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Abstract

About 25-44% of women will experience at least one episode of recurrent UTI and the
causative agent in over 70% of UTI cases is uropathogenic Escherichia coli (UPEC). UPEC
cause recurrent UTI by evading the bladder’s innate immune system through internalization
into the bladder epithelium where antibiotics cannot reach or be effective. Thus, it is impor-
tant to develop novel therapeutics to eliminate these intracellular pathogens. Nanodiamonds
(NDs) are biocompatible nanomaterials that serve as promising candidates for targeted
therapeutic applications. The objective of the current study was to investigate if 6 or 25 nm
NDs can kill extracellular and intracellular UPEC in infected bladder cells. We utilized

the human bladder epithelial cell line, T24, and an invasive strain of UPEC that causes
recurrent UTI. We found that acid-purified 6 nm NDs displayed greater antibacterial proper-
ties towards UPEC than 25 nm NDs (11.5% vs 94.2% CFU/mL at 100 ug/mL of 6 and 25
nm, respectively; P<0.007). Furthermore, 6 nm NDs were better than 25 nm NDs in reducing
the number of UPEC internalized in T24 bladder cells (46.1% vs 81.1% CFU/mL at 100 pg/
mL of 6 and 25 nm, respectively; P<0.07). Our studies demonstrate that 6 nm NDs inter-
acted with T24 bladder cells in a dose-dependent manner and were internalized in 2 hours
through an actin-dependent mechanism. Finally, internalization of NDs was required for
reducing the number of intracellular UPEC in T24 bladder cells. These findings suggest that
6 nm NDs are promising candidates to treat recurrent UT]s.

Introduction

Urinary tract infections (UTIs) account for more than 12.7 million physician and emergency
room visits resulting in ~3.5 billion dollars in treatment costs in the US [1, 2]. Women show a
higher susceptibility to contract UTTs than men [3, 4]. Currently, there is no effective vaccine
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available to prevent UTIs and antibiotics remain to be the main line of treatment. Despite anti-
biotic treatment, it is estimated that anywhere from 25-44% of women will develop at least
one episode of recurrent UTI [5]. In more than 70% cases of recurrent UTI, the causative
agent is E. coli [6, 7]. Some strains of uropathogenic E. coli (UPEC) cause persistent infections
by invading bladder epithelium or cells to form quiescent intracellular reservoirs (QIRs) or
intracellular bacterial communities (IBCs). These QIRs and IBCs evade immune system sur-
veillance and are not targeted by antibiotics, thereby resulting in recurrent cystitis and pyelo-
nephritis 8, 9]. Also, many of these intracellular UPECs have become resistant to commonly
prescribed antibiotics that make the treatment of UTI difficult, thereby increasing the inci-
dence of recurrent UTI [10, 11]. Antimicrobial resistance in UTI-causing micro-organisms is
a globally growing threat [12]. Therefore, there is an urgent need to develop novel therapeutics
that are directly targeted to reach inside the host cells to kill virulent intracellular bacteria.

Carbon-based nanoparticles, that include nanodiamonds (NDs), are promising candidates
for delivering drugs due to their small size, chemically inert core, tunable surface functionality,
and their ability to be internalized by mammalian cells [13-16]. NDs are also more biocompat-
ible and show less cytotoxicity in biological systems compared to other carbon-based nanopar-
ticles [17, 18]. The nanoscale size of NDs also provides a large surface area to adsorb or
covalently link therapeutic molecules like drugs. There are many reports that have utilized
NDs loaded with drugs belonging to the anthracycline family for the treatment of cancers like
leukemia, lung, prostate and hepatic cancer [19-22]. NDs can also be tested as candidates for
the treatment of infectious diseases. There have been a few reports on the antibacterial effects
of plain NDs on Gram-positive and Gram-negative bacteria [23-25]. However, none of the
studies have investigated the ability of NDs to kill pathogenic intracellular bacteria like UPEC
that can reside in the host cells. Since NDs are internalized in mammalian cells [16, 26], we
hypothesized that NDs will be taken up by human bladder cells and facilitate the killing of
intracellular pathogens.

In the current study, we tested our hypothesis by evaluating the ability of NDs of two differ-
ent sizes to be internalized by human bladder cells to target and kill intracellular UPEC. We
utilized an in vitro UTI model comprising of the T24 human bladder epithelial carcinoma cell
line and infected these cells with clinically isolated invasive strain of UPEC that expresses the
Dr adhesin. Dr adhesion bearing E. coli utilize host receptors to attach and internalize into
bladder and kidney cells and tissues [27]. Clinical and experimental studies have shown that
Dr bearing E. coli cause cystitis and acute and chronic pyelonephritis [28, 29]. NDs with the
average particle size of 6 nm and 25 nm synthesized by the detonation method or the high
pressure/high temperature (HPHT) method were utilized in the current study [30]. The two
methods of ND synthesis result in NDs with different morphologies, phase purities, defect
structures and surface functional groups that can influence their interactions with human cells
or bacteria [31].

Commercially obtained 6 and 25 nm NDs were purified by acid treatment to remove metals
and other carbon-based contaminants [32]. The phase purity, surface functional groups, sur-
face charge and particle size, morphology and crystallinity of the NDs were characterized by
Raman spectroscopy, Fourier transform infrared (FTIR) spectroscopy, zeta potential measure-
ments and transmission electron microscopy (TEM), respectively. We found that 6 nm acid-
treated NDs showed better antibacterial activity than 25 nm acid-treated NDs and facilitated
the killing intracellular UPEC at concentrations that were non-toxic to T24 bladder cells as
compared to acid-treated 25 nm NDs. We further determined that internalization of 6 nm
NDs is critical for the reduction of intracellular UPEC in infected bladder cells. The findings
from this study will enable us to evaluate the feasibility of using NDs as therapeutic agents to
treat UTIs caused by invasive UPEC.
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Materials and methods
Purification and characterization of NDs

A slurry of NDs with an average size of 25 nm was obtained from Advanced Abrasive Corpora-
tion (Pennsauken, NJ) while NDs with an average size of 6 nm was obtained in the powder
form from Nanostructured and Amorphous Materials Inc (Houston, TX). The 25 nm ND
slurry was heated at 70°C to obtain a powder. The nanodiamonds were purified by acid-treat-
ment as described previously [32]. Briefly, 1 mg of the 25 or 6 nm ND powders were treated
with a mixture of H,SO,4 (95%) and HNO; (68%) at a volume ratio of 9:1 at 70°C for 24 hours
to remove the carbon impruties. Upon cooling, the acids were decanted and 0.1 M NaOH was
added slowly to the NDs until the suspension became basic. The suspension was heated at
70°C for 2 hours to neutralize the surface from sulfuric and nitride ions. Next the supernatant
was decanted and 0.1 M HCl was added to the NDs and heated at 70°C for 2 hours to remove
metal impurities. Finally, the supernatant was decantated and the NDs were washed with
endotoxin free deionized water followed by centrifugation at 14,385 x g for 30 minutes (Alle-
gra X-30 Centrifuge, BECKMAN COULTER). Washing was repeated till the pH of the supper-
natant reached 7 and ions were removed. The NDs were air dried at room temperature and
characterized.

Characterization of NDs

Raman spectroscopy. Raman spectroscopy was used to confirm the removal of the impu-
rity and presence of the diamond. The sample preparation approach was to mix the ND pow-
der with water, then add few drops of the mixture on a glass slide and let it be dried at room
temperature. The dried powder made a flat surface which is desirable for the Raman measur-
ment. Raman spectra were obtained by using a Nicolet Almega XR Dispersive Raman 960
spectrometer (Thermo Fisher Scientific, Waltham, MA) with 532 nm laser excitation over the
range 750-2500 cm ™" at 80% of incident laser power.

Fourier transform infrared spectroscopy (FTIR). FTIR spectroscopy was used to con-
firm the functional groups on NDs surface. For FTIR measurement, 1 mg of a ND sample was
added to 200 pl of deionized water. The suspension was added to an aluminum coated silicon
substrate, and dried at room temperature. FTIR spectra were collected in the reflection mode
with an incident beam angle of 70°. FTIR spectra were recorded by Varian 680-IR Fourier
Transform Infrared (FT-IR) spectrometer (Agilent Technology) with PIKE VeeMAX II reflec-
tion setup.

Zeta potential measurement. Zeta potential measurement was used to confirm the sur-
face charges of the NDs. For sample preparation, 1 mg of the ND was mixed with 1 ml of dis-
tilled water, then inserted in folded capillary cells. This measurement was performed using
Malvern Zeta Sizer ZS90 with 633 nm laser excitation.

Transmission electron microscopy (TEM). TEM imaging was used to study the mor-
phology of the NDs. TEM analysis was performed by air drying NDs on holey carbon film
grids. The samples were imaged on a JEOL JEM-2100 transmission electron microscope
(JEOL USA, Inc., Peabody, MA).

