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Published: 05 January 2016 . Thechronic infections related to biofilm and intracellular bacteria are always hard to be cured because
of their inherent resistance to both antimicrobial agents and host defenses. Herein we develop a
facile approach to overcome the above conundrum through phosphatidylcholine-decorated Au
nanoparticles loaded with gentamicin (GPA NPs). The nanoparticles were characterized by scanning
electron microscopy (SEM), dynamic light scattering (DLS) and ultraviolet—visible (UV—vis) absorption
spectra which demonstrated that GPA NPs with a diameter of approximately 180 nm were uniform.
The loading manner and release behaviors were also investigated. The generated GPA NPs maintained
their antibiotic activities against planktonic bacteria, but more effective to damage established biofilms
and inhibited biofilm formation of pathogens including Gram-positive and Gram-negative bacteria.
In addition, GPA NPs were observed to be nontoxic to RAW 264.7 cells and readily engulfed by the
macrophages, which facilitated the killing of intracellular bacteria in infected macrophages. These
results suggested GPA NPs might be a promising antibacterial agent for effective treatment of chronic
infections due to microbial biofilm and intracellular bacteria.

Microorganisms that grow on living or inert surfaces usually form biofilms, densely packed communities of micro-
bial cells surrounded with self-secreted matrix'. The failure in the prevention and eradiation of microbial biofilms
might create a number of serious problems such as industrial fluid processing operations (bio-deterioration)?,
food safety (contamination)?, and public health issues (infectious diseases)*. Biofilms are associated with an over-
whelming number of microbial infections, with periodontitis, endocarditis, and chronic lung infections in cystic
fibrosis patients being the prominent ailments®®.

Owing to the grave healthcare concern associated with bacterial biofilms, new ways to biofilm growth inhibition,
biofilm damage, or biofilm eradication have been proposed®-!'. Moreover, it is essential to improve the penetrative
capabilities of existing antimicrobials, such as antibiotics, in order to overcome thick biofilm barriers and to achieve
superior elimination of biofilms'2. The utility of nanomaterials for efficient delivery of antibacterial and develop-
ment of antibiofilm agents is well documented'*-"”. Herein the phosphatidylcholine-decorated Au nanoparticles
(PA NPs) loaded with gentamicin (GPA NPs) was generated and the activity of GPA NPs on bacterial biofilm
formation and established biofilm of Gram-positive or -negative organisms were investigated.

Infections with intracellular bacterial pathogens cause a number of severe diseases, such as tuberculosis, listeri-
osis and salmonellosis, etc'®. These pathogens have exploited a variety of niches in the host that protects them from
some immune effectors such as antibodies, making the infection latent or recurrent. The lifestyle of intracellular
bacteria protected them not only from host defenses, but also from antimicrobial therapy. Indeed, among the
antibiotic families, more than two-thirds of prescribed antibiotics are ineffective against intracellular pathogens®.
Although fluoroquinolones and macrolides antibiotics diffuse well into cells, they display low intracellular retention.
In contrast, antibiotics such as 3-lactams and aminoglycosides have restricted cellular penetration owing to their
high hydrophilicity?'. Therefore, the treatment of infections caused by intracellular bacteria still presents a number
of unusual challenges??. Macrophages function at the front line of immune defences against incoming pathogens,
and therefore, are a common target for those bacterial pathogens®. Macrophages tend to engulf NPs?**, making
NPs suitable carriers to deliver antibacterial agents into these cells. Thus, the possibility of using the generated
GPA NPs to kill intracellular bacteria was also examined.
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Figure 1. SEM image of PA NPs (A) and GPA NPs (B); (C) size distribution of GPA estimated using Image ]
(about 1000 particles were counted); (D) Hydrodynamic size and (E) surface zeta potential of bare Au NPs, PA
NPs and GPA NPs measured by dynamic light scattering; (F) absorption spectrum of PA NPs, GPA NPs and
gentamicin. Scale bar represented 1 pum.

