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Guoming Xie*a and Hua Xiang*a

Effective and appropriate use of existing antibiotics is imperative because of the problem of antibiotic

resistance. Driven by this need, a platform of hollow Au loaded with kanamycin (hAu-kana) was

produced. This platform has the ability to target drug delivery and facilitate photothermal sterilization.

Hollow Au was synthesized by galvanic replacement reaction. We then covalently attached anti-E. coli to

hollow Au modified with the ligands SH-PEG and L-cysteine. SH-PEG prevents the aggregation of

AuNPs, and the carboxyl group of the L-cysteine further links with IgG. The dual-ligand hollow Au can be

targeted to deliver the drug after modification with the anti-E. coli, thus improving the sterilization

efficiency. This was followed by loading the model drug kanamycin (hAuNPs-anti-E. coli-kana) to

facilitate photothermal treatment. The bactericidal effect on the bacterial strain was investigated by

incubating E. coli with the hybrid and eventually subjecting it to laser irradiation (650 nm, 200 mW cm�2,

diameter 2 mm, 40 min). Compared with E. coli treated with hAuNPs-anti-E. coli-kana alone, irradiation

of E. coli treated with hAuNPs-anti-E. coli-kana with laser has obvious synergistic effect and made the

sterilization more effective. Taken together, this hybrid suggests a new method for achieving synergistic

bactericidal effect.
Introduction

The problem of antibiotic resistance is not only man-made;
resistance genes have been present in the bacterial population
long before humans started to use antibiotics to ght bacterial
infections.1,2 Despite an armamentarium of antibacterial, anti-
fungal and antiviral agents for the treatment of most infectious
diseases, the biggest threats today are resistant pathogens,
especially those in hospitals.3–6 In order to meet the growing
problem of antibiotic resistance among pathogens, the devel-
opment of new treatments for infectious diseases that will
ensure effective and appropriate use of existing antibiotics is
imperative.

Hollow Au nanoparticles (hAuNPs) have the unique charac-
teristics of small size (outer diameter, �50 nm), spherical
gnostics, Chinese Ministry of Education,
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shape, a hollow interior and, especially, good biocompatibility,
and they present promising application prospects in various
elds.7–11 As a substitute for complex processing with special
equipment requirements, a more simple and effective method
can allow chloroauric acid (HAuCl4) to undergo spontaneous
transformation in sodium borohydride (NaBH4) solution and
produce hollow structures.12,13 The obtained hAuNPs are most
suitable for serving as drug carriers with hollow structure.14

Meanwhile, the characteristics of the hAuNP surface present the
possibility of covalent modication with other biomolecules.
Taking into account the biocompatibility, load and target
problems of nanomaterials in application, in this work, we
chose the hAuNPs and antibody modication of hAuNPs. At the
same time, under irradiation conditions, the hAuNPs contain-
ing chemical drugs can provide the usual chemical and physical
sterilization functions.

It is very important to improve the stability of hAuNPs in this
system. O-[2-(3-Mercaptopropionylamino)ethyl]-O0-methylpoly-
ethylene glycol (SH-PEG) is a commonly used ligand to stabilize
metal nanoparticles (NPs) in different pH and salt solutions.15–18

However, due to the SH-PEG surface not having functional
groups, it cannot connect with antibodies, enzymes or others,
limiting its application. Furthermore, carboxyl functionaliza-
tion seems to attenuate toxicity.19 Because of this, we used the
method of dual-ligand modication of hAuNPs, in which the
surface gains carboxyl groups to react with the antibody, and
This journal is © The Royal Society of Chemistry 2017
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SH-PEG coating, which greatly improved its stability in the
medium.20,21 HAuNPs with a mixed monolayer of SH-PEG and L-
cysteine (1 : 10 volume ratio) covalently conjugated to IgG
through Au–NH2. HAuNPs modied with the antibody had
targeted drug transport property, which could selectively reduce
the drug's side effects.