Bacterial strain and human cell line maintenance

Escherichia coli strain IH1128 (O75:K5: H' strain) is a Dr adhesin bearing clinically isolated
uropathogenic strain. Pure cultures were grown on Luria agar plates and routinely tested for
hemagglutination as described previously [33]. The human bladder epithelial carcinoma cell
line, T24 [34], was generously provided by Dr. Dale E. Bjorling from University of Wisconsin-
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Madison. T24 bladder cells were cultured and grown in nutrient media comprising of DMEM:
F12 (1:1; Thermo Fisher Scientific, Waltham, MA) supplemented with 9% fetal bovine serum
(Atlanta Biologicals, Inc., Flowery Branch, GA) and antibiotics (100 U/mL penicillin and

100 pg/mL streptomycin; Thermo Fisher Scientific, Waltham, MA) at 37°C and a humidified
atmosphere containing 5% CO,.

Antibacterial assay

E. coli was grown on Luria agar plates at 37°C. A bacterial suspension was prepared by resus-
pending bacterial colonies in DMEM/F12 media till the optical density at 600 nm was 0.5 that
corresponded to approximately 5 x 10®° CFU/mL. The bacterial suspension was diluted 10*
times and treated with different concentrations of acid-treated 6 or 25 nm NDs or amoxicillin
for 2 hours at 37°C. After treatment, the bacterial suspension was diluted and plated on sterile
Luria agar plates following incubation at 37°C for 18 hours. The CFU were enumerated and
the CFU/mL of untreated samples (0 pg/mL) was designated as 100%. The CFU/mL of the
treated samples were calculated relative to the untreated sample and the % CFU/mL was
depicted using GraphPad Prism v7 (GraphPad Software, Inc., La Jolla CA).

Cell viability assay

Cell viability was evaluated by measuring the reduction of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) to formazan [35]. The MTT reagent was purchased
from Life Technologies (Thermo Fisher Scientific, Waltham, MA). T24 bladder cells were
plated on 96-well tissue-culture coated plates for 18 hours followed by treatment with different
concentrations (0, 10, 50, 200 or 500 pg/mL) of 25 or 6 nm commercial or acid-treated NDs
for 24 hours at 37°C. 5 mg/mL of MTT solution was added 2 hours prior to the completion of
the incubation time. After incubation, the cells were washed with 1X phosphate buffered saline
(PBS) and lysed with DMSO to solubilize the formazan accumulated in cells. The absorbance
of lysates was measured at 540 nm and the absorbance of untreated cells (0 pg/mL) was desig-
nated as 100% survival. The absorbance of the treated samples was calculated relative to the
untreated sample and the % cell survival was depicted using GraphPad Prism v7 (GraphPad
Software, Inc., La Jolla CA).

Transmission electron microscopy imaging of T24 bladder cells treated
with NDs

T24 bladder cells were plated on tissue culture coated 12-well plates for 18 hours followed by
treatment with 100 ug/mL of acid treated 6 nm or 25 nm NDs for 4 hours. The cells were
washed with 1X PBS, scraped off the tissue culture plate and fixed in 2% glutaraldehyde made
in 0.1 M sodium cacodylate buffer pH 7.0. Cells were washed with 60 mM sodium cacodylate
containing 180 mM sucrose and treated with 1% OsO, for 1 hour at room temperature. After
washing, cells were dehydrated using a series of graded ethanol and finally with propylene
oxide. Cells were then embedded in Embed 812 resin and sectioned into 70 nm thick sections
using a Reichert-Jung Ultracut E ultramicrotome. The sections were placed on carbon film
TEM grids and stained with uranyl acetate and Reynold’s lead citrate. The sections were imaged
on a JEOL JEM-2100 transmission electron microscope (JEOL USA, Inc., Peabody, MA).

Flow cytometry

Acid treated 6 nm NDs were labeled with FITC (Thermo Fisher Scientific, Waltham, MA)
based on the manufacturer’s recommendations and similar to a protocol as described
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previously [36]. Briefly, NDs suspended in borate buffer were incubated with FITC solution
prepared in DMSO at room temperature for 1 hour. Following incubation, the suspension
was centrifuged at room temperature for 10 minutes at 20,000 g until there was no detectable
free FITC. T24 bladder cells were plated on 24-well plates for 18 hours and treated with 0, 50,
100 or 200 pug/mL of FITC-labeled or unlabeled 6 nm acid treated NDs for 1 hour at 37°C.
Following treatment with NDs, the cells were washed with 1X PBS at room temperature

and dislodged from the wells using a non-enzymatic cell dissociation buffer (Thermo Fisher
Scientific, Waltham, MA). The cells were evaluated using an Accuri C6 flow cytometer. The
T24 cells were analyzed for changes in FITC fluorescence by Flow]Jo (FlowJo LLC, Ashland,
Oregon).

Confocal microscopy

T24 bladder cells were plated on coverslips on 12-well tissue culture treated plates for 18 hours
followed by treatment with 0, 50, 100 or 200 pg/mL of FITC-labeled 6 nm acid treated NDs for
1 hour at 37°C. The cells were washed with 1X PBS at room temperature, fixed with 4% para-
formaldehyde made in PBS and permeabilized with 0.1% Triton X-100. After washing with 1X
PBS, the T24 bladder cells were stained with phalloidin labeled with alexa fluor 660 to detect
actin and DAPI to detect the nucleus. The coverslips with stained cells were mounted onto
slides and observed under a Leica TCS SPE confocal microscope using a 40X objective. For
kinetic studies, the cells were treated with 100 ug/mL of NDs for 30, 60 or 120 minutes and
processed similarly as described above. For internalization studies involving cytochalasin D,
T24 bladder cells were pretreated with 10 uM cytochalasin D for 1 hour following treatment
with NDs for 2 hours. The cells were then processed as described above and observed by con-
focal microscopy. Z-stack analysis was performed in all cases where internalization of NDs was
investigated. All images were processed using Adobe Photoshop.

Bacterial invasion assays to determine number of intracellular bacteria

A modified gentamicin protection assay was performed as described [28]. T24 bladder cells
were plated on tissue-culture treated 24-well plates for 18 hours. Cells were infected with Dr
fimbriae bearing E. coli at an MOI of 25:1. The plates were centrifuged at 500 x g using a Beck-
man Allegra 6R centrifuge. The cells were allowed to incubate with bacteria for 1 hour at 37°C.
Gentamicin was added at a concentration of 100 ug/mL for 1 hour at 37°C to kill extracellular
bacteria. The infected T24 bladder cells were washed and treated with 0, 50, 100 or 200 pg/mL
of 6 or 25 nm acid treated NDs in the presence of 10 pg/mL gentamicin for 24 hours at 37°C.
The cells were lysed with 1% Triton X-100 in PBS and cell extracts were plated onto sterile
Luria agar plates followed by incubation at 37°C for 18 hours. The bacterial CFUs were
counted on the following day that represented E. coli internalized into T24 bladder cells. The
CFU/mL obtained in infected T24 bladder cells treated with 0 ug/mL of NDs was designated
100% of internalized bacteria and the CFU/mL of all other samples were calculated relative to
this value and plotted using GraphPad Prism. For experiments involving cytochalasin D, the
infected T24 bladder cells were treated with 0, 1, 5, or 10 uM cytochalasin D for 1 hour before
adding NDs. The rest of the procedure was performed as described above.

Statistical analyses

Data were analyzed using one-way or two-way analysis of variance (ANOVA) followed by the
appropriate post-hoc tests with GraphPad Prism v7. P-value < 0.05 was considered to be sta-
tistically significant.
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Results
Purification and characterization of 6 and 25 nm NDs

The purity of commercially obtained 6 and 25 nm NDs was evaluated by Raman spectroscopy
and both sizes of NDs showed the presence of graphite that is observed at 1580 cm™ (Fig 1A).
Following acid treatment, both sizes of NDs showed a strong diamond peak at 1332 cm™* and a
reduction of the graphite peak at 1580 cm™ (Fig 1B) indicating the successful removal of most
of the graphite and other carbon impurities around the diamond core. As described previ-
ously, this procedure resulted in a diamond yield of 97.51% and 98.25% for acid-treated 6 nm
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Fig 1. Purification and characterization of 6 nm and 25 nm nanodiamonds. Raman spectra of 6 nm (A) and 25 nm
(B) commercial (black line) and acid-treated NDs (red line). FTIR spectra of 6 nm (C) and 25 nm (D) commercial
(black line) and acid-treated NDs (red line). (E) Transmission electron micrographs from 6 nm and 25 nm acid-
treated NDs. The diffraction patterns of the NDs are depicted in the inset of each image. Scale bar for 6 nm acid-
treated NDs = 5 nm and scale bar for 25 nm acid-treated NDs = 20 nm.

https://doi.org/10.1371/journal.pone.0191020.g001
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Table 1. pH and zeta potential measurements of 6 nm and 25 nm commercial and acid-treated NDs.