Results and Discussion

Characterization of GPA NPs.  The water solubility of the nanoparticles suggests that the charged polar
head group of phosphatidylcholine (PC) is accessible on the outer surface of PA NPs?, which is beneficial for
aminoglycoside binding. SEM images of the phosphatidylcholine-decorated Au nanoparticles alone (PA NPs) or
loaded with gentamicin (GPA NPs) showed that there was no visible morphological difference (Fig. 1A,B). The
average diameter of the GPA NPs was estimated to be ~180 nm by Image J software (Fig. 1C). An explicit increase
of about 65 nm in the hydrodynamic size of the Au NPs was detected after PC coating via dynamic light scattering
(DLS) (Fig. 1D), suggesting the formation of lipid bilayers. The binding of gentamicin seemed not to influence the
size of nanoparticles further (Fig. 1D). The surface zeta potential changed from —34.0mV to —24.7mV (Fig. 1E),
which confirmed the binding of positively charged gentamicin to the charged polar head group of phosphatidyl-
choline on PA NPs through electrostatic attraction. Both UV —visible spectra of PA NPs and GPA NPs revealed an
identical absorbance peak at 530 nm, which suggested gentamicin load had no influence on the surface plasmon
resonance of PA NPs (Fig. 1F). The binding amount of gentamicin on the GPA NPs was estimated to be ~381g/mg
(gentamicin/Au).

The stability of PA NPs was examined by adding various amounts of gentamicin (stock solution 10 mg/mL).
As shown in Figure S1A and S1B, addition of gentamicin to PA NPs did not lead to a distinguishable color change.
In contrast, upon addition of gentamicin, the color of Au NPs initially changed from wine red, then to purple, and
finally to violet blue (Figure S1C), coinciding with the red shift in UV-vis spectra(Figure S1D), which corresponded
to a typical signature of a fast nanoparticles aggregation®*?”. These results indicated that PC coating made Au NPs
more stable to gentamicin. Again, these data suggested that for PA NPs, all Au NPs were coated with PC. Otherwise,
gentamicin addition would lead to the red shift in UV-vis spectra (Figure S1C and S1D).

The absorption of gentamicin on PA NPs reached the saturation point in 2h at both acidic and neutral pH
(Fig. 2A). It appeared that the acidic condition facilitated the binding of the antibiotic. The increase of ionic strength
led to a dramatic decrease in the loading of gentamicin on PA NPs (Fig. 2B). The release profile of gentamicin from
GPA NPs indicated that GPA NPs were more stable at acidic pH (Fig. 2C) and lower ionic strength (Fig. 2D). The
influence of pH and ionic strength implied that the binding of gentamicin to PA NPs was most probably under
the control of electro-static interactions.

Antibiofilm activities of GPA NPs. According to the minimum inhibitory concentration (MIC) assay,
GPA NPs were effective against planktonic bacteria as gentamicin did (Table S1). The binding affinity of GPA
NPs toward planktonic bacteria was further examined. Figure S2 displayed the photographs obtained after vortex
mixing the GPA NPs alone and GPA NPs with different bacteria. Precipitates were observed in all samples except
GPA NPs alone, which indicated the binding between the GPA NPs and the bacteria existed.
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Figure 2. Theload (A) or release profiles (C) of gentamicin on GPA NPs in 6 mM HEPES buffer (pH 7.4)
and 6 mM Tris-HCl buffer (pH 4.5). The effect of ionic strength on the load (B) or release (D) of gentamicin
on GPA NPs. NaCl was added to 6 mM HEPES buffer (pH 7.4) and 6 mM Tris-HCl buffer (pH 4.5) to obtain the
ionic strengths as indicated.

