated with HeLa cells at pH 6.4 or 7.4 for 4 h. The degree 

of cellular uptake was determined by optical microscopy and 

inductively coupled plasma (ICP) measurement. As shown 

in Figure  3 A,B and Figure S5, Supporting Information, the 

degree of cellular uptake of GNS-N/C  4  and  5  at pH 6.4 is 

signifi cantly higher than that at pH 7.4. Note that the degree 

of cellular uptake of GNS-NH 2  and GNS-COOH was similar 

at both pH 6.4 and 7.4, suggesting that the decrease in pH 

itself may not enhance cellular uptake by affecting cell 

membrane permeability. The clean background of optical 

microscopy images demonstrated the great biostability of 

PEGylated mixed-charge GNSs. In stark contrast, the GNS-

NH 2  aggregated and attached to the substrate of cultural dish 

(Figure S6, Supporting Information). This result also sug-

gested that the response in cell affi nity of GNS-N/C  4  and  5  

was less likely caused by size change due to aggregation.  

 To further understand the mechanism behind this 

response, the relationship between the zeta potential and the 

degree of cellular uptake of PEGylated mixed-charge GNSs 

was described in Figure  3 C. We found that the degree of 

uptake depends on the zeta potential of PEGylated mixed-

charge GNSs. When the zeta potential of PEGylated mixed-

charge GNSs is negative (< −10 mV), the degree of uptake 

is low, probably caused by the strong repulsion between the 

negatively charged carboxyl groups and the cell membranes. 

When the zeta potential is neutral (−10 to +10 mV), the 

degree of cellular uptake remarkably increases. Numerous 

studies have shown that cells typically do not internalize the 

neutral PEGylated nanoparticles, [ 38 ]  which is not the case in 

our system. We suspected that the positively charged amine 

groups on the surface of GNSs may serve as “fuse” to trigger 

cellular internalization when the net charge of PEGylated 

GNSs is still neutral. This ability of boosting cellular uptake 

of neutral NPs is signifi cantly important because the highly 

positively charged NPs are prone to aggregate in vivo and 

have several unwanted side effects, including hemolysis and 

platelet aggregation. [ 39 ]  

 To evaluate the relationship between the photothermal 

effect and the degree of uptake, the temperature change of 

HeLa cells suspensions (incubated with GNS-NH 2 , GNS-

COOH, or GNS-N/C  3–7 ) upon 808 nm laser irradiation at 

2 W cm −2  was monitored. As shown in Figure S7, Supporting 

Information, for PEGylated mixed-charge GNSs, there was 

a good linear relationship between the magnitude of tem-

perature change and the intracellular concentration of gold 

( R  2  = 0.94). Note that the GNS-NH 2  showed higher cellular 

uptake than GNS-N/C  7  but similar temperature increase 

in cellular suspensions. We suspected that the high degree 

of aggregation limited its photothermal effi cacy in complex 

bioenvironment. 

 To investigate the therapeutic effi cacy of PEGylated 

mixed-charge GNSs at different pH, HeLa cells were 

incubated with different concentration of GNS-NH 2 , 

GNS-COOH, or GNS-N/C  3–7  for 4 h and irradiated 

by an 808 nm laser for 3 min. The cell viability was meas-

ured by MTT assay. As shown in  Figure    4  , GNS-N/C  4  

(80 × 10 −12   m ) showed the greatest response to pH change 

among all PEGylated mixed-charge GNSs, promoting a drop 

from 83.7% viability to 5.4% when pH of culture medium 

decreased from 7.4 to 6.4 ( p -value <0.001). This result was in 

line with the observation that GNS-N/C  4  turned from nega-

tive to neutral when pH decreased. The change in pH itself 

had no effect on the growth of HeLa cells with or without 

laser irradiation (Figure S8, Supporting Information), thus 

the response in therapeutic effi cacy is unlikely induced by 

the pH decrease. GNS-NH 2  and GNS-COOH also showed 
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 Figure 3.    A) Optical microscopy images of HeLa cells after incubation 
with 80 × 10 −12   M  GNS-N/C  3–5  for 4 h. Scale bar: 100 µm. The clean 
background circled in dashed lines indicates the excellent biostability 
of PEGylated mixed-charge GNSs. B) Cellular uptake of PEGylated 
GNSs determined by ICP after incubation with 80 × 10 −12   M  GNS-NH 2 , 
GNS-COOH, and GNS-N/C  3–7  for 4 h. Statistical difference has been 
indicated by asterisks. C) Plot of ICP data quantifying the degree of 
cellular uptake as a function of the zeta potential of PEGylated mixed-
charge GNSs.
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similar therapeutic effi cacy when pH altered (Figure S9, Sup-

porting Information), further suggesting the necessary of 

assembled mixed-charge monolayers for pH-sensitivity.  