NDs pH Zeta potential (mV)
Commercial 6 nm 5.21 +42 + 6.47
Acid-treated 6 nm 5.71 +44 + 6.21
Commercial 25 nm 6.16 -40 + 4.32
Acid-treated 25 nm 6.54 -60 £ 5.21

https://doi.org/10.1371/journal.pone.0191020.t001

and 25 nm NDs, respectively [32]. On comparing the FTIR spectrum of acid-treated 6 and

25 nm NDs with the commercially obtained NDs, there was a strong carboxyl group band
(C=0)at 1800 cm™* that was observed only in the acid-treated NDs (Fig 1C and 1D). The
acid-treated 6 nm NDs also showed a C-N and C-N-H related peak at 1520 cm™". Zeta potential
measurements of the NDs revealed that the surface of 6 nm acid-treated NDs was positively
charged while 25 nm acid-treated NDs were negatively charged (Table 1). 6 nm NDs were
more acidic than 25 nm NDs as observed by pH measurements, however, there were no drastic
differences in the pH of the ND suspensions (Table 1). By TEM analysis, 6 nm NDs appeared
more spherical in shape while 25 nm NDs appeared to be irregular in shape (Fig 1E). In sum-
mary, the differences in surface charges and functional groups may have an impact on the
interactions of acid-treated 6 nm and 25 nm NDs with various biological systems.

6 nm NDs are less toxic to T24 bladder cells than 25 nm NDs

Nanodiamonds are known for displaying low levels of toxicity towards a variety of mammalian
cell lines [17]. The extent of cytotoxicity depends on the size as well as functional groups pres-
ent on the surface of the NDs. In order to determine if acid treatment altered the cytotoxicity
of the NDs, T24 bladder cells were treated with different concentrations of commercial and
acid treated 6 nm and 25 nm NDs for 24 hours. To assess the extent of cytotoxicity, we mea-
sured the ability of the cells to metabolize tetrazolium salts to formazan. There was a significant
decrease in cell viability upon treatment with NDs as compared to untreated sample (0 pg/
mL). There was no significant difference in cell viability between the commercial or acid-
treated samples (Fig 2). However, the cell viability was more than 50% even at the highest

A B.

[ Commercial M Acid treated 1 Commercial M Acid treated
1004 S 100 =
B hd . T
H 80%

- 80%

50+

Cell Survival (%)
g
Cell Survival (%)

c L L} T c
0 10 50 200 500 0 10 50 200 500

Concentration of 6 nm NDs (ug/mL) Concentration of 25 nm NDs (ug/mL)

Fig 2. Cytotoxicity of 6 nm and 25 nm NDs in T24 cells. T24 cells were treated with 6 nm (A) or 25 nm (B) commercial (white bars) or
acid-treated (black bars) NDs for 24 hours. Cytotoxic effects of NDs were evaluated by the MTT assay. Data are representative of at least
three independent experiments and depicted as mean + SEM. There were statistically significant (P < 0.05) decreases in the percentages
of cell survival following treatment with NDs as compared to the corresponding 0 pg/mL sample as determined by 2-way ANOVA
followed by Tukey’s multiple comparison’s test.

https://doi.org/10.1371/journal.pone.0191020.9002
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Table 2. Comparison of cytotoxicity of acid treated 6 nm and 25 nm NDs.

Concentration of NDs (ug/mL) Cell survival (%)
6 nm acid 25 nm acid
0 100.0 £ 1.0 100.0 £ 0.8
10 916+ 1.5 76.4 +3.7°*
50 86.1 £ 1.6 70.7 £ 2.3**
200 82.1+23 70.9 £ 2.1**
500 854+1.0 73.2+0.9**

**P > 0.0001 compared to corresponding concentration of 6 nm acid-treated NDs

https://doi.org/10.1371/journal.pone.0191020.t002

concentration (~85% for 6 nm and ~73% for 25 nm at 500 ug/mL). When we compared the
cytotoxicity of acid-treated 6 nm and 25 nm NDs (Table 2), 6 nm acid-treated NDs showed
significantly greater cell viability than 25 nm acid-treated NDs. Thus, 6 nm acid-treated NDs
are less toxic to T24 bladder cells than 25 nm acid-treated NDs.

6 nm NDs can kill extracellular and intracellular UPEC more effectively
than 25 nm NDs

We evaluated the antibacterial activity of the acid-treated 6 and 25 nm NDs by treating UPEC
with the NDs for 2 hours. Acid-treated 6 nm NDs displayed significant antibacterial effects

on UPEC as compared to acid-treated 25 nm NDs at a concentration of 200 ug/mL (Fig 3A).
Amoxicillin was used as a positive control for antibacterial activity. Since UPEC internalize
into host cells using the endocytic machinery, we determined the ability of acid-treated NDs to
associate and internalize into T24 bladder cells by TEM. T24 bladder cells were treated with
NDs for 4 hours, followed by fixation and processing for TEM imaging. Acid-treated 6 and 25
nm NDs were found not only to associate with the T24 bladder cells, but they were also inter-
nalized into the cells in endocytic vesicles (Fig 3B). Since we could observe NDs in the endo-
somes of cells, we determined if NDs could kill intracellular bacteria that also traftick in
endosomes. T24 bladder cells were infected with UPEC that are capable of invading into blad-
der cells to form niches. The extracellular bacteria were killed by gentamicin that is not cell
permeable and hence is ineffective against intracellular bacteria. The infected bladder cells
were treated with different concentrations of acid-treated 6 and 25 nm NDs for 24 hours.
Upon enumerating the intracellular bacteria after ND treatment, we found that there was a
significant dose dependent decrease in intracellular bacteria when the T24 bladder cells were
treated with acid-treated 6 nm NDs (Fig 3C). When infected cells were treated with acid-
treated 25 nm NDs, there was a significant reduction in intracellular UPEC only at the highest
concentration (200 ug/mL). Furthermore, acid-treated 6 nm NDs were significantly better at
killing intracellular UPEC than 25 nm NDs at all concentrations that were tested (Table 3).
Since 6 nm NDs showed lower cytotoxicity and better ability to kill extracellular and intracel-
lular UPEC, we utilized 6 nm NDs for further studies.

6 nm NDs are internalized in T24 bladder cells by 2 hours

In order to better characterize the interactions of acid treated 6 nm NDs with T24 bladder
cells, we labeled the NDs with fluorescein isothiocyanate to enable efficient detection of the
NDs by flow cytometry and confocal microscopy. T24 bladder cells were treated with different
concentrations of unlabeled acid-treated or FITC-labeled acid-treated 6 nm NDs for 1 hour at
37°C. The associations between NDs and T24 bladder cells were quantified by flow cytometry
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Fig 3. Acid-treated 6 nm NDs can kill extracellular and intracellular E. coli. (A) E. coli was treated with different
concentrations of acid treated 6 nm or 25 nm NDs. Treatment with amoxicillin was used as a positive control.
Following incubations, the samples were plated on sterile Luria agar and the colony forming units (CFU)/mL were
enumerated. The CFU/mL for the 0 pug/mL sample was determined 100%. The CFU/mL counts for ND treated samples
were determined relative to the 0 pg/mL sample. Data is represented as mean + SEM. *P<0.001, **P<0.0001 vs 0 pg/
mL was determined by one-way ANOVA followed by Tukey’s multiple comparisons test. (B) T24 cells were treated
with 6 nm or 25 nm acid-treated NDs for 4 hours and analyzed by TEM. NDs are indicated by arrows. Scale bar = 500
nm. (C) T24 cells were infected with E. coli, followed by treatment with gentamicin to kill extracellular bacteria.
Following gentamicin treatment, the infected T24 cells were treated with 6 nm or 25 nm acid treated NDs for 24 hours.
The cells were then lysed and intracellular E. coli were enumerated. The CFU/mL for the 0 ug/mL sample was
determined 100%. The CFU/mL for ND treated samples were determined relative to the 0 pug/mL sample. Data are
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representative of at least three independent experiments and depicted as mean + SEM. *P<0.01, ** P<0.0001 compared
to 0 ug/mL of the corresponding acid-treated ND was determined by two-way ANOVA followed by Tukey’s multiple
comparisons test.

https://doi.org/10.1371/journal.pone.0191020.9003

by gating the T24 bladder cells based on their forward and side scatter properties (Fig 4A).
There was a dose dependent increase in the mean fluorescence intensity (FITC fluorescence)
of the gated T24 bladder cells that were treated with FITC-labeled NDs (Fig 4A and 4B). Simi-
larly, there was a dose dependent increase in the number of cells interacting with NDs (Fig
4C). We confirmed these findings by confocal microscopy. Upon staining the nucleus and
actin filaments of T24 bladder cells, we could observe NDs interacting with T24 cells in a dose-
dependent manner (Fig 4D) and by performing z-stack analysis, the NDs were found to be
internalized in T24 bladder cells (Fig 4E). Since TEM analysis revealed that the NDs were pres-
ent in endocytic vesicles, we performed a kinetic analysis to determine when the NDs were
internalized into T24 bladder cells. T24 bladder cells were treated with NDs for different peri-
ods of time and our findings indicate that NDs interact with the plasma membrane of T24
bladder cells in 30 minutes and by 2 hours are efficiently internalized (Fig 4F and 4G).