The antibiofilm efficacy of the particles was evaluated against both gram-positive and -negative microorganism.
A standard crystal violet assay for biofilm biomass indicated that GPA NPs were more effective in eradication of
preformed biofilm built by P. aeruginosa or S. aureus (Fig. 3), than gentamicin or PA NPs alone did. The similar
findings were also observed in case of biofilm built by E. coli (Figure S3A) and L. monocytogenes (Figure S3B).
Visualization of bacterial biofilms with scanning electron microscopy and fluorescence microscopy showed a
wide spectrum of morphological differences in biofilm architectures (Fig. 4 and S4). Notably, very few scattered
cell aggregates were observed in the biofilms and there were less viable cells in the aggregates after 24 h exposure
to the GPA NPs.

Besides, an equivalent amount of gentamicin (as in GPA NPs) was added to Au NPs, and no significant differ-
ence in the ability to disrupt biofilm was observed between gentamicin and gentamicin-carried gold nanoparticles
(GA NPs) (Figure S5), which is in consistent with the earlier findings indicating no enhancement of the bactericidal
activity of similar gentamicin-Au nanoparticles®. Thus the antibiofilm activity of GPA NPs could unambiguously
be attributed to the presence of phosphatidylcholine coated Au NPs loaded with gentamicin.

Inhibition of biofilm formation was also examined in case of planktonic P. aeruginosa (Fig. 5A) and S. aureus
(Fig. 5B) exposed to reagents for 24 h at the beginning. Quantification of biofilm biomass indicated that GPA NPs
were superior to inhibit the biofilm formation of both bacteria above. The similar findings were also observed in
case of E. coli (Figure S6A) and L. monocytogenes (Figure S6B). Taken together, these results demonstrated that GPA
NPs were more effective to inhibit biofilm formation and disrupt preformed biofilms, regardless of Gram-positive
or Gram-negative organisms than gentamicin did.

The activities of GPA NPs against intracellular bacteria. Macrophages function at the front line of
immune defences against incoming pathogens, and therefore, are a common target for those bacterial pathogens
that benefit from avoiding an encounter with the immune system, as well as those that are aiming to secure sys-
temic spread®. The capability of GPA NPs against intracellular bacteria in infected macrophages was evaluated.
Viability tests indicated that the toxicity of the GPA NPs towards macrophages was negligible (Figure S7A).
There were no obvious differences in cell morphologies between the blank and GPA NPs treatments (Figure S7B).
Macrophages had shown to engulf NPs**?, we first examined whether the macrophages (RAW 264.7) could readily
engulf GPA NPs. Fluorescence and brightfield imaging GPA NPs were extensively engulfed to the cytoplasm of the
cells after 2h incubation (Fig. 6A-D). Quantification of GPA NPs via inductively coupled plasma mass spectrometry
(ICP-MS) demonstrated that the cellular uptake of GPA NPs increased in a time-dependent manner (Fig. 6E).
Pathogens such as P. aeruginosa and L. monocytogenes, are known to survive inside macrophages®®?, which were
used as the model system to explore the intracellular killing activity of GPA NPs. As shown in Fig. 7, the treatment
of infected macrophages with GPA NPs resulted in a more dramatic decrease of live P. aeruginosa in those cells than
gentamicin did, The similar observation was in case of macrophages infected with L. monocytogenes (Figure S8).
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Figure 3. Crystal violet assay to assess the antibiofilm activity of samples against P. aeruginosa biofilm
(A,C) and L. monocytogenes (B,D).

Conclusion

In this study, a simple and facile method was developed to generate stable GPA NPs. These GPA NPs could
effectively eradicate preformed biofilm and inhibit the biofilm formation, regardless of Gram-positive and
Gram-negative pathogenic bacteria. In addition, GPA NPs had good biocompatibility and elicited a superior
intracellular killing capability against multiple pathogenic bacteria in infected macrophages. The strategy may be
useful to develop new therapeutics for treating chronic and stubborn infections related with biofilm and intra-
cellular bacteria.

