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Background: As antibiotics progressively cease to be effective, silver based nanoparticles
(SBNs), with broad antibacterial spectrum, might be the last line of defense against malicious
bacteria. Unfortunately, there are still no proper SBNs-based strategies for in vivo antibacte-
rial therapies. In this article, new carbon membrane packaged Ag nanoparticles (Ag-C) were
synthesized. We assessed the effect of Ag-C with NaCl on size, cytotoxicity, antibacterial
properties, metabolism and sepsis models.

Methods: The size of Ag-C with NaCl was accessed with UV-vis, TEM and SEM.
Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa were used to illustrate
the antibacterial properties of SBNs affected by NaCl. L929 and 3T3 cell lines were cultured in
vitro; CCK-8 assay was used to test cytotoxicity. Then, we explored the metabolism of Ag-C
with NaCl in vivo. Finally, the effect of Ag-C with 4x NaCl on sepsis was observed.
Results: NaCl could regulate the size of Ag-C. Ag-C exhibited superior antibacterial properties
compared to similar sized pure Ag nanoparticles. Furthermore, the addition of NaCl could not
only reduce the cytotoxicity of Ag-C, but could also continue to discharge Ag-C from major
organs. Based on these factors, this method was used to treat a sepsis model (induced via cecal
ligation and puncture), and it achieved satisfactory survival results.

Conclusion: This discovery, though still in its infancy, could significantly improve the safety and
feasibility of SBNs and could potentially play an important role in modern in vivo antibacterial
applications. Thus, a new method to combating the growing threat from drug-resistant bacteria
could be possible. NaCl is the key to excretion of SBNs after in vivo antibacterial use.
Keywords: Ag nanoparticles, NaCl, cytotoxicity, antibacterial, metabolism

Introduction
Since the discovery of penicillin in 1928, antibiotics have gradually become one of the
bases of modern health care by saving billions of patients around the world.! However,
with the misuse of antibiotics in clinics and animal husbandry, many bacteria have
evolved in the past nearly 90 years, they are no longer sensitive to antibiotics and have
caused bacterial resistance worldwide.>* People will be forced to face a devastating
reality, which is the post-antibiotics era, where most cures become futile. To solve this
problem, the general public, medical practitioners, policy makers, and pharmaceutical
companies are called upon to find a solution for this crisis.*” Currently, the present
methods are only able to delay the occurrence of antibiotic resistance. No solution
has been found to fundamentally eliminate the problem indefinitely.®’ Therefore, new
antibacterial concepts are desperately needed to solve the current bacterial resistance
problem. One suggestion is to develop an effective and safe antibiotic substitute.!!!
Nano-science and technology is an emerging field with a lasting impact on medical
science.'>!3 Owing to their excellent broad-spectrum antibacterial property, various
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silver based nanoparticles (SBNs) have been used extensively
in vitro in antibacterial fields.'*'” In theory, SBNs might
also have an inhibitory effect on pathogens in vivo, includ-
ing some drug-resistant strains. If the safe use of SBNs in
the body was guaranteed, it might be able to replace some
existing antibiotics.!! By these means, bacteremia, skin
infections, bacterial meningitis, and other related diseases
could have new treatments. However, to our knowledge,
surprisingly few studies are focused on the in vivo applica-
tions of SBNs. The reality is that people are still concerned
about the safety of long-term use of SBNs in vivo,?**! which
may damage organs and tissues.?> > Therefore, a group of
volunteers are urgently needed to conduct a thorough study
on these unclear areas and find a safer way to use SBNs in
vivo, which is the premise of ensuring effective antibiotics
and minimized side effects to internal organs.

In the previous study,* we found that the use of different
concentrations of PBS solution could trigger the three
modes of transformation of carbon membrane packaged Ag
nanoparticles (Ag-C), ie, the packaging, the activation, and
the deactivation. Therefore, the purpose of controlling the
antibacterial activities of SBNs could be achieved. However,
its detailed mechanism is not certain at the moment as there
is no guarantee that this same adjustment could also be real-
ized in the in vivo situation. In a combined effort based on
other teams’ former investigations,”*2® a new kind of Ag-C
was firstly synthesized, after which we investigated how to
adjust the mode, switching from activation to aggregation
more effectively. The metabolism of the obtained SBNs was
also discussed in in vivo applications of this mode switch.