Internalization of 6 nm NDs are required for effective killing of
intracellular bacteria

We determined if NDs utilize actin filaments to enter T24 bladder cells by treating cells with
different concentrations of cytochalasin D (an inhibitor of actin polymerization) for 1 hour
before adding the NDs. We found that treatment with 1 uM of cytochalasin D did not affect
the internalization of NDs greatly but treatment with 10 uM of cytochalasin D resulted in
majority of NDs localizing on the cell surface. Thus 10 uM of cytochalasin D was most effective
in preventing the internalization of NDs into T24 bladder cells (Fig 5A) thereby confirming
the actin-dependent uptake of NDs. We further assessed if internalization of NDs was critical
for killing of intracellular UPEC by treating infected T24 bladder cells with different concen-
trations of cytochalasin D for 1 hour prior to treatment with nanodiamonds. We observed a
dose dependent reduction in the ability of NDs to kill intracellular UPEC in the presence of
cytochalasin D (Fig 5B). ND treatment in the presence of 1 uM cytochalasin D could kill intra-
cellular UPEC efficiently. However, ND treatment in the presence of 10 uM cytochalasin D
could not effectively reduce the number of intracellular UPEC. These findings suggest that
internalization of NDs is a crucial step toward the killing of intracellular UPEC.

Discussion

Urinary tract infections (UTIs) are one of the most prevalent bacterial infections that affect
children as well as adults [9, 37]. Uropathogens, including UPEC, have developed mechanisms

Table 3. Comparison of % of internalized bacteria in cells treated with 6 nm or 25 nm NDs.

Concentration (ug/mL) CFU/mL of internalized bacteria (%)
6 nm (mean + SEM) 25 nm (mean + SEM)
0 100 £ 7.0 100 £ 7.0
50 62 +10.8 93 +6.9*
100 46 + 8.0 81 +10.3**
200 13+25 56 +7.2**

*P > 0.05 compared to corresponding concentration of 6 nm acid-treated NDs;

**P > 0.01 compared to corresponding concentration of 6 nm acid-treated NDs was determined by two-way ANOVA followed by Sidak’s multiple comparisons test.

https://doi.org/10.1371/journal.pone.0191020.t003
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Fig 4. Acid-treated 6 nm NDs are internalized in T24 cell by 2 hours. T24 cells were treated different concentrations of 6 nm acid-treated
FITC labeled of unlabeled NDs for 1 hour. The cells were washed and analyzed by flow cytometry. The gated cells were evaluated for FITC
fluorescence and the overlayed histograms (A) are depicted. The experiment was performed at least three independent times in duplicates.
The result of one representative experiment is depicted. (B) The mean fluorescence intensity (MFI) for samples treated with FITC-labeled
NDs was evaluated. The MFI of the untreated sample (ug/mL) was considered 1 and the MFI for all other samples were normalized to the
untreated sample and plotted as mean + SEM. Data are representative of at least three independent experiments. *P<0.01, **P<0.0001 was
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determined by one-way ANOVA followed by Tukey’s multiple comparisons test. (C) Scatter plots of Side scatter (SSC) vs FITC fluorescence
of gated cells are depicted. The experiment was performed at least three independent times in duplicates. The result of one representative
experiment is depicted. (D-G) T24 bladder cells were treated with different concentrations of FITC labeled 6 nm NDs for 1 hour (D-E) or with
100 pg/mL for different periods of time (F). The cells were fixed and permeabilized. The nuclei of the cells were stained with DAPI and actin
filaments were stained with phalloidin conjugated to Alexa fluor 660. The cells were then observed by confocal microscopy. The experiment
was performed at least three independent times and the result of one representative experiment is depicted. To determine the internalization
of NDs in T24 bladder cells (E), z-stack analysis was performed and a few representative stacks of one image are shown. For the kinetic
analysis (F), T24 bladder cells were treated with 100 ug/mLof FITC-labeled 6nm NDs for different periods of time. Z-stack analysis was
performed and one representative image from the middle of the stack is depicted below. NDs associated with the cell membrane (*) or
internalized in the cells (@) are shown. Scale bar = 25 um. The % of cells with NDs internalized was plotted (G) as mean + SEM.

https://doi.org/10.1371/journal.pone.0191020.g004

to evade the actions of antibiotics through the acquisition of antibiotic resistance genes or by
hiding in host tissues that enable them to internalize and persist in the urinary tract to cause
recurrent UTI infections [38]. UPEC can invade into the superficial epithelial umbrella cells of
the bladder by binding to different cell surface receptors [39-41] and once they are internal-
ized in the umbrella cells, they multiply and form IBCs [42]. The bacteria can then disperse
from IBCs and infect neighboring host cells leading to recurrent UTIs. UPEC can also invade
into the underlying transitional epithelial cells and form QIRs [43]. When the transitional epi-
thelial cells differentiate to umbrella cells, the bacteria become active and cause recurrent
UTIs. Thus, by forming IBCs and QIRs, UPEC are able to evade immune surveillance and the
action of antibiotics. Furthermore, the prevention of UTIs have been hampered by our poor
understanding of the immune mechanisms functioning in the urinary tract as well as the
absence of an effective vaccine [44]. Recently, a novel vaccine against extraintestinal E. coli has
been tested for the prevention of UTIs but until the safety and efficacy of the vaccine is con-
firmed, UTIs will remain a public health concern [45]. Hence, it is imperative to design thera-
peutics that have the ability to penetrate into the host bladder epithelial cells to disrupt these
IBCs and QIRs.

Various nanomaterials are being tested for antibacterial properties against Gram-positive
and Gram-negative bacteria for the purpose of treating infections. Recently, carbon-based
nanoparticles that include fullerenes, nanotubes and nanodiamonds among others, have also
been tested for antibacterial applications. There are contradictory reports on the antibacterial
effects of fullerenes [46, 47], but carbon nanotubes have been reported to display antibacterial
properties [48]. Kang et al., reported that single-walled carbon nanotubes showed greater anti-
bacterial activity than multi-walled carbon nanotubes by inducing the expression of stress-
related genes in E. coli [49]. In the current study we found that 6 nm acid-treated NDs dis-
played significant antibacterial properties at a concentration of 200 pg/mL against a clinical
strain of UPEC. These findings are in contrast with a study performed by Beranova et al., who
showed that air-oxidized 5 nm detonation NDs were antibacterial only at concentrations
higher than 500 pg/mL in the E. coli K12 strain [23] and Chatterjee et al., who reported that 5
nm detonation NDs that were purified by chemical treatment showed modest antibacterial
activity towards E. coli HB101 strain at a concentration of 100 pg/mL [25]. The discrepancies
observed could be due to the difference in the strains of E. coli that were used. We also propose
that differences in size and surface functional groups influence the activity of NDs with the
bacteria. An elegant study by Wehling et al., using 5 nm detonation NDs with different surface
functional groups, showed that only certain types of NDs were antibacterial. They further
demonstrated that NDs that possessed an anhydride group on their surface displayed signifi-
cant antibacterial activity against E. coli K12 strain while all other NDs showed minimal anti-
bacterial activity [24]. The 6 and 25 nm NDs that we employed in the current study were
synthesized by detonation and the HPHT method, respectively [30]. Our characterization
studies revealed that both types of NDs were effectively purified by a previously described
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Fig 5. Internalization of acid-treated 6 nm NDs are required for efficient killing of intracellular bacteria. (A) T24
cells were treated with different concentrations of cytochalasin D for 1 hour followed by treatment with 100 pg/mL of
NDs for 2 hours. The cells were fixed, permeabilized and the nuclei of the cells were stained with DAPI. Actin was
stained with phalloidin conjugated to Alexa fluor 660. The cells were then observed by confocal microscopy and
subjected to z-stack analysis to determine internalization of NDs. NDs associated with the cell membrane (*) or
internalized in the cells (@) are shown. The experiment was performed at least three independent times and the result
of one representative experiment is depicted. Scale bar = 25 pm. (B) T24 cells were infected with E. coli, followed by
treatment with gentamicin to kill extracellular bacteria. After gentamicin treatment, the infected T24 cells were treated
with different concentrations of cytochalasin D for 1 hour followed by treatment with 6 nm or 25 nm acid treated NDs
for 24 hours. The cells were then lysed and intracellular E. coli were enumerated. The cfu counts for the untreated
sample was determined 100%. The CFU counts for ND treated samples were normalized to the 0 pg/mL sample. Data
are representative of at least three independent experiments and depicted as mean + SEM. *P<0.05, ** P<0.0001
compared to 0 pg/mL of the corresponding acid-treated ND sample was determined by two-way ANOVA followed by
Tukey’s multiple comparisons test.

https://doi.org/10.1371/journal.pone.0191020.9005

PLOS ONE | https://doi.org/10.1371/journal.pone.0191020 January 11,2018 13/19


https://doi.org/10.1371/journal.pone.0191020.g005
https://doi.org/10.1371/journal.pone.0191020

@° PLOS | ONE

Nanodiamonds kill intracellular E. coli

acid-treatment method [32]. Both acid-treated NDs showed the presence of alcoholic and car-
boxylic groups on their surface and the 6 nm NDs showed the additional presence of C-N
bonds. The acid-treated NDs also had different surface charges with the 6 nm NDs being
positively charged while the 25 nm NDs being negatively charged. We speculate that these phy-
sico-chemical differences are responsible for the altered antibacterial activity observed between
the acid-treated 6 vs 25 nm NDs.