Nanomaterial-mediated photothermal therapy (PTT) is
a promising strategy for sterilization. Its principle is mainly via
damage to the integrity of the cell structure by degrading the
nuclear membrane and endoplasmic reticulum.22–26 This type of
light-triggered treatment modality has improved selectivity and
lowered side effects. Various kinds of NPs have been reported to
be able to enter cells by endocytic pathways.27–29 AuNPs are
known to be nontoxic and nonimmunogenic. AuNPs also have
the characteristics of light absorption.30 Here, we used the
photothermal effect of hAuNPs to reach a synergistic bacteri-
cidal effect with the drug.

In this study, we report a hybrid bactericidal material,
hAuNPs that are dual-ligand modied, anti-E. coli conjugated
and kanamycin-loaded (hAuNPs-anti-E. coli-kana), which could
selectively target bacteria and kill them by combining the effects
of kanamycin and photothermal therapy. Meanwhile, the
hybrid could reduce the risk of abuse of broad-spectrum anti-
biotics. In addition, the synergistic effect of the chemical drug
and physical sterilization of hAuNPs-anti-E. coli-kana is an
improvement on the bactericidal effect.
Experimental section
Instrumentation

UV-vis absorption spectra are obtained with a spectrophotom-
eter (Thermo Scientic, Nanodrop 1000, USA). Magnetic stirrer
is used inmaterial synthesis (Shanghai Sile instrument Co. Ltd.,
S21-3, China). The concentration of bacteria in the suspension
is measured using a cell density meter (Amersham Biosciences,
Ultrospec 10, USA). Zetasizer is used to measure the size and the
zeta potential of the NPs (Malvern, Nano ZS-90, UK).

Other apparatus used also includes the following: air clean
bench (Aetna Corp, SW-CJ-1FD, China), the classical multi-
amplitude orbital shaker (Zhicheng Analytical Instrument
Manufacturing Co., Ltd., ZWY-100H, China), digital thermom-
eter (Wanda, TP 101, China), low-temperature incubator (Shel-
lab, SRI3-2, USA), Labo autoclave (Sanyo, MLS-3780, Japan),
confocal uorescence microscope (Nikon, Eclipse 80i, Japan),
laser head (Diamond Electronics Co., Ltd., 650 nm, 200 mW
cm�2, China), pH meter (Leici, PHS-3C, China), scanning elec-
tron microscopy (SEM) (Hitachi, S-3000 N, Japan), transmission
electron microscopy (TEM) (Hitachi, 7500, Japan) for charac-
terization of NPs, and TEM (JEOL, JEM-1400Plus, Japan) for the
study of bacterial slices.
Reagents

Cobalt chloride, sodium borohydride, O-[2-(3-mercaptopropio-
nylamino)ethyl]-O0-methylpolyethylene glycol (SH-PEG), and N-
hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich.
Sodium citrate, chloroauric acid, kanamycin, culture dish,
This journal is © The Royal Society of Chemistry 2017
crystal violet staining solution, Gram's iodine, and Safranin O
were purchased from Sangon Biotech. L-Cysteine was purchased
from Bio Basic, Inc. 1-Ethyl-3-(3-dimethylaminopropyl) carbo-
diimide (EDC) was purchased from Damas-Beta. Escherichia coli
was purchased from American Type Culture Collection (ATCC)
(Fig. S1†). Antibody to E. coli (anti-E. coli) was purchased from
Abcam.

The Luria–Bertani (LB) nutrient solution was prepared by
dissolving sodium chloride, tryptone and yeast extract in deion-
ized (DI) water. LB solid medium was obtained by adding agar.
Phosphate-buffered saline (PBS) was prepared by mixing the
solutions of NaH2PO4 and Na2HPO4. DI water puried through
a Millipore system ($18 MU cm) was employed in all runs.