 We also noticed that, for normal cells (293T cells), the 

degree of uptake of GNS-N/C  4  was remarkably lower than 

that of GNS-NH 2  when the cells were incubated with GNSs 

at pH 7.4. After 3 min of laser irradiation, the viability of 

cells incubated with GNS-NH 2  dropped to 13.45%, while the 

viability of GNS-N/C  4  treated cells maintained above 95%. 

(Figure S10, Supporting Information). This observation further 

confi rmed that the pHe selectivity of GNS-N/C  4  may greatly 

reduce the off-target photothermal damage to normal tissues.  

  2.4.     Reversibly pHe Controlled PTT In Vitro 

 Encouraged by the response of GNS-N/C  4  to the change in pH, 

this formula was chosen to explore the possibility of reversibly 

pHe controlled PTT. To the best of our knowledge, this is the 

fi rst attempt at reversibly pHe controlled PTT. First, GNS-N/C 

 4  was preincubated in culture medium whose pH alternated 

from 7.4 to 6.4 for cycles and then added to cells. Considering 

the reversible protonation of amine/carboxyl groups, the thera-

peutic effi cacy of GNS-N/C  4  should only be determined by the 

fi nal pH at which the cells were cultured. As shown in  Figure    5  , 

the viability of cells after laser irradiation was above 80% when 

the fi nal pH was 7.4, and dropped to less than 10% when the 

fi nal pH was 6.4. The preincubation in culture medium of alter-

nate pH had negligible effect on the therapeutic effi cacy of 

GNS-N/C  4 . The fl uorescent live/dead cell 

staining also agreed well with the result of 

MTT assay. This reversible response in ther-

apeutic effi cacy may re-shield GNS-N/C  4  

after they leak out from tumors, thus reduce 

their potential off-target damage to major 

organs in the following circulation. 

    2.5.     Biocompatibility of PEGylated 
Mixed-Charge GNSs 

 Biocompatibility is another critical factor 

for the biomedical applications of NPs. To 

study this, GNS-NH 2 , GNS-COOH, and GNS-N/C  3–7  were 

incubated with HeLa cells, MCF-7 cells or 293T cells without 

exposure to laser. GNS-N/C  3–7  and GNS-COOH showed 

negligible cytotoxicity to both malignant (HeLa and MCF-7) 

and normal (293T) cells, while GNS-NH 2  showed slight cyto-

toxicity to 293T cells ( Figure    6  ). It is known that positive 

charged NPs may destruct cell membrane by inducing mem-

brane depolarization, [ 40,41 ]  but the positively charged amine 

groups on the surface of PEGylated mixed-charge GNSs 

did not induce any signifi cant toxicity to cells. We suspected 

that the negatively charged carboxyl groups may “mask” the 

depolarization effect of amine groups, thus improve the bio-

compatibility of PEGylated mixed-charge GNSs. 

    2.6.     Biodistribution of PEGylated Mixed-Charge GNSs and 
Reversibly pHe Controlled PTT In Vivo 

 We fi nally examined the in vivo biodistribution of PEGylated 

mixed-charge GNSs on tumor-bearing mice. Considering the 

potential clinical applications of PEGylated mixed-charge 

GNSs, orthotopic mouse model of breast cancer was estab-

lished. The mice were intravenously injected with GNS-N/C 

 4 , GNS-NH 2 , GNS-COOH or PBS. As shown in  Figure    7  A, in 

liver and lung, the accumulation of GNS-NH 2  was remarkably 

higher than that of GNS-N/C  4  and GNS-NH 2  24 h postinjec-

tion. This observation may be explained by the positive charge 

and larger size of GNS-NH 2  aggregations, which make them 

easier to be engulfed by Kuffer’s cells. As for tumors, GNS-

N/C  4  showed the highest accumulation of 

10.19% injected dose per gram (ID%/g) of 

tumor, which is 1.3 times higher than that 

of GNS-COOH (4.36% ID/g,  p  = 0.024) 

and 4.8 times higher than that of GNS-NH 2  

(1.77% ID/g,  p  = 0.0043). 