In addition to differences in antibacterial activity, the NDs also showed differences in medi-
ating cytotoxicity in T24 bladder cells. Our findings indicate that acid-treated 6 and 25 nm
NDs, enabled more than 70% of T24 bladder cells to survive at a concentration of 500 ug/mL.
Additionally, the 6 nm NDs were significantly less cytotoxic (>80% viability) to T24 bladder
cells as compared to 25 nm NDs (>70% viability). NDs have been shown to display less cyto-
toxicity than other nanoparticles like nanotubes and graphite. Schrand et al., showed that NDs
were more biocompatible than single- or multi-walled nanotubes and carbon black in a neuro-
blastoma cell line and rat alveolar macrophages [18]. NDs were also less toxic than nanogra-
phite making them more advantageous for human-based therapeutic applications [17]. Similar
to antibacterial activity, the differences in levels of cytotoxicity between the 6 and 25 nm acid-
treated NDs can be attributed to the differences in size and surface functional groups. Our
results on 6 nm NDs showed least cytotoxicity on bladder cells. Some of the previous studies
on NDs have shown that size is the main determinant of nanoparticle cytotoxicity as it deter-
mines the bio-distribution of nanoparticles delivery system. In fact, smaller size ultra-crystal-
line diamond films used in in vitro and in vivo models were found to reduce host
inflammatory response by down-regulating cytokine and chemokine responses [50, 51].

TEM imaging revealed that acid-treated NDs were present in endocytic vesicles of T24
bladder cells. During UTTs, UPEC also invade into bladder cells through the endocytic path-
way and hence traffick through endosomes [52]. We hypothesized that NDs will be internal-
ized in human bladder cells and facilitate the killing of intracellular UPEC. We observed that 6
nm acid-treated NDs were significantly better in reducing the number of intracellular UPEC
than 25 nm NDs in T24 bladder cells thereby validating our hypothesis. This is the first study
that demonstrates the ability of plain NDs to internalize into human bladder epithelial cells
and kill intracellular UPEC. There has been a report stating that NDs conjugated with glycans
like tri-thiomannoside clusters prevents bacterial biofilm formation and inhibits adhesion of
E. coli to T24 bladder cells, but the ability of NDs to kill intracellular E. coli was not determined
in that study [53]. Among other nanoparticles, there is a report demonstrating that mesopor-
ous silica nanoparticles loaded with rifampin could kill intracellular M. tuberculosis present in
macrophages with greater efficacy than free rifampin. However the study also showed that
plain silica nanoparticles were ineffective [54]. Thus, our finding that plain NDs could decrease
the bacterial load in infected mammalian host cells is unique and novel.

It is now well established that nanostructures of different sizes and shapes interact differ-
ently with the cells at molecular level [55]. The binding and activation of membrane receptors
and subsequent protein expression has been shown strongly depend on nanoparticle size. To
validate our studies of NDs associating with T24 bladder cells, we characterized the interaction
of 6 nm acid-treated NDs with T24 bladder cells by flow cytometry and confocal microscopy.
The NDs bound to T24 bladder cells in a dose dependent manner and we could observe the
NDs inside the T24 bladder cells 2 hours post-treatment by confocal microscopy. There
are studies demonstrating the internalization of NDs into other mammalian cell lines like
SH-SY5Y, HeLa, NIH/3T3 etc. [16, 56, 57]. NDs have been shown to internalize into mamma-
lian cells predominantly by clathrin-dependent endocytosis but can also be taken up by macro-
pinocytosis [26, 58]. In the current study, the internalization of 6 nm acid-treated NDs in T24
bladder cells was dependent on actin polymerization. Furthermore, the internalization of 6 nm
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NDs in T24 bladder cells was critical for the ability of the NDs to reduce intracellular UPEC in
infected T24 bladder cells. Thus, interactions of NDs with the cell surface was not enough to
reduce the intracellular bacterial load. The identity of extracellular receptors that are involved
in the internalization of NDs are not known but there have been reports indicating that NDs
can bind to proteins in serum that facilitate their uptake by mammalian cells [59].

Based on our findings in bladder cells, 6 nm acid-treated NDs bind, internalize and are able
to kill intracellular UPEC and thus may serve as future platforms for newer antimicrobial ther-
apeutic agents. Internalized 6nm NDs may induce signaling and gene changes such as oxida-
tive stress, cell cycle regulation and inflammation to inhibit E. coli survival in the endosomes
or bacteria escaping to the cytosol.

Future aim of our studies are to test targeted delivery of these 6 nm NDs using intravenous
route using thermosensitive liposome technology [60] or deliver NDs intravesically in to the
bladder by urethral catheterization to treat resistant UTI in an in vivo mouse model. We will
assess the antimicrobial effects of the NDs in the infected bladder and also effects in other
major organs such as liver, spleen, and kidneys. Many anti-cancer drugs for bladder cancer are
delivered intravesically and thus, it is a well-established route for drug delivery in addition to
intravenous delivery. Further, NDs are being developed for bio-imaging and drug delivery.
These studies have reported that small size NDs injected via the intravenous route go to liver,
spleen and kidneys but cause minimal toxicity and are finally excreted in the urine [61].

We are performing studies for loading NDs with appropriate antimicrobial agents so that
we can generate more efficient therapeutic agents for the dual purpose of targeting intracellu-
lar uropathogens and delivering low doses of antimicrobial agents. We are also investigating
the therapeutic efficacy of NDs in treating UTIs in a preclinical in vivo model of UTI [33]. It
has been shown that intravenous administration of NDs resulted in a low in vivo toxicity and
excretion of the NDs in the urinary bladder [62, 63]. Hence, we are confident that administra-
tion of 6 nm acid-treated NDs can serve as novel therapeutics for treating UTIs.

Acknowledgments

We would like to thank Lisa Whitworth from the Oklahoma State University Microscopy Lab-
oratory for her technical assistance in TEM imaging. Parts of this work were carried out in the
Microscopy Laboratory, Oklahoma State University, which received funds for purchasing the
equipment from the NSF MRI program.

Author Contributions

Conceptualization: Janaki Kannan Iyer, Anil Kaul, Rashmi Kaul.

Data curation: Janaki Kannan Iyer, Rashmi Kaul.

Formal analysis: Janaki Kannan Iyer, Alexia Dickey.

Funding acquisition: Anil Kaul, Raj Narain Singh, Rashmi Kaul.

Investigation: Janaki Kannan Iyer, Alexia Dickey, Parvaneh Rouhani, Nirmal Govindaraju.
Methodology: Janaki Kannan Iyer, Anil Kaul, Rashmi Kaul.

Project administration: Anil Kaul, Raj Narain Singh, Rashmi Kaul.

Resources: Raj Narain Singh, Rashmi Kaul.

Supervision: Raj Narain Singh, Rashmi Kaul.

Validation: Raj Narain Singh, Rashmi Kaul.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191020 January 11,2018 15/19


https://doi.org/10.1371/journal.pone.0191020

@° PLOS | ONE

Nanodiamonds kill intracellular E. coli

Visualization: Janaki Kannan Iyer, Parvaneh Rouhani.

Writing - original draft: Janaki Kannan Iyer, Parvaneh Rouhani, Rashmi Kaul.

Writing - review & editing: Janaki Kannan Iyer, Alexia Dickey, Parvaneh Rouhani, Anil

Kaul, Nirmal Govindaraju, Raj Narain Singh, Rashmi Kaul.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

DeFrances CJ, Lucas CA, Buie VC, Golosinskiy A. 2006 National Hospital Discharge Survey. National
health statistics reports. 2008;(5):1-20. PMID: 18841653.

Litwin MS, Saigal CS, Yano EM, Avila C, Geschwind SA, Hanley JM, et al. Urologic diseases in America
Project: analytical methods and principal findings. The Journal of urology. 2005; 173(3):933-7. https://
doi.org/10.1097/01.ju.0000152365.43125.3b PMID: 15711342.

Czaja CA, Scholes D, Hooton TM, Stamm WE. Population-based epidemiologic analysis of acute
pyelonephritis. Clinical infectious diseases: an official publication of the Infectious Diseases Society of
America. 2007; 45(3):273-80. https://doi.org/10.1086/519268 PMID: 17599303.