Preparation of the hAuNPs

HAuNPs were synthesized according to a previously reported
method with a little modication.31 Briey, cobalt nanoparticles
(CoNPs) were rst synthesized by deoxygenating 100 mL DI water
containing 400 mL of 0.1 M sodium citrate and 100 mL of 0.4 M
cobalt chloride, and bubbling the solution with nitrogen (�20–30
min). Sodium borohydride (100 mL, 1 M) was then added. The
slightly pink solution turned light grey and then brown on the
addition of sodium borohydride, indicating the reduction of
Co(II) and the formation of CoNPs. The solution was allowed to
react for 45min under constant nitrogen ow before the addition
of gold. Thereaer, 30 mL of the CoNP solution was transferred
immediately to a vortexing solution of 10 mL DI containing 15 to
35 mL of 0.1 M chloroauric acid. The cobalt immediately reduced
the gold ions onto the surface of CoNPs, while at the same time, it
was oxidized to cobalt oxide. Any remaining cobalt core was
further oxidized by air, resulting in the nal product, hAuNPs.

Preparation of hAuNPs-anti-E. coli

SH-PEG (10 mL) and L-cysteine (100 mL) were added to the hAuNP
solution, stirred for 30 s, and then stored at 4 �C for further use.

Aer the activation of carboxylic acid group with 2 mM of
EDC and 5 mM of NHS in 0.1 M of PBS, 10 mL of the antibody
was added to the pre-modied hAuNP dispersion. The mixture
was shaken for 2 h at room temperature. Aer centrifugation
(5000 rpm s�1, 15 min, 4 �C) to remove excess antibodies, the
precipitate was resuspended in PBS solution and stored at 4 �C,
to be used within a week.

Loading of kanamycin on hAuNPs-anti-E. coli

Kanamycin was loaded into hAuNPs-anti-E. coli (1 mg mL�1) by
mixing the NPs with a kanamycin solution (1 mg mL�1) in PBS
(0.1 M, 1 mL). The mixture was gently shaken at room tempera-
ture for 24 h in the dark. Free kanamycin was removed by
washing with PBS followed by centrifugation, done several times.

Characterization of hAuNPs

UV-vis absorption spectra were used for analysis of sample
composition. The zeta potentials of the samples were deter-
mined on a Zetasizer at 25 �C. The structure and morphology of
samples were observed with TEM.
RSC Adv., 2017, 7, 16836–16842 | 16837
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Verication of photothermal properties of hAuNPs

To verify the photothermal effect of hAuNPs, 10 mL of SH-
PEGylated hAuNPs (0.5 mM) in a glass vial were irradiated by
650 nm laser with an intensity of 200 mW cm�2 (diameter 2
mm) for 40 min, and the temperature changes were measured
by a digital thermometer.
Cytotoxicity assay

E. coli were inoculated in LB broth and grown at 37 �C for 16 h,
then stored at 4 �C for use. E. coli (0.5 MCF) were diluted with LB
broth to 1 � 105 cfu mL�1 and stored as the original bacterial
solution. The as-prepared E. coli solution (50 mL) was mixed with
diverse concentrations of hAuNPs (0.3 mM, 0.5 mM, 1.0 mM,
2.0 mM, 30 mL, respectively) and diluted with LB broth to 500 mL.
Then, 100 mL of the bacterial solutions were placed on LB solid
medium and cultured at 37 �C for 16 h. The bacterial toxicity was
evaluated by counting the number of bacterial colonies.
Photothermal treatment of bacteria by the hAuNPs-anti-E.
coli-kana nanocapsules

To evaluate the bactericidal property of the hAuNPs-anti-E. coli-
kana nanocapsules, E. coli (0.5 MCF) solution was diluted with
broth to 1 � 105 cfu mL�1 and stored as original bacterial
solution. The as-prepared E. coli solution (50 mL) wasmixed with
hAuNPs-anti-E. coli-kana nanocapsules (30 mL) and diluted with
LB broth to 500 mL. Three samples of the same solution were
prepared in parallel. The obtained bacterial mixture was irra-
diated for 40 min under laser, then shaken for 10 min. Bacteria
from the above solution (100 mL) was coated on the LB solid
medium, and the number of bacterial colonies was counted
aer 37 �C culture for 16 h. Control experiments were per-
formed in parallel, i.e., the bacteria diluted with LB broth in the
absence of hAuNPs-anti-E. coli-kana nanocapsules. To illustrate
that the combination of chemical drug and physical photo-
thermal bactericidal effect caused bacterial death, the presence
Scheme 1 Schematic illustration for the preparation of hAuNPs-anti-E
reaction, hAuNPs were modified with SH-PEG and L-cysteine to allow co
coli antibody was conjugated through activation of the carboxyl groups a