Materials and methods

Materials

Potassium sodium tartrate tetrahydrate (PSTT) and AgNO,
were purchased from Sinopharm Chemical Reagent Co. Ltd
(Shanghai, China). Staphylococcus aureus (American Type
Culture Collection, Manassas, VA, USA [ATCC] 25923),
Escherichia coli (ATCC 25922), and Pseudomonas aerugi-
nosa (ATCC 10145) were purchased from ATCC. L929 and
3T3 cells were also purchased from ATCC.

Preparation of the carbon dots (CDs)

The CDs were synthesized by pyrolysis of PSTT, according to
Liu’s report.?® Briefly, 3.03 g PSTT was prepared in a tube fur-
nace at 400°C for 6 h at a heating rate of 10°C/min underan N,
atmosphere. Once the product cooled to room temperature, it
was dispersed in 80 mL deionized water in the dark, ultrasound
dispersed (700 W) for 60 min, and centrifuged at 9,500 rpm/min
for 16 min to remove large, insoluble particles. Then, the

brown supernatant liquid was collected and heated at 80°C for
less than 2 h until 60 mL liquid had evaporated. An amount of
60 mL acetone was added, it was ultrasound dispersed (700 W)
for 30 min, and centrifuged at 9,500 rpm/min for 16 min.
Finally, the supernatant liquid was collected, which was
the original carbon dots and transferred to the original CDs.

Preparation of Ag-C and Ag solution

An amount of 25 mL CDs liquid was diluted to 100 mL
with deionized water and adjusted to pH 7 with concen-
trated ammonia, followed by ultra-sonication for 20 min.
Freshly prepared Tollen’s stock solution was obtained.?” An
amount of 1 mL fresh Tollen’s reagent was added into the
100 mL solution, which was heated at 120°C and stirred at
500 rpm/min under reflux, which lasted for less than 20 min.
Subsequently, the final product, consisting of yellow Ag-C
solution, was obtained. An amount of 25 mL acetone was
diluted to 100 mL with deionized water. The next procedure
was similar to that described previously.

Obtained Ag-C or Ag solution was examined by transmis-
sion electron microscopy (TEM) (JEM-2100; JEOL, Tokyo,
Japan), ultraviolet (UV)-visible (vis) absorption spectra
(UV-2600; Shimadzu Corporation, Kyoto, Japan), scanning
electron microscopy (SEM) (Sigma 300; Carl Zeiss Meditec
AG, Jena, Germany), and zeta potential (90Plus PALS,
Brookhaven Instruments Corporation, Holtsville, NY, USA).

Preparation of PBS, NaCl, K. HPO,,

and KCI

The 1x PBS solution contained the following: 137 mM NacCl,
2.7mM KCl, 10 mM Na,PO,, and 1.8 mM KH,PO,. So the
concentration of Na*, K*and PO,*" was 157 mM, 74.55 mM,
and 11.8 mM respectively.

We used these molar concentrations as formula prepa-
ration in terms of NaCl, KCl, and K H PO,. Consequently,
Ix PBS solution contained 9.18 g NaCl, 0.34 g KCL, and
2.69 g K,H PO,. The pH was adjusted to 7.4 with HCI, then,
H,O was added to 1 L. PBS 10x stock was diluted to 8, 4x,
and 2X, so it was the same as NaCl, KCl, and K,H PO,.

Antibacterial properties assay in vitro

S. aureus (ATCC 25923), E. coli (ATCC 25922), and
P. aeruginosa (ATCC 10145) were chosen to assess the anti-
bacterial ability of Ag-C or Ag with 10x NaCl. These were
cultured in Luria-Bertani broth at 37°C for 24 h; 100 uL
bacterial stock solution with Ag-C or Ag with 10x NaCl
was added to 5 mL Luria-Bertani broth and incubated in an
orbital shaker at 37°C for 3 h. After that, 100 UL co-culture
medium was serially diluted 1x10° times with PBS and
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50 uL of the diluents was used to spread on the solid LB agar
coated on the petri dishes, which were placed in a constant
37°C temperature incubator for 24 h. Then, the colonies
were formed. The inhibition rate (IR) was determined by
distinguishing the number of colony forming units (CFU).
The IR was based on the following formula:

C-Cx

IR = x 100%

where Cx was the number of the experimental group’s CFU after
treatment with Ag-C or Ag with 10x NaCl, on diverse bacte-
ria, and C was the number of bacteria in the control group.