Griebling TL. Urologic diseases in america project: trends in resource use for urinary tract infections in
men. The Journal of urology. 2005; 173(4):1288-94. https://doi.org/10.1097/01.ju.0000155595.98120.
8e PMID: 15758784.

Kodner CM, Thomas Gupton EK. Recurrent urinary tract infections in women: diagnosis and manage-
ment. American family physician. 2010; 82(6):638—43. PMID: 20842992.

Ikaheimo R, Siitonen A, Heiskanen T, Karkkainen U, Kuosmanen P, Lipponen P, et al. Recurrence of
urinary tract infection in a primary care setting: analysis of a 1-year follow-up of 179 women. Clinical
infectious diseases: an official publication of the Infectious Diseases Society of America. 1996; 22
(1):91-9. PMID: 8824972.

Ejrnaes K, Sandvang D, Lundgren B, Ferry S, Holm S, Monsen T, et al. Pulsed-field gel electrophoresis
typing of Escherichia coli strains from samples collected before and after pivmecillinam or placebo treat-
ment of uncomplicated community-acquired urinary tract infection in women. Journal of clinical microbi-
ology. 2006; 44(5):1776-81. https://doi.org/10.1128/JCM.44.5.1776-1781.2006 PMID: 16672406.

Jorgensen |, Seed PC. How to make it in the urinary tract: a tutorial by Escherichia coli. PLoS patho-
gens. 2012; 8(10):e1002907. https://doi.org/10.1371/journal.ppat.1002907 PMID: 23055921.

Flores-Mireles AL, Walker JN, Caparon M, Hultgren SJ. Urinary tract infections: epidemiology, mecha-
nisms of infection and treatment options. Nature reviews Microbiology. 2015; 13(5):269-84. https://doi.
org/10.1038/nrmicro3432 PMID: 25853778.

Sanchez GV, Master RN, Karlowsky JA, Bordon JM. In vitro antimicrobial resistance of urinary Escheri-
chia coli isolates among U.S. outpatients from 2000 to 2010. Antimicrobial agents and chemotherapy.
2012; 56(4):2181-3. https://doi.org/10.1128/AAC.06060-11 PMID: 22252813.

Vellinga A, Tansey S, Hanahoe B, Bennett K, Murphy AW, Cormican M. Trimethoprim and ciprofloxacin
resistance and prescribing in urinary tract infection associated with Escherichia coli: a multilevel model.
The Journal of antimicrobial chemotherapy. 2012; 67(10):2523-30. https://doi.org/10.1093/jac/dks222
PMID: 22729920.

Gupta K, Sahm DF, Mayfield D, Stamm WE. Antimicrobial resistance among uropathogens that cause
community-acquired urinary tract infections in women: a nationwide analysis. Clinical infectious dis-
eases: an official publication of the Infectious Diseases Society of America. 2001; 33(1):89-94. https:/
doi.org/10.1086/320880 PMID: 11389500.

Partha R, Conyers JL. Biomedical applications of functionalized fullerene-based nanomaterials. Inter-
national journal of nanomedicine. 2009; 4:261-75. PMID: 20011243.

Sharma P, Mehra NK, Jain K, Jain NK. Biomedical Applications of Carbon Nanotubes: A Critical
Review. Current drug delivery. 2016; 13(6):796-817. PMID: 27339036.

Lai L, Barnard AS. Functionalized Nanodiamonds for Biological and Medical Applications. Journal of
nanoscience and nanotechnology. 2015; 15(2):989-99. PMID: 26353604.

Faklaris O, Garrot D, Joshi V, Druon F, Boudou JP, Sauvage T, et al. Detection of single photolumines-
cent diamond nanoparticles in cells and study of the internalization pathway. Small. 2008; 4(12):2236—
9. https://doi.org/10.1002/smll.200800655 PMID: 18989862.

Zakrzewska KE, Samluk A, Wierzbicki M, Jaworski S, Kutwin M, Sawosz E, et al. Analysis of the cyto-
toxicity of carbon-based nanoparticles, diamond and graphite, in human glioblastoma and hepatoma
celllines. PloS one. 2015; 10(3):e0122579. https://doi.org/10.1371/journal.pone.0122579 PMID:
25816103.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191020 January 11,2018 16/19


http://www.ncbi.nlm.nih.gov/pubmed/18841653
https://doi.org/10.1097/01.ju.0000152365.43125.3b
https://doi.org/10.1097/01.ju.0000152365.43125.3b
http://www.ncbi.nlm.nih.gov/pubmed/15711342
https://doi.org/10.1086/519268
http://www.ncbi.nlm.nih.gov/pubmed/17599303
https://doi.org/10.1097/01.ju.0000155595.98120.8e
https://doi.org/10.1097/01.ju.0000155595.98120.8e
http://www.ncbi.nlm.nih.gov/pubmed/15758784
http://www.ncbi.nlm.nih.gov/pubmed/20842992
http://www.ncbi.nlm.nih.gov/pubmed/8824972
https://doi.org/10.1128/JCM.44.5.1776-1781.2006
http://www.ncbi.nlm.nih.gov/pubmed/16672406
https://doi.org/10.1371/journal.ppat.1002907
http://www.ncbi.nlm.nih.gov/pubmed/23055921
https://doi.org/10.1038/nrmicro3432
https://doi.org/10.1038/nrmicro3432
http://www.ncbi.nlm.nih.gov/pubmed/25853778
https://doi.org/10.1128/AAC.06060-11
http://www.ncbi.nlm.nih.gov/pubmed/22252813
https://doi.org/10.1093/jac/dks222
http://www.ncbi.nlm.nih.gov/pubmed/22729920
https://doi.org/10.1086/320880
https://doi.org/10.1086/320880
http://www.ncbi.nlm.nih.gov/pubmed/11389500
http://www.ncbi.nlm.nih.gov/pubmed/20011243
http://www.ncbi.nlm.nih.gov/pubmed/27339036
http://www.ncbi.nlm.nih.gov/pubmed/26353604
https://doi.org/10.1002/smll.200800655
http://www.ncbi.nlm.nih.gov/pubmed/18989862
https://doi.org/10.1371/journal.pone.0122579
http://www.ncbi.nlm.nih.gov/pubmed/25816103
https://doi.org/10.1371/journal.pone.0191020

@° PLOS | ONE

Nanodiamonds kill intracellular E. coli

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Schrand AM D L.; Schlager J. J.; Hussain S. M.; Osawa E. Differential biocompatibility of carbon nano-
tubes and nanodiamonds. Diamond & Related Materials. 2007; 16:2118-23.

Man HB, Kim H, Kim HJ, Robinson E, Liu WK, Chow EK, et al. Synthesis of nanodiamond-daunorubicin
conjugates to overcome multidrug chemoresistance in leukemia. Nanomedicine: nanotechnology, biol-
ogy, and medicine. 2014; 10(2):359-69. https://doi.org/10.1016/j.nan0.2013.07.014 PMID: 23916889.

Salaam AD, Hwang PT, Poonawalla A, Green HN, Jun HW, Dean D. Nanodiamonds enhance thera-
peutic efficacy of doxorubicin in treating metastatic hormone-refractory prostate cancer. Nanotechnol-
ogy. 2014; 25(42):425103. https://doi.org/10.1088/0957-4484/25/42/425103 PMID: 25277401.

Wang X, Low XC, Hou W, Abdullah LN, Toh TB, Mohd Abdul Rashid M, et al. Epirubicin-adsorbed
nanodiamonds kill chemoresistant hepatic cancer stem cells. ACS nano. 2014; 8(12):12151-66. https://
doi.org/10.1021/nn503491e PMID: 25437772.

Xiao J, Duan X, Yin Q, Zhang Z, Yu H, Li Y. Nanodiamonds-mediated doxorubicin nuclear delivery to
inhibit lung metastasis of breast cancer. Biomaterials. 2013; 34(37):9648-56. https://doi.org/10.1016/].
biomaterials.2013.08.056 PMID: 24016858.

Beranova J, Seydlova G, Kozak H, Benada O, Fiser R, Artemenko A, et al. Sensitivity of bacteria to dia-
mond nanopatrticles of various size differs in gram-positive and gram-negative cells. FEMS microbiology
letters. 2014; 351(2):179-86. https://doi.org/10.1111/1574-6968.12373 PMID: 24386940.

Wehling J, Dringen R, Zare RN, Maas M, Rezwan K. Bactericidal activity of partially oxidized nanodia-
monds. ACS nano. 2014; 8(6):6475-83. https://doi.org/10.1021/nn502230m PMID: 24861876.

Chatterjee A, Perevedentseva E, Jani M, Cheng CY, Ye YS, Chung PH, et al. Antibacterial effect of
ultrafine nanodiamond against gram-negative bacteria Escherichia coli. Journal of biomedical optics.
2015; 20(5):051014. https://doi.org/10.1117/1.JBO.20.5.051014 PMID: 25500913.