16838 | RSC Adv., 2017, 7, 16836–16842
of kanamycin-only and bare hAuNPs under laser irradiation
were investigated in accordance with the steps described in the
previous procedures.
TEM images of hAuNPs-anti-E. coli-kana-treated bacteria

The prepared hAuNPs-anti-E. coli-kana was added into the
bacterial solution in a ask and incubated for 4 h at 37 �C to
induce receptor-mediated combination of NPs. Untreated
bacterial solution was prepared as a control. Then, TEM
samples were prepared. The bacteria were xed in a xing
solution overnight at 4 �C. The xed bacteria were dehydrated in
serially diluted ethanol (30, 50, 70, 80, 90 and 100%). Aer
dehydration, the bacteria were inltrated at 70 �C overnight.
The samples were cut into ultrathin sections and mounted on
a copper grid. Then, the sections were stained and observed
with a JEM-1400Plus TEM.
Results and discussion
Fabrication of the hAuNPs-anti-E. coli-kana

The overall schematic diagram for the synthesis of target-
specic hAuNPs-anti-E. coli-kana is shown in Scheme 1. First,
hAuNPs (�50 nm in diameter) were prepared by galvanic
replacement reaction. During the galvanic replacement reac-
tion, the CoNPs were galvanically replaced by gold ions,
accompanying the generation of a hollow interior, resulting in
an increase of drug loading capacity. As-prepared hAuNPs were
coated with SH-PEG/L-cysteine (molar ratio 1 : 10) to provide
biocompatibility and bio-conjugation sites. Aer modication,
anti-E. coliwas conjugated to the carboxyl group of pre-modied
hAuNPs by EDC/NHS coupling method. Lastly, kanamycin was
introduced into the hAuNPs-anti-E. coli carrier. Kanamycin was
loaded by external (DO, “drug outside” on the exterior surface
area of hAuNPs) and internal loading (DI, “drug inside” the
cavity of hAuNPs) methods to the hAuNPs.
. coli-kana. After the synthesis of hAuNPs by galvanic replacement
njugation of the E. coli antibody and increase biocompatibility. Next, E.
t the surface of pre-modified hAuNPs, followed by kanamycin loading.

This journal is © The Royal Society of Chemistry 2017
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Characterization of the hAuNPs-anti-E. coli-kana

Homogeneous distribution of the prepared hAuNPs dispersed
in DI water was observed in the TEM image (Fig. 1A). Fig. 1B is
an amplication of the hAuNP image, and obvious hollow
structure is seen. The hAuNPs were uniformly dispersed in the
solution without obvious aggregation, mainly due to the nega-
tive charge on the surface of the particles. Particle diameter
analysis was measured at 25 �C with the Zetasizer Nano ZS90, as
shown in Fig. 1C. Zetasizer Nano ZS90 uses dynamic light
scattering (DLS) to measure particle size with a 90 degree scat-
tering angle. The prepared hAuNPs had relatively good stability,
as shown in Fig. S2.†

The plasmonic spectra of the hAuNPs were measured by UV-
vis spectrometry, as shown in Fig. 2A. The plasmonic band of
the hAuNPs formed a peak at 630 nm, which was attributed to
the hAuNPs, in comparison with that of the CoNPs, due to
galvanic replacement. Strong absorbance of hAuNPs could be
related to a high potential for heat generation upon irradiation
with laser.32,33 The antibody covalent-bonding and kanamycin-
loading properties of hAuNPs-anti-E. coli-kana were evaluated.
UV-vis spectra revealed a newly appeared peak at around
280 nm, corresponding to anti-E. coli, aer antibody bonding.
Aer kanamycin loading, the curve changed to (c) (Fig. 2B). The
hollow structure of hAuNPs promoted kanamycin loading
inside its interior spaces.
Fig. 1 (A) TEM and (B) amplification images, and (C) particle diameter an