  Since the tumor accumulation of 

GNSs is critical to their photothermal 

therapeutic effi cacy, we irradiated tumors 

with 808 nm laser at 1 W cm −2  for 5 min 

24 h postinjection. Thermal images were 

taken to measure the tumor tempera-

ture over the course of treatment. Mice 

treated with GNS-N/C  4  experienced an 

average 23 °C temperature increase during 

laser irradiation, reaching an average 
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 Figure 4.    Cell viability of HeLa cells incubated with different concentration of GNS-N/C  3–7  for 
4 h at pH 7.4. A) or pH 6.4. B) after laser irradiation (808 nm, 2 W cm −2 , 3 min).

 Figure 5.    A) Cell viability of HeLa cells cultured with 80 × 10 −12   M  GNS-N/C  4  (preincubated in 
DMEM whose pH alternated from 6.4 to 7.4 for cycles) for 4 h after laser irradiation (808 nm, 
2 W cm −2 , 3 min). B) The corresponding fl uorescence images of calcein AM (green, live cells)/
propidium iodide (red, dead cells) costained HeLa cells for each cycle of pH reversible PTT. 
Scale bar: 100 µm.
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temperature of 56 °C after 5 min of treatment. Conversely, 

mice treated with GNS-COOH showed a 15 °C temperature 

increase, and mice treated with GNS-NH 2  

or PBS had a temperature rise less than 

8 °C (Figure  7 B,C). The therapeutic effi -

cacy of PTT was assessed by the growth 

of tumor depicted in Figure  7 D. The mice 

treated with GNS-N/C  4  showed a sig-

nifi cant inhibition of tumor growth when 

compared to the mice treated with GNS-

NH 2 , GNS-COOH, and PBS, which was 

in line with the intense photothermal 

effect of this group. The therapeutic effi -

cacy was also evaluated by haematoxylin 

and eosin (H&E) staining on tumor tissue 

sections (Figure  7 E). Extensive coagula-

tive necrosis was observed in histological 

sections from group treated with GNS-N/C  4 , indicating the 

effective destruction of tumor cells after laser irradiation. 
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 Figure 6.    A) Cell viability of HeLa cells and MCF-7 cells incubated with 80 × 10 −12   M  GNS-NH 2 , 
GNS-COOH, or GNS-N/C  3–7  at pH 7.4 for 24 h without laser irradiation. B) Cell viability of 
293T cells incubated with 80 × 10 −12   M  GNS-NH 2 , GNS-COOH, or GNS-N/C  3–7  at pH 7.4 for 
4 or 24 h without laser irradiation.

 Figure 7.    A) The biodistribution of GNS-N/C  4 , GNS-COOH, and GNS-NH 2  in orthotopic mouse model of breast cancer (three mice per group). B) The 
change in temperature of tumors upon 808 nm laser irradiation (1 W cm −2 , 5 min) 24 h post intravenous injection of PBS, GNS-NH 2 , GNS-COOH, or 
GNS-N/C  4 . C) Representative thermal images of mice at the end of laser irradiation. The average starting body temperature was 33.0 °C. D) Change 
of relative tumor volume after 808 nm laser irradiation at 1 W cm −2  for 5 min. Data are means ± s.d. (6 mice per group). E) H&E staining of tumor 
histological sections of different groups at six days after laser irradiation. Scale bar: 25 µm.
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While groups treated with GNS-NH 2 , GNS-COOH, and PBS 

showed large areas of neoplastic cells with nuclear atypia, 

revealing insuffi cient damage to the tumors.   

  3.     Conclusion 

 We have demonstrated that GNSs with pH-independent bio-

stability and pH-reversible cell affi nity could be prepared by 

surface modifi cation with amine/carboxyl-terminated PEG. 

The dense PEG chains offered strongly hydrophilic layers that 

protected mixed-charge GNSs from aggregation even when 

they are neutralized in complex bioenvironment. By opti-

mizing the composition of amine/carboxyl-terminated PEG, 

GNS-N/C  4  exhibited high cell affi nity and therapeutic effi cacy 

at tumoral pHe, and low cell affi nity and nearly “zero” damage 

at pHe of normal tissues. In mice model, intravenous injection 

of GNS-N/C  4  showed signifi cantly increased tumor accu-

mulation and complete ablation of orthotopic breast cancer 

xenograft under laser irradiation. Considering the excellent 

biocompatibility of GNS-N/C  4  and its reversal, signifi cant, 

and sensitive response to pHe gradient, this smart nanosystem 

would be promising for tumor-targeted therapy and imaging.  