Methods
Materials. Gentamycin Sulfate was purchased from Solarbio (Beijing, China). Phosphatidylcholine and
Hydrogen tetrachloroaurate (IIT) were purchased from Aladdin (Shanghai, China). Citric acid monohydrate was
purchased from Sinopharm Chemical Reagent Co., Ltd. All reagents were of analytical grade and used as received
without further purifying.

Listeria monocytogenes (ATCC 19114), Staphylococcus aureus (ATCC 29213), Escherichia coli (ATCC 25922),
Pseudomonas aeruginosa (PAO1) and Salmonella typhimurium (SL1344) were generous gifts received from Prof.
Xia (College of Food Science and Engineering, Northwest A&F University).

Preparation of GPA NPs. Figure 8 showed the synthesis of phosphatidylcholine-decorated Au nanoparti-
cles (PA NPs)*. Briefly, Phosphatidylcholine (0.065 g, 0.084 mmol) in CHCl; (10 ml) was added to a glass vial and
the solvent was removed by rotary evaporation to provide a thin film*®. Then the film was dried at room tempera-
ture for 12h to ensure that all the CHCI; was removed. Ultra-pure H,O (10ml) was added to the vial, shaken and
then sonicated at 25 °C for 30 min. To this cloudy solution, an aqueous solution of HAuCl, (0.029 g, 0.084 mmol
in 10ml of UP H,0) was added dropwise with stirring. A freshly prepared aqueous solution of sodium citrate
(0.125g, 0.424 mmol in 5 ml of H,0) was added while stirring vigorously. The pale yellow slurry became clear and
then turned purple. The resulted PA NPs were rinsed twice with UP H,O. The UV-vis spectra in H,O had a \,,
at 530 nm. The prepared PA NPs (0.1 mL) were mixed with gentamycin sulfate (0.2 mg/mL in UP H,0, 0.9mL)
at room temperature in dark. The resulting Gentamicin-PA NPs (GPA NPs) solution initially centrifuged at 14
000 rpm at 10°C for 60 min and rinsed in UP H,O.

Characterization of the Generated GPA NPs. The size and morphology of the GPA NPs was charac-
terized by Hitachi S-4800 field emission scanning electron microscopy, operating at an accelerating voltage of
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Figure 4. Fluorescence images (A) and SEM images (B) of P. aeruginosa biofilm. Scale bar for SEM and
fluorescence images are 1 pm and 10 um, respectively.

P. aeruginosa S. aureus
A 1.5 g B 0.8
a 127 A 0.6
© ]
£ 0.9 £
E E 0.4
= 0.6 =]
2 2
M o34 ) 0.2+
0.0- 0.0-
Blank GPA GEN PA Blank GPA GEN PA

Figure 5. The inhibitory effects of samples on P. aeruginosa (A) and S. aureus (B) biofilm formation.

10kV. To obtain high resolution images from the SEM analysis, all samples were deposited on a silicon wafer
and allowed to dry. The SEM images were processed using the Image J software, and the size histograms were
constructed from an analysis of 1000 particles. The hydrodynamic size and surface zeta potential were measured
by dynamic light scattering (DLS) measurements (Malvern Zetasizer NANO-ZS590). The UV-visible absorption
spectra were recorded on Thermo Evolution 300 spectrophotometer in the range of 300-800 nm. The gentamicin
content was determined by Sodium phosphotungstate precipitation method.

Gentamicin Load Capacity and Release Behaviors. The load capacity, defined as the ratio of the
amount of gentamicin binding on the nanoparticles to the initial amount of gentamicin introduced, was deter-
mined by mixing prepared PA NPs with 0.2 mg/mL gentamycin at different pH and the supernatant was obtained
for measurement of free-form (no-load) gentamycin after centrifugation.