Fig. 2 (A) UV-vis spectra of (a) DI water, (b) CoNPs and (c) hAuNPs. Illustra
of (a) hAuNPs and (b) hAuNPs conjugated with anti-E. coli through dual

This journal is © The Royal Society of Chemistry 2017
To further verify the successful synthesis, the surface charges
of these NPs at different stages were determined by zeta
potential measurement.34–36 The zeta potential of the samples
aer incubation are provided in Fig. 3. A signicant transition
of the zeta potential from negative �25.5 mV to �10.8 mV was
observed aer each step of modication, conrming the
successful preparation of hAuNPs-anti-E. coli-kana.
Condition optimization

In order to prove that the hAuNPs-anti-E. coli-kana was suitable
for the bactericidal effect, we evaluated the bactericidal properties
of hAuNPs and kanamycin separately. Fig. 4A shows that at
a hAuNP concentration of 2.0 mM, about 80% of E. coli was still
viable. On the other hand, the increasing kanamycin concentra-
tion from 0–10 mg mL�1 led to improvement of the bactericidal
effect, and the survival rate of E. coli decreased to 6% at 5 mg
mL�1 (Fig. 4B). For the purpose of studying the bactericidal ability
of the hAuNPs-anti-E. coli-kana hybrid, it is necessary to maintain
the survival of E. coli. In this respect, the concentration of hAuNPs
and kanamycin was set to 0.5 mM and 1 mg mL�1, respectively.
Photothermal property of hAuNPs

HAuNPs-anti-E. coli-kana has three functions: targeting specic
bacteria via the anti-E. coli, photothermal treatment by laser
irradiation, and drug delivery using the hAuNPs (Scheme 2).
alysis of hAuNPs at 25 �C.

tion is the solution color of the corresponding curve. (B) UV-vis spectra
-ligand and (c) hAuNPs-anti-E. coli loaded with kanamycin.

RSC Adv., 2017, 7, 16836–16842 | 16839
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Fig. 3 The corresponding zeta potential measured at each step of the
preparation process. The error bars represent the standard deviation of
three measurements. Fig. 5 Temperature change of hAuNP suspension (0.5 mmol L�1)

under laser irradiation (650 nm, 200 mW cm�2) for 40 min. DI water
was used as control under the same conditions.
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Receptor-mediated delivery for target cells is more effective than
non-specic.37–40 Aer targeting, the bacteria were exposed to
the laser. Meanwhile, the targeted bacteria were subjected to
photothermal effects and the drug.

To conrm the photothermal effect, temperature changes of
the hAuNP dispersion in DI water were measured upon irradi-
ation using a laser with a wavelength of 650 nm. As shown in
Fig. 5, the temperature of the hAuNP dispersion (0.5 mM)
gradually increased from 29.1 �C to 43.0 �C (DT ¼ 13.9 �C) upon
Fig. 4 The viability of E. coli with the concentration of (A) hAuNPs and (
0.3 mM, 0.5 mM, 1.0 mM, 2.0 mM; kanamycin: 0, 0.1, 1.0, 2.0, 3.0, 5.0, 10.

Scheme 2 The hAuNPs-anti-E. coli-kana complexes effectively lead to
release and heat generation.