Cytotoxicity

1929 and 3T3 cells were cultured in DMEM (GE, Boston, MA,
USA) with 10% fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA, USA) and 1% penicillin/streptomycin in a
humidified incubator at 37°C under an atmosphere of 5% CO,,
and the culture medium was replaced every day. Cells (1x10%)
were seeded in 96-well plates after being digested by trypsin
until the cells attached to the wells. An amount of 10 uL. Ag-C
or Ag with different concentrations of NaCl was added to
each well of the 96-well plates when the culture medium was
replaced. After incubation for 6 h, 24 h, and 7 d, all the media
were removed by pipette and 100 uL fresh media and 10 uL
Cell Counting Kit (CCK)-8 reagent (Dojindo, Kyushu, Japan)
were added to the cell culture dish, followed by an additional
1 hincubation at 37°C. Afterwards, a microplate reader (Spec-
traMax M5; Molecular Devices LLC, Sunnyvale, CA, USA)
was used to measure the optical density (OD) at a wavelength
of 450 nm. The cell viability (%) was calculated as follows:

OD 450 nm in test cells

Cell viability (%) = -
OD 450 nm in control cells

x 100%.

Animal model

All experiments were performed in compliance with the
relevant laws and approved by the Institutional Animal Care
and Use Committee at Institute of Translational Medicine,
Nanchang University. All mice were fed with a standard
diet and housed in a ventilated room maintained at 26°C and
70% relative humidity, and with a 12 h light and dark cycle.
All animal handling procedures were performed according
to the Guide for the Care and Use of Laboratory Animals
of the Chinese Association for Laboratory Animal Sciences
and followed the guidelines of the Animal Welfare Act.
Male Kunming (KM) mice were purchased from the medical
laboratory of Animal Science of Nanchang University.

Mice metabolism

Six-week old healthy male KM mice with body weight
ranging from 20 g to 25 g were selected. The mice were
completely randomly divided into five groups (n=4): sham
group, Ag-C group, Ag-C+1xH,O group, Ag-C+1xNaCl
group, Ag-C+4xNaCl group, and Ag-C+10xNaCl group.
Experimental mice were continuously intra-peritoneally
injected with the same concentration of Ag-C at 100 uL/
10 g dose every 12 h for 7 d and deionized water or
different concentrations of NaCl at 100 pL/10 g level
every 12 h for 14 d. The sham group was punctured every
12 h by the same 25-gauge needle. Body weight was recorded
every day. On the last day, the mice were sacrificed and
organs were retrieved for inductively coupled plasma mass
spectrometry (Optima8000, PerkinElmer Inc., Waltham,
MA, USA) tests.

In vivo sepsis studies

Nine-week old healthy male KM mice with body weight
ranging from 35 g to 38 g were selected. The mice were
completely randomly divided into four groups (n=8): sham
group, sepsis group, sepsis+Ag-C group, and sepsis+Ag-
C+4xNaCl group. Pre-operatively, mice were anesthetized
by intra-peritoneal injection of 10% (w/w) chloral hydrate
(0.005 mL/g). A high-grade sepsis model was created by
cecal ligation and puncture (CLP), using the same 21-gauge
needle, as per Rittirsch et al’s work.*® Experimental mice
were continuously intra-peritoneally injected with the
same concentration of Ag-C at 100 uL/10 g dose every
12 h for 7 d and sterile water or 4x NaCl at 100 uL/10 g
level every 12 h for 14 d. The sham group underwent the
following procedures: dissection of the abdomen only,
and caecum located after shaving and cleaning the abdo-
men skin. After the operation, mice were resuscitated by
injecting pre-warmed normal saline (37°C; 50 uL/g body
weight) subcutaneously. Body weight was recorded every
day. On the last day, the mice were sacrificed, organs were
retrieved for hematoxylin-cosin staining, fixed, embed-
ded and cut into 5 mm serial sections, and finally stained.
Histological sections were examined under an Olympus
BX41 microscope equipped with digital camera for cap-
turing images.