  4.     Experimental Section 

  Materials and Reagents : HAuCl 4 ·3H 2 O, AgNO 3 , sodium cit-
rate, ascorbic acid, thiazolyl blue tetrazolium bromide (MTT), and 
dimethyl sulphoxide (DMSO) were purchased from Sigma-Aldrich. 
Amine-PEG-thiol (NH 2 -PEG-SH, M.W. ≈ 1000 Da), carboxymethyl-
PEG-thiol (COOH-PEG-SH, M.W. ≈ 1000 Da), and methoxy-PEG-thiol 
(mPEG-SH, M.W. ≈ 1000 Da) were purchased from Laysan Bio Inc. 
LIVE/DEAD viability/cytotoxicity kit was purchased from Invitrogen. 
Protein assay dye reagent was purchased from BIO-RAD. HeLa cells 
(human cervical cancer cells), MCF-7 cells (human breast cancer 
cells), 293T cells (human embryonic kidney cells), and 4T1 cells 
(mouse breast cancer cells) were purchased from American type 
culture collection. Dulbecco’s modifi ed eagle medium (DMEM) 
was prepared from dry powder (Invitrogen) with 3.7 g L −1  NaHCO 3  
(pH 7.4) or 0.37 g L −1  NaHCO3 and 2.31 g L −1  NaCl (pH 6.4) and 
supplemented with 10% fetal bovine serum (FBS). RPMI-1640 
medium was purchased from Invitrogen. The deionized water (≥18   
M  Ω cm) was obtained from a Millipore water purifi cation system. 
All chemicals were analytical grade and used without further 
purifi cation. 

  Surface Modifi cation of GNSs : Bare GNSs were prepared by 
a modifi ed seed-mediated method. To obtain PEGylated mixed-
charge GNSs, a mixed solution of NH 2 -PEG-SH and COOH-PEG-SH 
was added to the solution of bare GNSs. The molar ratios of NH 2 -
PEG-SH and COOH-PEG-SH used were 3, 4, 5, 6, and 7. To obtain 
GNS-NH 2 , NH 2 -PEG-SH was added to the solution of bare GNSs. 
To obtain GNS-N/M, a mixed solution of NH 2 -PEG-SH and mPEG-
SH at molar ratio of 4:1 was added to the solution of bare GNSs. 
To obtain GNS-COOH, the pH of solution of bare GNSs was fi rstly 
adjusted to ≈10 by NaOH (1  M ), then COOH-PEG-SH was added. 
The PEG was used in large excess and their fi nal concentration was 
kept constant at ≈37.6 × 10 −6   M  in all experiments. The solutions 
were kept under vigorous stir for 1 h. 

  Characterization of GNSs : To determine the compositions of 
the two ligands on the surface of PEGylated mixed-charge GNSs, 
the solutions were centrifuged at 130 000 rpm for 10 min after 
stirring. The concentration of unbound sulfhydryl groups in the 
supernatant ( c  freeSH ) was measured by Ellman’s test. The concen-
tration of unbound amine group in the supernatant ( c  freeNH2 ) was 
measured via a chromogenic reaction with 2,4,6-trinitrobenzene-
sulfonate (TNBS) by comparison with standard curve generated by 
a serious of known concentration of SH-PEG-NH 2 . Then the surface 
concentration of sulfhydryl ( c  SH ) and amine groups ( c  NH2 ) was cal-
culated by subtracting  c  freeSH  and  c  freeNH2  from initial concentra-
tion of sulfhydryl and amine groups. The compositions of the two 
ligands on the surface of PEGylated mixed-charge GNSs were cal-
culated as  γ  surf  =  c  NH2 / c  COOH  =  c  NH2 /( c  SH  -c  NH2 ). 