The kinetics of gentamicin release was studied from the prepared GPA NPs. In order to determine the effect of
pH on the gentamicin release profiles of nanoparticles, 6 mM HEPES buffer (pH 7.4) and 6 mM Tris-HCI buffer
(pH 4.5) were used respectively. The 1 mL fresh prepared nanoparticles solution (which was incubated with gen-
tamicin for 3h) was initially centrifuged at 14 000 rpm at 10°C for 60 min and the precipitate was rinsed with UP
water (1 mL). Then the GPA NPs were resuspended in 1 mL buffer at 20 °C in tube. One tube was taken at regular
time intervals (1, 2, 3, 4, 6, and 7 days), centrifuged and the supernatant was obtained for gentamicin measurement.

Examination of Binding Affinity. GPA NPs (0.116 mg/mL, Au basis) were mixed and shaken (37°C,
160 rpm) with bacterial samples prepared in TSB for 2h. The samples were centrifuged at 3000 rpm for 10 min,
and the binding affinity was examined by the naked eye.
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Figure 6. Fluorescence image (A,C) and brightfield image (B,D) of macrophages alone, or macrophages
incubated with GPA NPs for 2 h followed by rinsing with new medium. Scale bar represented 10 um. (E)
Cellular uptake of GPA NPs measured by ICP-MS. RAW264.7 cells were incubated in the presence of 0.116 mg/
mL of GPA NPs as time indicated. Data are represented as pg Au/cell.

Minimum Inhibitory Concentration (MIC). The bacteria with a final concentration of 10* CFU/mL in
TSB broth added with different concentrations of GPA NPs were incubated at 37 °C for 14 h. The optical density
at 600 nm of the sample solution was recorded.

Cytotoxicity Tests. The RAW 264.7 cell line was cultured in RPMI medium supplemented with 10% FBS,
100 pg/mL penicillin and 100 pg/mL streptomycin at 37 °C in a humidified 5% CO,-contaning balanced-air
incubator.

Cell viability was estimated through MTT assay. The 200 puL cells (~8000 cells) were incubated for 12h in
96-well plates, then the medium was replaced with the medium containing different concentrations of GPA NP
and incubated for another 6 h. Cells incubated in the medium containing no GPA NPs were used as a negative
control (Blank). After treatment, the media containing sample was changed with fresh media and 10pL of MTT
(5mg/mL) was added and the incubation continued for 4h. Medium was removed, and 100 uL of DMSO was
added to each well to dissolve the formazan. The absorbance was measured at 570 nm. Moreover, cells grown on
glass coverslips in 24-well plate with the same treatment were fixed with 4% paraformaldehyde in PBS for 10 min.
Images were obtained using a microscope (Olympus, Tokyo, Japan).

Cellular uptake of GPA NPs.  The qualitative localization of GPA NPs within cells was observed by micros-
copy, while the uptake of GPA NPs by cells was quantified by inductively coupled plasma mass spectrometry
(ICP-MS).

RAW?264.7 macrophages were plated on coverslips 12h at 37 °C. Then the medium was replaced by new medium
containing GPA NPs (0.116 mg/mL) for 2 h. The medium was then removed, the coverslips were rinsed three times
with PBS, fixed with 4% paraformaldehyde and stained with Hoechst. The coverslips were imaged by Olympus
BX53 upright microscope with a 100 x (1.30) plan oil immersion objective lens.

For the ICP-MS measurements, 10° RAW264.7 cells were seeded in 6 well plates in 2mL of complete culture
medium. After 12 h, cells were incubated with 0.116 mg/mL of GPA NPs for 1, 2, 4, and 8 h. Then the medium
was removed and cells were washed three times with PBS. Cells were trypsinized, counted and harvested. Cells
suspension was centrifuged at 200 x g for 5min, the supernatant was transferred to a new tube. Cell pellets were
digested with Aqua Regia (400 1L) and microwave (2 cycles at 950 W for 10 min). Plasma conditions and gold
element identification were set as described?..