Statistical analysis

Statistical data are expressed as the means = SD. The
experiments were conducted three or four times. Differ-
ences between mean values were analyzed with one-way
analysis of variance (ANOVA) followed by Tukey test
for multiple comparisons. The non-parametric analysis
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followed by independent sample Kruskal-Wallis test was
applied to determine the level of significance, instead of a
standard one-way ANOVA, when these data were from a
suspected non-normal population. The survival difference
between groups was analyzed by the log-rank (Mantel-
Cox) test. Significance was considered for p-value <0.05
or p-value <0.01.

Results
Comparison between Ag-C and Ag

As shown in Figure 1 A—C, the average size of normal Ag was
12.76+4.13 nm. On the other hand, Figure 1D—F shows the
well mono-dispersed SBNs synthesized by carbon quantum
dots (CQD) with an average size of 13.23+4.03 nm, the size
of which was almost equal to the former naked Ag.

UV-vis absorption spectra of Ag-C with
PBS, NaCl, K. HPO,, and KCI

UV-vis absorption spectra results showed that Ag-C absor-
bance wavelength was 422 nm and only the peak spectrum
of Ag-C caused by NaCl (Figure 2B) was similar to that of
PBS (Figure 2A). Compared with KCI, K.HPO, (Figure 2C
and D), NaCl had the same color change as the Ag-C affected
by PBS.

SEM and zeta potentials of Ag-C with
PBS, NaCl, K,HPO,, and KClI

As shown in Figure 3A-L, with the increase of NaCl con-
centration, Ag-C aggregation became increasingly apparent.

0.5um  160,000%
— B

D E

0
7 1 15 19 23
Diameter (nm)

i

0.5pum  160,000%
o .

It is worth mentioning that when NaCl was added X8, the
average size of Ag-C increased, but the entire dispersion
barely changed, only occasionally large aggregated clusters
appeared. However, when the NaCl concentration increased
to x10, the number of aggregated Ag-C (>1 um in diameter)
was significantly increased, which became the principal form
of Ag-C. As shown in Table S1, zeta potentials of Ag-C with
increasing NaCl became lower.

Antibacterial properties

Ag-C’s antibacterial properties on the Gram-positive
S. aureus (ATCC 25923) and the Gram-negative E. coli
(ATCC 25922) were slightly better than the normal Ag
(Figure 4A-J). To clearly illustrate the antimicrobial action
of SBNs affected by NaCl, 10x NaCl was used. After adding
10x NacCl, the antibacterial effect of Ag-C was significantly
reduced (72.59%%17.57% vs 15.06%%19.66%, p=0.005 for
S. aureus and 79.56%110.50% vs 15.86%+20.34%, p=0.035
for E. coli), due to its apparent aggregation, as shown in
Figures 3K and 4K. However, the aggregation of Ag-C
and Ag still presented a strong antibacterial effect on the
P. aeruginosa (ATCC 10145), as shown in Figure S1.

Cytotoxicity

As shown in Figure SA and B, Ag-C exhibited excellent cell
compatibility in a relatively short time. L929 co-cultured
with Ag-C for 7 d, adding 4%, 8%, and 10x NaCl did not
show any obvious toxicity. As a matter of fact, these groups
even promoted cell proliferation effectively (Figure 5C),
compared with Ag-C (93.80%+27.02% vs 124.42%116.95%,

Figure | TEM images of normal Ag (A—C) and Ag-C (D-F). The insert is the average size of nano-silver.
Abbreviations: TEM, transmission electron microscopy; Ag-C, carbon membrane packaged Ag nanoparticles.
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Figure 2 Ultraviolet-visible absorption spectra of Ag-C with different concentrations of PBS and containing NaCl, K,HPO,, and KCI (A-D).
Note: Inset: photographs of the related visible changes of Ag-C solution (2 mL) in the presence of the same volume (100 pL) and different concentrations of PBS and

containing NaCl, K,HPO,, and KCI.
Abbreviation: Ag-C, carbon membrane packaged Ag nanoparticles.