Alhaddad A, Durieu C, Dantelle G, Le Cam E, Malvy C, Treussart F, et al. Influence of the internalization
pathway on the efficacy of siRNA delivery by cationic fluorescent nanodiamonds in the Ewing sarcoma
cell model. PloS one. 2012; 7(12):€52207. https://doi.org/10.1371/journal.pone.0052207 PMID:
23284935.

Nowicki B, Holthofer H, Saraneva T, Rhen M, Vaisanen-Rhen V, Korhonen TK. Location of adhesion
sites for P-fimbriated and for 075X-positive Escherichia coli in the human kidney. Microbial pathogene-
sis. 1986; 1(2):169-80. PMID: 2907770.

Goluszko P, Moseley SL, Truong LD, Kaul A, Williford JR, Selvarangan R, et al. Development of experi-
mental model of chronic pyelonephritis with Escherichia coli O75:K5:H-bearing Dr fimbriae: mutation in
the dra region prevented tubulointerstitial nephritis. The Journal of clinical investigation. 1997; 99
(7):1662—-72. https://doi.org/10.1172/JCI119329 PMID: 9120010.

Servin AL. Pathogenesis of Afa/Dr diffusely adhering Escherichia coli. Clinical microbiology reviews.
2005; 18(2):264—92. https://doi.org/10.1128/CMR.18.2.264-292.2005 PMID: 15831825.

Holt KB. Diamond at the nanoscale: applications of diamond nanoparticles from cellular biomarkers to
quantum computing. Philosophical transactions Series A, Mathematical, physical, and engineering sci-
ences. 2007; 365(1861):2845—-61. https://doi.org/10.1098/rsta.2007.0005 PMID: 17855222.

Shenderova OA, McGuire GE. Science and engineering of nanodiamond particle surfaces for biological
applications (Review). Biointerphases. 2015; 10(3):030802. https://doi.org/10.1116/1.4927679 PMID:
26245200.

Rouhani P, Govindaraju N, lyer JK, Kaul R, Kaul A, Singh RN. Purification and functionalization of nano-
diamond to serve as a platform for amoxicillin delivery. Materials science & engineering C, Materials for
biological applications. 2016; 63:323—-32. https://doi.org/10.1016/j.msec.2016.02.075 PMID: 27040226.

Kaul AK, Khan S, Martens MG, Crosson JT, Lupo VR, Kaul R. Experimental gestational pyelonephritis
induces preterm births and low birth weights in C3H/HedJ mice. Infection and immunity. 1999; 67
(11):5958-66. PMID: 10531254.

Bubenik J, Baresova M, Viklicky V, Jakoubkova J, Sainerova H, Donner J. Established cell line of uri-
nary bladder carcinoma (T24) containing tumour-specific antigen. International journal of cancer. 1973;
11(3):765-73. PMID: 4133950.

Mosmann T. Rapid colorimetric assay for cellular growth and survival: application to proliferation and
cytotoxicity assays. Journal of immunological methods. 1983; 65(1-2):55-63. PMID: 6606682.

lyer JK, Khurana T, Langer M, West CM, Ballard JD, Metcalf JP, et al. Inflammatory cytokine response
to Bacillus anthracis peptidoglycan requires phagocytosis and lysosomal trafficking. Infection and
immunity. 2010; 78(6):2418-28. https://doi.org/10.1128/IA1.00170-10 PMID: 20308305.

Doern CD, Richardson SE. Diagnosis of Urinary Tract Infections in Children. Journal of clinical microbi-
ology. 2016; 54(9):2233—42. https://doi.org/10.1128/JCM.00189-16 PMID: 27053673.

Lewis AJ, Richards AC, Mulvey MA. Invasion of Host Cells and Tissues by Uropathogenic Bacteria. Micro-
biology spectrum. 2016; 4(6). https://doi.org/10.1128/microbiolspec.UTI-0026-2016 PMID: 28087946.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191020 January 11,2018 17/19


https://doi.org/10.1016/j.nano.2013.07.014
http://www.ncbi.nlm.nih.gov/pubmed/23916889
https://doi.org/10.1088/0957-4484/25/42/425103
http://www.ncbi.nlm.nih.gov/pubmed/25277401
https://doi.org/10.1021/nn503491e
https://doi.org/10.1021/nn503491e
http://www.ncbi.nlm.nih.gov/pubmed/25437772
https://doi.org/10.1016/j.biomaterials.2013.08.056
https://doi.org/10.1016/j.biomaterials.2013.08.056
http://www.ncbi.nlm.nih.gov/pubmed/24016858
https://doi.org/10.1111/1574-6968.12373
http://www.ncbi.nlm.nih.gov/pubmed/24386940
https://doi.org/10.1021/nn502230m
http://www.ncbi.nlm.nih.gov/pubmed/24861876
https://doi.org/10.1117/1.JBO.20.5.051014
http://www.ncbi.nlm.nih.gov/pubmed/25500913
https://doi.org/10.1371/journal.pone.0052207
http://www.ncbi.nlm.nih.gov/pubmed/23284935
http://www.ncbi.nlm.nih.gov/pubmed/2907770
https://doi.org/10.1172/JCI119329
http://www.ncbi.nlm.nih.gov/pubmed/9120010
https://doi.org/10.1128/CMR.18.2.264-292.2005
http://www.ncbi.nlm.nih.gov/pubmed/15831825
https://doi.org/10.1098/rsta.2007.0005
http://www.ncbi.nlm.nih.gov/pubmed/17855222
https://doi.org/10.1116/1.4927679
http://www.ncbi.nlm.nih.gov/pubmed/26245200
https://doi.org/10.1016/j.msec.2016.02.075
http://www.ncbi.nlm.nih.gov/pubmed/27040226
http://www.ncbi.nlm.nih.gov/pubmed/10531254
http://www.ncbi.nlm.nih.gov/pubmed/4133950
http://www.ncbi.nlm.nih.gov/pubmed/6606682
https://doi.org/10.1128/IAI.00170-10
http://www.ncbi.nlm.nih.gov/pubmed/20308305
https://doi.org/10.1128/JCM.00189-16
http://www.ncbi.nlm.nih.gov/pubmed/27053673
https://doi.org/10.1128/microbiolspec.UTI-0026-2016
http://www.ncbi.nlm.nih.gov/pubmed/28087946
https://doi.org/10.1371/journal.pone.0191020

@° PLOS | ONE

Nanodiamonds kill intracellular E. coli

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Thumbikat P, Berry RE, Zhou G, Billips BK, Yaggie RE, Zaichuk T, et al. Bacteria-induced uroplakin sig-
naling mediates bladder response to infection. PLoS pathogens. 2009; 5(5):e1000415. https://doi.org/
10.1371/journal.ppat.1000415 PMID: 19412341.

Eto DS, Jones TA, Sundsbak JL, Mulvey MA. Integrin-mediated host cell invasion by type 1-piliated uro-
pathogenic Escherichia coli. PLoS pathogens. 2007; 3(7):e100. https://doi.org/10.1371/journal.ppat.
0030100 PMID: 17630833.

Fang L, Nowicki BJ, Urvil P, Goluszko P, Nowicki S, Young SL, et al. Epithelial invasion by Escherichia
coli bearing Dr fimbriae is controlled by nitric oxide-regulated expression of CD55. Infection and immu-
nity. 2004; 72(5):2907-14. https://doi.org/10.1128/IAl.72.5.2907-2914.2004 PMID: 15102803.

Anderson GG, Palermo JJ, Schilling JD, Roth R, Heuser J, Hultgren SJ. Intracellular bacterial biofilm-
like pods in urinary tract infections. Science. 2003; 301(5629):105-7. https://doi.org/10.1126/science.
1084550 PMID: 12843396.

Mysorekar U, Hultgren SJ. Mechanisms of uropathogenic Escherichia coli persistence and eradication
from the urinary tract. Proceedings of the National Academy of Sciences of the United States of Amer-
ica. 2006; 103(38):14170-5. https://doi.org/10.1073/pnas.0602136103 PMID: 16968784.

Brumbaugh AR, Mobley HL. Preventing urinary tract infection: progress toward an effective Escherichia
coli vaccine. Expert review of vaccines. 2012; 11(6):663—76. https://doi.org/10.1586/erv.12.36 PMID:
22873125.

Huttner A, Hatz C, van den Dobbelsteen G, Abbanat D, Hornacek A, Frolich R, et al. Safety, immunoge-
nicity, and preliminary clinical efficacy of a vaccine against extraintestinal pathogenic Escherichia coli in
women with a history of recurrent urinary tract infection: a randomised, single-blind, placebo-controlled
phase 1b trial. The Lancet Infectious diseases. 2017. https://doi.org/10.1016/S1473-3099(17)30108-1
PMID: 28238601.

Hadduck AN, Hindagolla V, Contreras AE, Li Q, Bakalinsky AT. Does aqueous fullerene inhibit the
growth of Saccharomyces cerevisiae or Escherichia coli? Applied and environmental microbiology.
2010; 76(24):8239-42. https://doi.org/10.1128/AEM.01925-10 PMID: 20952654.