Activity of the GPA NPs toward Intracellular Bacteria. RAW 264.7 cells were plated overnight on
24-well plate. Cells were infected at an MOI = 10 for 1 h, washed thrice with PBS, and medium with 50 jug/ml gen-
tamicin was added for another 1h. After washed thrice with PBS, cells were incubated in 1 mL fresh medium sup-
plemented with GPA NPs (0.116 mg/mL), equivalent gentamicin (Gen) or PA NPs for 2h. The medium was then
removed and the remaining species were rinsed three times with PBS. Subsequently, the medium was replaced by
new medium free penicillin-streptomycin and incubated at 37 °C for 12 h. The macrophage samples were diluted
10* (L. monocytogenes) or 10° (P. aeruginosa) times serially by PBS solution. The resultant solution (0.1 mL) was
directly cultured on a Petri dish containing TSB agar at 37 °C for 16 h and the colony-forming units (CFU) were
counted.

Antibiofilm Activity. As described previously®?, 100 L bacterial TSB solutions (~10% CFU) were seeded
into 96-well polystyrene microtitre plates (Corning, NY, USA) at 37 °C for 24 h to allow biofilm formation. The
non-adhered cells were removed with pipette and the plate was washed three times using 100 L 0.9% (w/v) NaCl
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Then existing biofilms were incubated at 37 °C in 90 L TSB supplemented with 10pL GPA NPs (0.116 mg/mL),
equivalent Gen or PA NPs for 24 h. Each treatment included 6 parallel wells. Biofilms incubated with TSB only
were used as blank. Biofilm mass was evaluated by Crystal violet staining assay. All experiments were performed
3-5times. Error bars represent SD.

For biofilm inhibition assay, 100 L of bacteria in TSB (approximately 108FU) were seeded into individual
wells of microtiter plates in the presence of compounds for 24 h. Biofilm mass were evaluated as described above.

For fluorescence microscopy, S. aureus or P. aeruginosa (~10CFU) was grown on glass coverslips at 37 °C for
24h in 24-well plates supplemented with 1 mL of TSB to allow biofilm formation. The coverslips were washed
to remove unattached cells and were treated with GPA NPs, equivalent Gentamicin or PA NPs for 24 h at 37°C.
Existing biofilms were treated and imaged as previous®2.

SEM was conducted as described previously'!.

Statistical analysis. All graphical evaluations were made using GraphPad Prism 5.0 (GraphPad Software
Inc., San Diego, CA). Analysis of variance (ANOVA) was used to evaluate significant differences.

References
1. Lasa, . Towards the identification of the common features of bacterial biofilm development. International Microbiology 9, 21-28
(2006).
2. Mittelman, M. W. Structure and Functional Characteristics of Bacterial Biofilms in Fluid Processing Operations. Journal of dairy

science 81, 2760-2764 (1998).

Van Houdt, R. & Michiels, C. W. Biofilm formation and the food industry, a focus on the bacterial outer surface. Journal of applied

microbiology 109, 1117-1131 (2010).

. Flemming, H.-C. & Wingender, J. The biofilm matrix. Nature Reviews Microbiology 8, 623-633 (2010).

. Donlan, R. M. & Costerton, J. W. Biofilms: Survival Mechanisms of Clinically Relevant Microorganisms. Clinical microbiology reviews

15, 167-193 (2002).

6. Parsek, M. R. & Singh, P. K. Bacterial Biofilms: An Emerging Link to Disease Pathogenesis. Annual Review of Microbiology 57, 677-701
(2003).

7. Davies, D. Understanding biofilm resistance to antibacterial agents. Nat Rev Drug Discov 2, 114-122 (2003).

8. Goémez, M. I. & Prince, A. Opportunistic infections in lung disease: Pseudomonas infections in cystic fibrosis. Current Opinion in
Pharmacology 7, 244-251 (2007).

9. Mu, H. et al. Chitosan improves anti-biofilm efficacy of gentamicin through facilitating antibiotic penetration. International Journal
of Molecular Sciences 15, 22296-22308 (2014).