p=0.04 for 4x; 93.80%%27.02% vs 121.22%+19.15%, p=0.08
for 8x; 93.80%+27.02% vs 119.71%%16.13%, p=0.01 for
10x) and Ag-C combined with 1x NaCl (94.58%5.10%
vs 124.42.75%+16.95%, p=0.07 for 4x; 94.58%=%5.10%
vs 121.22%%19.15%, p=0.015 for 8%, and 94.58%+5.10% vs
119.71%%16.13%, p=0.018 for 10x). Furthermore, 3T3
cells were also used and a similar phenomenon was found
(Figure 5D and E). Ag-C with 4x or more NaCl could pro-
mote cell proliferation more effectively than the control
group (Figure 5F), and the results were statistically significant
(100.00%x00.00% vs 150.62%+16.95%, p=0.015 for 4x;
100.00%x00.00% vs 149.72%%18.54%, p=0.017 for 8%, and
100.00%200.00% vs 149.79%+17.33%, p=0.017 for 10x).

Animal metabolism

The primary objective of this study was to explore as to whether
NaCl could regulate the metabolism of Ag-C in vivo. Twenty
mice were thus divided into five groups, injecting the relative
dose (100 uL/10 g) of Ag-C for 5 d and different doses of
NaCl for 14 d. Inductively coupled plasma mass spectrometry
was then employed to analyze the Ag and Na concentra-
tion in the three main metabolic organs (liver, spleen, and
kidney). Results illustrated that after injecting the Ag-C alone,
only the Ag content in the liver and kidney was increased
(Figure 6A—C). After injecting the 1x or 4x NaCl, the content
of Ag in the three organs could be further reduced. However,
it is worth noting that, if too much NaCl (10x) was added,
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Ag-C
Ag-C+1xNaCl

Ag-C+4xNaCl

Ag-C+2xNaCl

Ag-C+8xNaCl
Ag-C+10xNaCl

Figure 3 SEM images of the 2 mL Ag-C (A-L) with 200 uL different concentrations of NaCl.
Abbreviations: SEM, scanning electron microscopy; Ag-C, carbon membrane packaged Ag nanoparticles.

Ag-C Ag-C+10xNacCl Ag

S. aureus

E. coli

=
=

0.8 4
Q
©
> 06 Hl Ag-C
S [ Ag-C+10xNaCl
= Bl Ag
= 047 Ag+10xNaCl
£

0.2 4

0.0 -

S. aureus E. coli

Figure 4 Plate counting photographs of Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus co-cultured with Ag-C and Ag or with 10x NaCl in vitro for
3 h(A-)).

Notes: The corresponding inhibition rates of bacteria (K). **»<<0.0l and *p<<0.05 vs Ag-C+10xNaCl. Differences between mean values were analyzed with one-way
ANOVA followed by Tukey test for multiple comparisons.

Abbreviations: Ag-C, carbon membrane packaged Ag nanoparticles; ANOVA, analysis of variance.
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Figure 5 Cell biocompatibility of Ag-C under different NaCl concentrations at 6 h, 24 h, and 7 d.

Notes: **p<<0.01, *p<<0.05. There are no significance in L929 or 3T3 test at 6 h and 24 h (A, B and D, E). Differences in L929 test among groups were analyzed with
non-parametric analysis followed by independent sample Kruskal-Wallis test instead of a standard one-way ANOVA when these data were from a suspected non-normal
population (C). Differences in 3T3 test among groups were analyzed with one-way ANOVA followed by Tukey test for multiple comparisons (F).

Abbreviations: Ag-C, carbon membrane packaged Ag nanoparticles; ANOVA, analysis of variance.