16840 | RSC Adv., 2017, 7, 16836–16842
irradiation (650 mW cm�2, 40 min), whereas the temperature of
DI water rose by less than 2 �C aer irradiation. This elevation
in temperature could induce bacterial death and thus the
combined effects on bacteria of radiation and drug sensitivity.
Bactericidal properties of hAuNPs-anti-E. coli-kana in vitro

The bactericidal effect of hAuNPs-anti-E. coli-kana incubated
with E. coli, aer laser irradiation, was measured by the number
B) kanamycin. The concentration of E. coli: 1 � 105 cfu mL�1; hAuNPs:
0 mgmL�1. The data were averaged from three parallel measurements.

specific bacterial death through the synergetic effects of kanamycin

This journal is © The Royal Society of Chemistry 2017
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Table 1 The survival rate of E. coli in the presence of various conditions (irradiation at 650 nm laser, 40 min)

Bacteria (blank) Hollow Au (laser) Kanamycin Hollow Au-kana (laser)

Culture medium LB LB LB LB
Culture temperature 37 �C 37 �C 37 �C 37 �C
Culture time 20 h 20 h 20 h 20 h
Bacteria viability (%) 100.00 � 2.90 90.18 � 2.80 87.27 � 1.83 50.36 � 1.76

Colony images

Fig. 7 Morphology of E. coli without and with hAuNPs-anti-E. coli-
kana treatment. TEM images of E. coli without (A), and with (B).
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of colonies. Next, we did a control test under the same experi-
mental conditions, measuring the viability of bacteria (blank),
bacteria exposed to physical sterilization with hAuNPs under
laser irradiation, the chemical drug sterilization by kanamycin,
and the viability of bacteria with the hollow hybrid loaded with
kanamycin under laser irradiation. The survival rate of the
bacteria aer treatment and the images of E. coli colony growth
on the solid medium are shown in Table 1, with the corre-
sponding histogram shown in Fig. 6. The viabilities of bare E.
coli, those aer exposure to hAuNPs under irradiation, aer
incubation with bare kanamycin, or aer incubation with the
hollow hybrid carrying kanamycin, were 100.00 � 2.90%, 90.18
� 2.80%, 87.27 � 1.83%, and 50.36 � 1.76%, respectively. The
bacterial viability was signicantly decreased to 50.36 � 1.76%
aer incubating with the hAuNPs-anti-E. coli-kana and exposure
to irradiation (650 nm, 200 mW cm�2, diameter 2 mm, 40 min).
This result showed that a sterilizing rate of 49.64%was achieved
for the hAuNPs-anti-E. coli-kana under irradiation. This clearly
shows that there was a synergistic effect between hAuNPs-anti-
E. coli-kana for each component of the bactericidal effect,
producing greatly improved bactericidal properties against E.
Fig. 6 The corresponding histogram of the survival rate of E. coli
under various conditions.

This journal is © The Royal Society of Chemistry 2017
coli. In the case of the same bactericidal effect, owing to this
synergistic effect, the amount of kanamycin was signicantly
reduced, which could reduce the possibility of drug resistance.

Here, using E. coli as a model, hAuNPs-anti-E. coli-kana with
laser caused damage to the E. coli structures. Aer incubating E.
coli with hAuNPs-anti-E. coli-kana for 4 h, the loss of interior
structures and the formation of a large-scale, light-colored area
were observed (Fig. 7B). The TEM images indicate that hAuNPs-
anti-E. coli-kana could be internalized and located inside the
cell wall of bacteria (red arrow in Fig. 7B), which seriously
destroyed the cell wall and resulted in signicant leakage of the
cell contents (blue arrows in Fig. 7B).
Conclusion

In this study, anti-E. coli-conjugated and kanamycin-loaded
hAuNPs (hAuNPs-anti-E. coli-kana) were prepared for bacterial
targeting and drug delivery. The system has multiple charac-
teristics: dual-ligand modied hAuNPs targeting specic
bacteria via the anti-E. coli, and synergistic bactericidal effects
of the chemical drug and physical sterilization. In particular,
the hollow interior of these NPs allows a signicant increase in
kanamycin loading. Compared with drug and photothermal
treatment alone, the bactericidal rate of the combined treat-
ment with the hAuNPs-anti-E. coli-kana was much higher. Thus,
hAuNP-derived nanocarriers are a promising drug-targeting
delivery system.
RSC Adv., 2017, 7, 16836–16842 | 16841
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