10. Worthington, R. J., Richards, J. J. & Melander, C. Small molecule control of bacterial biofilms. Organic ¢ Biomolecular Chemistry 10,
7457-7474 (2012).

11. Zhang, A. et al. Chitosan Coupling Makes Microbial Biofilms Susceptible to Antibiotics. Sci. Rep. 3 (2013).

12. Du, J. et al. Improved Biofilm Antimicrobial Activity of Polyethylene Glycol Conjugated Tobramycin Compared to Tobramycin in
Pseudomonas aeruginosa Biofilms. Molecular Pharmaceutics 12, 1544-1553 (2015).

13. Flores, C. Y. et al. Citrate-Capped Silver Nanoparticles Showing Good Bactericidal Effect against Both Planktonic and Sessile Bacteria
and a Low Cytotoxicity to Osteoblastic Cells. ACS Appl Mater Interfaces 5, 3149-3159 (2013).

14. Adhikari, M. D., Goswami, S., Panda, B. R., Chattopadhyay, A. & Ramesh, A. Membrane-Directed High Bactericidal Activity of (Gold
Nanoparticle)-Polythiophene Composite for Niche Applications Against Pathogenic Bacteria. Advanced Healthcare Materials 2,
599-606 (2013).

15. Slomberg, D. L. et al. Role of Size and Shape on Biofilm Eradication for Nitric Oxide-Releasing Silica Nanoparticles. ACS Appl Mater
Interfaces 5,9322-9329 (2013).

16. Goswami, S., Thiyagarajan, D., Das, G. & Ramesh, A. Biocompatible Nanocarrier Fortified with a Dipyridinium-Based Amphiphile
for Eradication of Biofilm. ACS Appl Mater Interfaces 6, 16384-16394 (2014).

17. Baelo, A. et al. Disassembling bacterial extracellular matrix with DNase-coated nanoparticles to enhance antibiotic delivery in biofilm
infections. ] Control Release 209, 150-158 (2015).

18. Joller, N. et al. Antibodies protect against intracellular bacteria by Fc receptor-mediated lysosomal targeting. Proc Natl Acad Sci USA
107, 20441-20446 (2010).

19. Ray, K., Marteyn, B., Sansonetti, P. J. & Tang, C. M. Life on the inside: the intracellular lifestyle of cytosolic bacteria. Nature Reviews
Microbiology 7, 333-340 (2009).

20. Butler, M. S. & Cooper, M. A. Antibiotics in the clinical pipeline in 2011. The Journal of antibiotics 64, 413-425 (2011).

21. Abed, N. & Couvreur, P. Nanocarriers for antibiotics: A promising solution to treat intracellular bacterial infections. International
journal of antimicrobial agents 43, 485-496 (2014).

22. Imbuluzqueta, E., Gamazo, C., Ariza, J. & Blanco-Prieto, M. J. Drug delivery systems for potential treatment of intracellular bacterial
infections. Frontiers in Bioscience-Landmark 15, 397-417 (2010).

23. Zhao, L. et al. Polyglycerol-coated nanodiamond as a macrophage-evading platform for selective drug delivery in cancer cells.
Biomaterials 35, 5393-5406 (2014).

24. Kurtz-Chalot, A. et al. Quantification of nanoparticle endocytosis based on double fluorescent pH-sensitive nanoparticles. Biomed
Microdevices 17, 1-12 (2015).

25. Mackiewicz, M. R., Ayres, B. R. & Reed, S. M. Reversible, reagentless solubility changes in phosphatidylcholine-stabilized gold
nanoparticles. Nanotechnology 19, 115607 (2008).

26. Burygin, G. et al. On the enhanced antibacterial activity of antibiotics mixed with gold nanoparticles. Nanoscale research letters 4,
794-801 (2009).

27. Xu, Q, Du, S., Li, H. & Hu, X. Y. Determination of acetamiprid by a colorimetric method based on the aggregation of gold
nanoparticles. Microchimica Acta 173, 323-329 (2011).