 To characterize the physical properties of PEGylated GNSs, 
these GNSs were centrifuged, washed (3 × 10 mL H 2 O), and resus-
pended in pure water. The morphology of GNSs was recorded by a 
JEOL JEM-2100 transmission electronic microscope (Japan). Hydro-
dynamic diameter and Zeta potential were measured with Zeta/
PALS particle size and surface potential analyzer (Brookhaven 
Instruments). For Zeta potential measurement, the PEGylated GNSs 
were diluted in 0.1X PBS whose pH was titrated by 1   M  NaOH or 
1   M  HCl to 3.1, 5.2, 6.4, 7.4, 8.7, 9.9, and 10.9. The gold concen-
tration in solution was determined by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) using a PerkinElmer 
Optima-5300DV spectrometer. The corresponding concentration 
of GNSs was calculated by a sphere model of 70 nm diameter. [ 32 ]  
UV–vis spectra were measured by a Lambda 35 UV–vis spectro-
photometer (PerkinElmer Instruments). For phantom studies of 
photothermal effect of PEGylated GNSs, 1 mL of GNS-N/C  4  solu-
tion (concentration from 2.5 × 10 −12   M  to 80 × 10 −12   M ) was irradi-
ated by an 808 nm laser (power density from 0.5 W cm −2  to 2 W 
cm −2 ) for 3 min. For phantom studies of photothermal stability of 
gold nanostructures, 1 mL of GNS-N/C  4  solution (80 × 10 −12   M , 
≈0.7 OD) was irradiated by an 808 laser (2 W cm −2 ) for fi ve ON-OFF 
cycles (ON: 1.5 min, OFF: 15.5 min). The excitation source was an 
808 nm diode-pumped solid-state laser system (Hi-Tech Optoelec-
tronics Co., Ltd, China). The thermal images were captured by a 
MAGNITY f15F1 infrared camera (Wuhan VST Light & Technology 
Co., Ltd, China). 

  Cellular Uptake Studies : HeLa cells were cultured in DMEM sup-
plemented with 10% FBS in 6-well plate at pH 7.4 or 6.4 followed 
by addition of PEGylated GNSs suspended in DMEM solutions. The 
fi nal concentration of PEGylated GNSs (GNS-NH 2 , GNS-COOH, GNS-
N/C  3–7 ) was 80 × 10 −12   M . After incubation at 37 °C and 5% CO 2  
for 4 h, cells were visualized by bright fi eld microscopy. Cells were 
then detached from the substrate with trypsin, moved to separate 
vials, centrifuged and dispensed in 1.2 mL PBS. 0.2 mL of this 
suspension was collected and used to determine the amount of 
protein by Bradford method. Then the suspension was digested 
by freshly prepared aqua regia following by dilution with 2% 
HNO 3 . The amount of gold was determined by ICP-AES. The uptake 
of GNSs was calculated as the ratio of the weight of gold to the 
weight of protein. 

  In Vitro PTT Studies : HeLa cells were cultured in DMEM supple-
mented with 10% FBS in 96-well plate at pH 7.4 or 6.4 followed 
by addition of PEGylated GNSs suspended in DMEM solutions. 
The fi nal concentration of PEGylated GNSs (GNS-NH 2 , GNS-COOH, 
GNS-N/C  3–7 ) was 10 × 10 −12 , 20 × 10 −12 , 40 × 10 −12 , 60 × 10 −12 , 
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and 80 × 10 −12   M . After incubation at 37 °C and 5% CO 2  for 4 h, 
cells were washed by cold PBS for three times and irradiated by an 
808 nm laser at 2 W cm −2  for 3 min. The cells were then incubated 
for 2 h with DMEM containing 250 µg mL −1  of MTT. After discarding 
the culture medium, 200 µL of DMSO was added to dissolve the 
precipitates, and the resulting solution was measured for absorb-
ance at 570 nm. To exclude the interference from the absorption 
of GNSs, the fi nal absorbance value was adjusted to calculate cel-
lular viability by subtracting the absorbance of background (cells 
underwent the same treatment but without incubation with MTT). 