Ag content became enriched in the spleen. This experiment
had been repeated several times and similar results were
obtained. Another interesting result demonstrated that Ag-C
with different concentrations of NaCl did not lead to signifi-
cant change in body and organ weight or Na concentrations in
organs (Figures S2 A—G). These experimental results showed
that at both the cellular level and in organ metabolism, 4x

NaCl was the ideal dose to adjust the Ag-C size and metabo-
lism. Therefore, this concentration was chosen to proceed to
the next stage of the experiment.

Sepsis model
Finally, as a practical application, the effect of Ag-C and 4x
NaCl on sepsis was observed. From the results of hematoxy-
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Figure 6 The average content of the injected Ag-C of total mice (n=4) in liver, spleen and kidney was analyzed (A-C).

Abbreviation: Ag-C, carbon membrane packaged Ag nanoparticles.
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lin-eosin staining, the sepsis+Ag-C+4xNaCl group showed
amelioration of inflammation of the heart, liver, spleen,
lungs, and kidney, compared with the sepsis and sepsis+Ag
groups (Figure 7A—T). The most frequently used CLP mice
model was used in our experiments (Figure S3A-E). In the
high-grade sepsis model, all mice in the sepsis group died 3 d
after CLP (median survival time [MST] was 2.5 d). When
using Ag-C injection alone, the treatment did not improve
MST (1.5 d), but it could slow down the rate of death. At the
same time, Ag-C combined with 4x NaCl could increse the
MST (4.5 d) of this group (Figure 7U, p=0.0083).

Discussion

As shown in Figure 1 A—F, with the help of CQD, the disper-
sion of Ag-C was significantly improved. In previous work,
it was found that when PBS existed in vitro, Ag-C could
effectively switch from the monodispersed to the aggregated

mode.?

In this work, in order to achieve effective switch and
rapid metabolism of Ag-C material in vivo, the metal salts
in PBS triggering the switch were studied. The three main
components of PBS, which are NaCl, KCl, and K,HPO,, were
mixed with Ag-C and then the UV-vis absorption spectra
were measured. Results showed that NaCl played a lead-
ing role in the aggregation of Ag-C. It is a very intriguing
discovery because NaCl is the most common metal salt for
daily intake, compared with KCI, K,HPO,, and many other
salts. Additionally, NaCl has a relatively high biological
safety. Therefore, in terms of cost as well as safety, if NaCl
could regulate the body’s metabolism of Ag-containing
antimicrobial agents, it would be an ideal choice and easy
to promote.

To further confirm this discovery, morphology and size
changes of Ag-C with different concentrations of NaCl were
observed through SEM. As shown in Figure 3A—L, the results
of SEM agreed with the data from UV-vis. The change of
NaCl concentration affects the aggregation of Ag-C, so its
corresponding performance might also be changed signifi-
cantly. Apart from the size regulation, NaCl also changed the
biological activity of Ag-C. To examine antibacterial prop-
erties’, the Gram-positive S. aureus and the Gram-negative
E. colias well as P. aeruginosa were chosen as model strains.
The results indicated that the addition of NaCl attributed
to the change in the biological properties of Ag-C, except
P. aeruginosa. An interesting phenomenon was that by adding
10x NaCl to the original Ag, this mixture could also reduce
antibacterial properties, which was similar to the effect of
Ag-C, but did not show a significant statistical difference.

As for changes in antibacterial properties, the work was
mainly focused on the bio-compatibility of Ag-C before and

after adding NaCl. L929 cells and 3T3 cells were selected
as the cell line models to investigate the cytotoxicity of
Ag-C with different NaCl concentrations at 6 h, 24 h, and
7d time points respectively. The two sets of data from cell
experiments demonstrated that 4x NaCl or more could
adjust the size of Ag-C, and exhibited high cell compat-
ibility. Another phenomenon was found: a low concentra-
tion of SBNs could promote cell proliferation, and a high
concentration is toxic. Previous work and related literature
further confirmed this conclusion.'®3!32 Collectively, the
modification of carbon membrane could make the Ag nano-
particles more biocompatible and stable.>! More impor-
tantly, the antibacterial properties of these nanocomposites
were also improved compared to the similar sized bare Ag
nanoparticles.?