28. Birmingham, C. L. et al. Listeriolysin O allows Listeria monocytogenes replication in macrophage vacuoles. Nature 451, 350-354
(2008).

29. Miao, E. A., Ernst, R. K., Dors, M., Mao, D. P. & Aderem, A. Pseudomonas aeruginosa activates caspase 1 through Ipaf. Proceedings
of the National Academy of Sciences 105, 2562-2567 (2008).

30. Szoka, F. & Papahadjopoulos, D. Comparative Properties and Methods of Preparation of Lipid Vesicles (Liposomes). Annual Review

of Biophysics and Bioengineering 9, 467-508 (1980).
. Coradeghini, R. et al. Size-dependent toxicity and cell interaction mechanisms of gold nanoparticles on mouse fibroblasts. Toxicology
letters 217, 205-216 (2013).

32. Mu, H,, Zhang, A., Zhang, L., Niu, H. & Duan, J. Inhibitory effects of chitosan in combination with antibiotics on Listeria

monocytogenes biofilm. Food Control 38, 215-220 (2014).

w

[N

3

—

SCIENTIFICREPORTS | 6:18877 | DOI: 10.1038/srep18877 8



www.nature.com/scientificreports/

Acknowledgements
This work was supported by the National Natural Science Foundation of China (NSFC) [Grant 31570799].

Author Contributions
H.M. and ].D. designed research; H.M., ].T. and Q.L. performed research; C.S. and T.W. performed Graph drawing
and statistical analysis; H.M. and ].D. wrote the paper. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Mu, H. et al. Potent Antibacterial Nanoparticles against Biofilm and Intracellular
Bacteria. Sci. Rep. 6, 18877; doi: 10.1038/srep18877 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:18877 | DOI: 10.1038/srep18877 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Potent Antibacterial Nanoparticles against Biofilm and Intracellular Bacteria

	Results and Discussion

	Characterization of GPA NPs. 
	Antibiofilm activities of GPA NPs. 
	The activities of GPA NPs against intracellular bacteria. 

	Conclusion

	Methods

	Materials. 
	Preparation of GPA NPs. 
	Characterization of the Generated GPA NPs. 
	Gentamicin Load Capacity and Release Behaviors. 
	Examination of Binding Affinity. 
	Minimum Inhibitory Concentration (MIC). 
	Cytotoxicity Tests. 
	Cellular uptake of GPA NPs. 
	Activity of the GPA NPs toward Intracellular Bacteria. 
	Antibiofilm Activity. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ SEM image of PA NPs (A) and GPA NPs (B) (C) size distribution of GPA estimated using Image J (about 1000 particles were counted) (D) Hydrodynamic size and (E) surface zeta potential of bare Au NPs, PA NPs and GPA NPs measured by dynamic l
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The load (A) or release profiles (C) of gentamicin on GPA NPs in 6 mM HEPES buffer (pH 7.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Crystal violet assay to assess the antibiofilm activity of samples against P.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Fluorescence images (A) and SEM images (B) of P.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ The inhibitory effects of samples on P.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Fluorescence image (A,C) and brightfield image (B,D) of macrophages alone, or macrophages incubated with GPA NPs for 2 h followed by rinsing with new medium.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ The colony-forming units of residual P.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Schematic of the procedure for preparing GPA NPs.



 
    
       
          application/pdf
          
             
                Potent Antibacterial Nanoparticles against Biofilm and Intracellular Bacteria
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18877
            
         
          
             
                Haibo Mu
                Jiangjiang Tang
                Qianjin Liu
                Chunli Sun
                Tingting Wang
                Jinyou Duan
            
         
          doi:10.1038/srep18877
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep18877
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep18877
            
         
      
       
          
          
          
             
                doi:10.1038/srep18877
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18877
            
         
          
          
      
       
       
          True
      
   