  Reversibly pHe Controlled PTT In Vitro : HeLa cells were cul-
tured in DMEM supplemented with 10% FBS in 96-well plate at 
pH 7.4 or 6.4. GNS-N/C  4  was preincubated in DMEM whose pH 
alternated from 7.4 to 6.4 for cycles. In detail, cycle 1: GNS-N/C 
 4  suspended in DMEM (pH 7.4) was added to HeLa cells cultured 
at pH 7.4; cycle 2: GNS-N/C  4  suspended in DMEM (pH 6.4) was 
added to HeLa cells cultured at pH 6.4; cycle 3: GNS-N/C  4  was 
pre-incubated in DMEM (pH 6.4) for 1 h, then centrifuged, resus-
pended in DMEM (pH 7.4), and added to HeLa cells cultured at pH 
7.4; cycle 4: GNS-N/C  4  was preincubated in DMEM (pH 7.4) for 
1 h, then centrifuged, resuspended in DMEM (pH 6.4) and added 
to HeLa cells cultured at pH 6.4; cycle 5: GNS-N/C  4  was pre-incu-
bated in DMEM (pH 7.4) for 1 h, then centrifuged and incubated 
in DMEM (pH 6.4) for 1 h. After that, these GNSs were centrifuged, 
resuspended in DMEM (pH 7.4), and added to HeLa cells cultured 
at pH 7.4; cycle 6: GNS-N/C  4  was preincubated in DMEM (pH 6.4) 
for 1 h, then centrifuged and incubated in DMEM (pH 7.4) for 1 h. 
After that, these GNSs were centrifuged and incubated in DMEM 
(pH 6.4) and added to HeLa cells cultured at pH 6.4. In all cycles, 
the fi nal concentration of GNS-N/C  4  was ≈80 × 10 −12   M . After incu-
bation with cells at 37 °C and 5% CO 2  for 4 h, cells were washed 
by cold PBS for three times and irradiated by an 808 nm laser 
at 2 W cm −2  for 3 min. The cell viability was determined by MTT 
assay as protocol described in the previous section. Cell live/dead 
staining was performed following the manufacturer’s instruction 
(Invitrogen). The fl uorescence imaging was captured by an IX71 
microscopy (Olympus). 

  Biocompatibility Studies : HeLa cells, MCF-7 cells and 293T cells 
were cultured in DMEM supplemented with 10% FBS in 96-well 
plate at pH 7.4 followed by addition of PEGylated GNSs suspended 
in DMEM solutions. The fi nal concentration of PEGylated GNSs 
(GNS-NH 2 , GNS-COOH, GNS-N/C  3–7 ) was 80 × 10 −12   M . After incu-
bation at 37 °C and 5% CO 2  for 4 h or 24 h, the cell viability was 
determined by MTT assay as protocol described in the previous 
section. 

  In Vivo Biodistribution and PTT Studies : All procedures 
involving animals were approved by the Institutional Animal Care 
and Use Committee of Jinling hospital. Female Balb/c mice (6–8 
weeks old) were maintained in a pathogen-free environment. 4T1 
cells were cultured in RPMI-1640 medium supplemented with 10% 
FBS. Orthotopic mice models of breast cancer were established by 
injection of 4T1 cells (1 × 10 5 ) into the fat pads in right abdom-
inal mammary gland of female Balb/c mice. When the tumor size 
reached ≈60 mm 3 , the mice were subjected to four different treat-
ments: group 1, intravenous (i.v.) injection of PBS following laser 
irradiation; group 2, i.v. injection of GNS-NH 2  following laser irra-
diation; group 3, i.v. injection of GNS-COOH following laser irradia-
tion; group 4, i.v. injection of GNS-N/C  4  following laser irradiation. 
100 µL of ≈200 × 10 –9   M  GNS-N/C  4 , GNS-COOH, GNS-NH 2  or PBS 

were intravenously injected into the tumor-bearing mice. Tumors 
and major organs from mice of group 2, 3, and 4 were collected 
24 h post-injection (three mice per group) and washed by PBS. The 
tissues were then digested by freshly prepared aqua regia to deter-
mine the gold concentration by ICP-AES. 

 For PTT studies, the tumors were exposed to 808 nm irradia-
tion at 1 W cm −2  for 5 min 24 h post-injection. Tumors from the 
four groups (one mouse per group) were harvested six days after 
treatment for histological study by haematoxylin-eosin (H&E) 
staining. The volumes of tumors were monitored by caliper every 
two days after treatment and calculated by its greatest longitudinal 
diameter (length) and greatest transverse diameter (width) as this 
equation: volume = length × width 2  × 0.5 (six mice per group). 

 In total, 40 mice were used for animal studies, including 
12 mice for biodistribution studies, 24 mice for tumor growth 
studies, and 4 mice for H&E staining studies. 

  Statistical Analysis : The difference in cellular uptake and 
photo thermal therapeutic effi cacy of PEGylated GNSs between 
pH 6.4 and 7.4 was analyzed with two-sample t-test. The differ-
ence in biodistribution and tumor growth inhibition effect among 
GNS-COOH, GNS-NH 2 , and GNS-N/C  4  was analyzed with ANOVA 
followed by post hoc TukeyHSD test. All statistical analysis was 
performed using R statistical software (3.0.1).  
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