These experimental results showed that 4x NaCl was the
ideal dose to adjust Ag-C size and metabolism. However, the
detailed mechanism remains to be further explored. For practi-
cal applications, the sepsis experiments used proved that Ag-C
with broad-spectrum antibacterial properties indeed inhibited
serious sepsis. The addition of 4x NaCl could effectively reduce
the toxicity of Ag-C; this kind of method could lead to a better
result, and may complement Kwok et al’s work.?® Yet, a bad
result was that there were two mice alive in each group at the
end of the experiment, except in the sham group. Although this
was a proof of concept test, the results proved that using NaCl,
playing good performances in antibacterial, cellar biocompat-
ibility, tissue metabolism as well as pathology and practical
therapy, could enhance the safe use of Ag-C. It is worth noting
that this method could actually improve the MST of mice, but
could not improve their survival rate. In the future, the ther-
apeutic strategy needs to be more systemically optimized.

Conclusion

In recent years, therapy for infections has become much less
effective due to the widespread dissemination of drug-resistant
bacteria. With broad-spectrum antibacterial properties and
excellent performance, SBNs, under extreme circumstances,
could be a reliable alternative to conventional antibiotics.
Unfortunately, until now, few papers relating to in vivo medi-
cal application of SBNs have been published."” One of the
main reasons is the lack of safe methods for the in vivo use of
SBNss. In this work, a method was discovered and proved that
using Ag-C with NaCl. Even when Ag-C was injected into
mice, most of this material did not accumulate in the meta-
bolic organs. The most important finding was that with the
addition of x4 NaCl, the cell cytotoxicity of Ag-C could
be further reduced by accelerating Ag-C metabolism. Con-
sequently, satisfactory survival results were obtained for

submit your manuscript

1744

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dovepress NaCl for safer in vivo use of SBNs

aCl

L mdiex Sham
— 804 wils Sepsis
-g Sepsis+Ag-C+H,0
2 60 wies Sepsis+Ag-C+4xNaCl
=]
n = - e - - D o
= - -
@ 40+
o
S
w -
o
20
0 T r .
0 5 10 15
Time (day)

Figure 7 Pathological changes of mice that survived |5 d after CLP.

Notes: Heart, liver, spleen, lung, and kidney were stained by the hematoxylin-eosin method (A-T). Survival curves of different groups after CLP (U). The difference between
groups was analyzed by the log-rank (Mantel-Cox) test.

Abbreviations: Ag-C, carbon membrane packaged Ag nanoparticles; CLP, cecal ligation and puncture.
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the treatment of the high-grade sepsis model. Though this
discovery is still in its infancy, it could potentially improve
the safety and feasibility of SBNs significantly for in vivo
antibacterial applications, which would provide a new
method to combat the gradually growing threat from drug-
resistant bacteria.
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Supplementary materials

Table S| Zeta potentials of Ag-C with different NaCl concentrations

Ag-C Ag-C+1xNacCl Ag-C+2xNaCl Ag-C+4xNaCl Ag-C+8xNaCl Ag-C+10xNaCl
Zeta potentials —72.39+1.76 —80.78+4.15 —67.66x1.3 —52.12+6.81 —48.36x1.37 —42.09+3.46
(mV)
Abbreviation: Ag-C, carbon membrane packaged Ag nanoparticles.
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Figure S| Plate counting photographs.

P. aeruginosa

Notes: Gram-negative Pseudomonas aeruginosa co-cultured with Ag-C and Ag alone or with 10x NaCl in vitro for 3 h (A-E). The corresponding inhibition rates of the

formulations with the bacteria, respectively (F). There were no statistical differences between groups.

Abbreviation: Ag-C, carbon membrane packaged Ag nanoparticles.
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Figure S2 Body and organ weight.

Notes: Body and organ weight after treatment with Ag-C and different concentrations of NaCl under normal conditions (A-D). The average content of Na to each mouse

in different tissues was analyzed (E-G). There were no statistical differences between groups.
Abbreviation: Ag-C, carbon membrane packaged Ag nanoparticles.

Figure S3 Ciritical steps in the CLP procedure in mice (A-E).

Abbreviation: CLP, cecal ligation and puncture.
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