Hsu TC, Liu KK, Chang HC, Hwang E, Chao JI. Labeling of neuronal differentiation and neuron cells
with biocompatible fluorescent nanodiamonds. Scientific reports. 2014; 4:5004. https://doi.org/10.1038/
srep05004 PMID: 24830447.

Taylor E, Webster TJ. Reducing infections through nanotechnology and nanoparticles. International
journal of nanomedicine. 2011; 6:1463-73. https://doi.org/10.2147/IJN.S22021 PMID: 21796248.

Kang S, Herzberg M, Rodrigues DF, Elimelech M. Antibacterial effects of carbon nanotubes: size does
matter! Langmuir: the ACS journal of surfaces and colloids. 2008; 24(13):6409—13. https://doi.org/10.
1021/1a800951v PMID: 18512881.

Chen YC, Tsai CY, Lee CY, Lin IN. In vitro and in vivo evaluation of ultrananocrystalline diamond as an
encapsulation layer for implantable microchips. Acta biomaterialia. 2014; 10(5):2187-99. https://doi.
org/10.1016/j.actbio.2014.01.014 PMID: 24440422.

Solarska K, Gajewska A, Bartosz G, Mitura K. Induction of apoptosis in human endothelial cells by
nanodiamond particles. Journal of nanoscience and nanotechnology. 2012; 12(6):5117-21. PMID:
22905588.

Blango MG, Mulvey MA. Persistence of uropathogenic Escherichia coli in the face of multiple antibiotics.
Antimicrobial agents and chemotherapy. 2010; 54(5):1855—-63. https://doi.org/10.1128/AAC.00014-10
PMID: 20231390.

Khanal M, Larsonneur F, Raks V, Barras A, Baumann JS, Martin FA, et al. Inhibition of type 1 fimbriae-
mediated Escherichia coli adhesion and biofilm formation by trimeric cluster thiomannosides conjugated
to diamond nanoparticles. Nanoscale. 2015; 7(6):2325-35. https://doi.org/10.1039/c4nr05906a PMID:
25559389.

Clemens DL, Lee BY, Xue M, Thomas CR, Meng H, Ferris D, et al. Targeted intracellular delivery of
antituberculosis drugs to Mycobacterium tuberculosis-infected macrophages via functionalized meso-
porous silica nanoparticles. Antimicrobial agents and chemotherapy. 2012; 56(5):2535—45. https://doi.
org/10.1128/AAC.06049-11 PMID: 22354311.

Jiang W, Kim BY, Rutka JT, Chan WC. Nanoparticle-mediated cellular response is size-dependent.
Nature nanotechnology. 2008; 3(3):145-50. https://doi.org/10.1038/nnano0.2008.30 PMID: 18654486.

Vaitkuviene A, Ratautaite V, Ramanaviciene A, Sanen K, Paesen R, Ameloot M, et al. Impact of dia-
mond nanoparticles on neural cells. Molecular and cellular probes. 2015; 29(1):25-30. https://doi.org/
10.1016/j.mcp.2014.10.005 PMID: 25449951.

Alhaddad A, Adam MP, Botsoa J, Dantelle G, Perruchas S, Gacoin T, et al. Nanodiamond as a vector
for siRNA delivery to Ewing sarcoma cells. Small. 2011; 7(21):3087-95. https://doi.org/10.1002/smll.
201101193 PMID: 21913326.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191020 January 11,2018 18/19


https://doi.org/10.1371/journal.ppat.1000415
https://doi.org/10.1371/journal.ppat.1000415
http://www.ncbi.nlm.nih.gov/pubmed/19412341
https://doi.org/10.1371/journal.ppat.0030100
https://doi.org/10.1371/journal.ppat.0030100
http://www.ncbi.nlm.nih.gov/pubmed/17630833
https://doi.org/10.1128/IAI.72.5.2907-2914.2004
http://www.ncbi.nlm.nih.gov/pubmed/15102803
https://doi.org/10.1126/science.1084550
https://doi.org/10.1126/science.1084550
http://www.ncbi.nlm.nih.gov/pubmed/12843396
https://doi.org/10.1073/pnas.0602136103
http://www.ncbi.nlm.nih.gov/pubmed/16968784
https://doi.org/10.1586/erv.12.36
http://www.ncbi.nlm.nih.gov/pubmed/22873125
https://doi.org/10.1016/S1473-3099(17)30108-1
http://www.ncbi.nlm.nih.gov/pubmed/28238601
https://doi.org/10.1128/AEM.01925-10
http://www.ncbi.nlm.nih.gov/pubmed/20952654
https://doi.org/10.1038/srep05004
https://doi.org/10.1038/srep05004
http://www.ncbi.nlm.nih.gov/pubmed/24830447
https://doi.org/10.2147/IJN.S22021
http://www.ncbi.nlm.nih.gov/pubmed/21796248
https://doi.org/10.1021/la800951v
https://doi.org/10.1021/la800951v
http://www.ncbi.nlm.nih.gov/pubmed/18512881
https://doi.org/10.1016/j.actbio.2014.01.014
https://doi.org/10.1016/j.actbio.2014.01.014
http://www.ncbi.nlm.nih.gov/pubmed/24440422
http://www.ncbi.nlm.nih.gov/pubmed/22905588
https://doi.org/10.1128/AAC.00014-10
http://www.ncbi.nlm.nih.gov/pubmed/20231390
https://doi.org/10.1039/c4nr05906a
http://www.ncbi.nlm.nih.gov/pubmed/25559389
https://doi.org/10.1128/AAC.06049-11
https://doi.org/10.1128/AAC.06049-11
http://www.ncbi.nlm.nih.gov/pubmed/22354311
https://doi.org/10.1038/nnano.2008.30
http://www.ncbi.nlm.nih.gov/pubmed/18654486
https://doi.org/10.1016/j.mcp.2014.10.005
https://doi.org/10.1016/j.mcp.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25449951
https://doi.org/10.1002/smll.201101193
https://doi.org/10.1002/smll.201101193
http://www.ncbi.nlm.nih.gov/pubmed/21913326
https://doi.org/10.1371/journal.pone.0191020

@° PLOS | ONE

Nanodiamonds kill intracellular E. coli

58.

59.

60.

61.

62.

63.

Faklaris O, Joshi V, Irinopoulou T, Tauc P, Sennour M, Girard H, et al. Photoluminescent diamond
nanoparticles for cell labeling: study of the uptake mechanism in mammalian cells. ACS nano. 2009; 3
(12):3955-62. https://doi.org/10.1021/nn901014j PMID: 19863087.

Bhattacharya K, Mukherjee SP, Gallud A, Burkert SC, Bistarelli S, Bellucci S, et al. Biological interac-
tions of carbon-based nanomaterials: From coronation to degradation. Nanomedicine: nanotechnology,
biology, and medicine. 2016; 12(2):333-51. https://doi.org/10.1016/j.nano0.2015.11.011 PMID:
26707820.

YuM, Guo F, Tan F, Li N. Dual-targeting nanocarrier system based on thermosensitive liposomes and
gold nanorods for cancer thermo-chemotherapy. Journal of controlled release: official journal of the
Controlled Release Society. 2015; 215:91-100. https://doi.org/10.1016/j.jconrel.2015.08.003 PMID:
26256259.

Moore L, Yang J, Lan TT, Osawa E, Lee DK, Johnson WD, et al. Biocompatibility Assessment of Deto-
nation Nanodiamond in Non-Human Primates and Rats Using Histological, Hematologic, and Urine
Analysis. ACS nano. 2016; 10(8):7385—400. https://doi.org/10.1021/acsnano.6b00839 PMID:
27439019.

ZhuY, LiJ, LiW, Zhang Y, Yang X, Chen N, et al. The biocompatibility of nanodiamonds and their appli-
cation in drug delivery systems. Theranostics. 2012; 2(3):302—12. https://doi.org/10.7150/thno.3627
PMID: 22509196.

Rojas S, Gispert JD, Martin R, Abad S, Menchon C, Pareto D, et al. Biodistribution of amino-functiona-
lized diamond nanoparticles. In vivo studies based on 18F radionuclide emission. ACS nano. 2011; 5
(7):5552-9. https://doi.org/10.1021/nn200986z PMID: 21657210.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191020 January 11,2018 19/19


https://doi.org/10.1021/nn901014j
http://www.ncbi.nlm.nih.gov/pubmed/19863087
https://doi.org/10.1016/j.nano.2015.11.011
http://www.ncbi.nlm.nih.gov/pubmed/26707820
https://doi.org/10.1016/j.jconrel.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26256259
https://doi.org/10.1021/acsnano.6b00839
http://www.ncbi.nlm.nih.gov/pubmed/27439019
https://doi.org/10.7150/thno.3627
http://www.ncbi.nlm.nih.gov/pubmed/22509196
https://doi.org/10.1021/nn200986z
http://www.ncbi.nlm.nih.gov/pubmed/21657210
https://doi.org/10.1371/journal.pone.0191020

