International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

Chemical Synthesis of Innovative Silver
Nanohybrids with Synergistically Improved
Antimicrobial Properties

Jianhua Yan', Qifei Wang'%, Junlin Yang?, Paige Rutter', Malcolm Xing?, Bingyun Li

IDepar‘tment of Orthopaedics, School of Medicine, West Virginia University, Morgantown, WYV, 26506, USA; 2Spine Center, Xin Hua Hospital
Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, People’s Republic of China; 3Department of Mechanical Engineering,
University of Manitoba, Winnipeg, R3T2N2, Canada

Correspondence: Bingyun Li, Department of Orthopaedics, School of Medicine, West Virginia University, 64 Medical Center Drive, Morgantown, WYV,
26506, USA, Tel +1 681-285-5956; +1 304-293-1075, Fax +1 304-293-7070, Email bili@hsc.wvu.edu

Background: The wide use of antibiotics has created challenges related to antibiotic-resistant bacteria, which have been increasingly
found in recent decades. Antibiotic resistance has led to limited choices of antibiotics. Multiple old antimicrobial agents have high
antimicrobial properties toward bacteria, but they unfortunately also possess high toxicity toward humans. For instance, silver (Ag)
compounds were frequently used to treat tetanus and rheumatism in the 19th century and to treat colds and gonorrhea in the early 20th
century. However, the high toxicity of Ag has limited its clinical use.

Purpose: We aimed to reformulate Ag to reduce its toxicity toward human cells like osteoblasts and to optimize its antimicrobial
properties.

Results: Ag, an old antimicrobial agent, was reformulated by hybriding nanomaterials of different dimensions, and silver nanopar-
ticles (AgNPs) of controllable sizes (95-200 nm) and varying shapes (cube, snowflake, and sphere) were synthesized on carbon
nanotubes (CNTs). The obtained AgNP-CNT nanohybrids presented significantly higher killing efficacy against Staphylococcus
aureus (S. aureus) compared to AgNPs at the same molar concentration and showed synergism in killing S. aureus at 0.2 and 0.4
mM. AgNPs presented significant osteoblast toxicity; in contrast, AGNP-CNT nanohybrids demonstrated significantly enhanced
osteoblast viability at 0.04—0.8 mM. The killing of S. aureus by AgNP-CNT nanohybrids was fast, occurring within 15 min.
Conclusion: Ag was successfully reformulated and Ag nanohybrids with various AgNP shapes on CNTs were synthesized. The
nanohybrids presented significantly enhanced antimicrobial properties and significantly higher osteoblast cell viability compared to
AgNPs, showing promise as an innovative antimicrobial nanomaterial for a broad range of biomedical applications.
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Introduction
In recent decades, antibiotic resistance has been making infection treatment very difficult." Antibiotics have been credited
for reducing infection; however, extensive use of antibiotics has also led to antibiotic resistance, a grave challenge in
patient care. Approximately 38.7-50.9% of the bacteria resulting in surgery-related infections are found to be resistant to
conventional antibiotics.>® From 1997 to 2006, infections from antibiotic-resistant bacteria increased by 359% in the
USA,* and antibiotic-resistant bacteria led to over 2.8 million infections as well as 35,000+ deaths every year.’
Unfortunately, fewer and fewer new antibiotics are being approved or are in development; for example 30 and 17 new
antibiotics were approved by FDA during 1983—-1992 and 1993-2002, respectively, while only 7 were approved during
2003-2012.°

Reformulating or repurposing “old” antimicrobial agents has recently attracted significant interest. Multiple old
antimicrobial agents have high antimicrobial properties toward bacteria, but they unfortunately also possess high toxicity
toward humans, thereby leading to delayed wound healing and other side effects. For instance, silver (Ag) compounds,
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especially Ag nitrate and sulfadiazine, were frequently used to treat tetanus and rheumatism in the 19th century and to
treat colds and gonorrhea in the early 20th century.’ It is reported that Ag nanoparticles (AgNPs) and Ag compounds
present broad-spectrum antimicrobial properties against various microorganisms like Gram-positive and Gram-negative
bacteria including antibiotic-resistant ones (eg, methicillin-resistant Staphylococcus aureus or MRSA), viruses, fungi,
and protozoa.®'® Ag metals and compounds also have antimicrobial properties against biofilms and intracellular

bacteria.!”'"® AgNPs or Ag compounds may provoke microbial resistance,'®*°

although that is less likely compared to
conventional antibiotics, since Ag’s multilevel antimicrobial modes, including binding to essential cellular structure
elements and interfering with the bacterial cell integrity and its energy production and conservation,”' ensure that
resistance may not be easily acquired by simple mutations. For instance, no evidence of Ag resistance was presented in
a large collection (876 strains) of clinical Staphylococcus aureus (S. aureus) isolates and no reduction in Ag susceptibility
was observed upon extended passages (eg, 42 days).”> However, Ag and Ag compounds have significant toxicity toward
humans and their use has markedly declined for the last 50 years.”® Currently, the use of Ag and Ag compounds has been
limited by their host toxicity primarily to topical treatments such as dressings in wound care. In the literature, composites
of AgNPs and carbon nanotubes (CNTs) have attracted interest recently and a few different composites have been
reported.”* ' For instance, Oluwalowo et al found that composites of AgNPs and CNTs led to significantly improved
electrical and thermal conductivity compared to AgNPs or CNTs alone, while no other properties were reported.”*
Zhao et al prepared interesting, stretchable, and printable electronics with high electrical conductivity.”” Takei et al
synthesized composite films of AgNPs and CNTs with excellent bendability and high strain sensitivity.”° However,
AgNP-CNT nanocomposites with well distributed, highly packed AgNPs on CNTs have not been achieved. Their
potential for biomedical applications has not been well studied, and the potential synergistic antimicrobial properties
have never been reported.

In this study, we synthesized Ag nanohybrids with reduced host toxicity so that previously “old” toxic antimicro-
bial agents like Ag could potentially find new uses to prevent and treat infections and to have broad antimicrobial
applications. We hypothesized that nanohybrids of antimicrobial nanomaterials with different dimensions, such as
spherical nanoparticles (zero dimension or 0D) and long nanofibers (one dimension or 1D), could lead to enhanced
antimicrobial properties and reduced toxicity toward human cells. Such nanohybrids may also have reduced potential
to develop resistance as compared to individual antimicrobial components. AgNPs with different shapes and sizes
were synthesized on CNTs, and their antimicrobial activity and cytotoxicity toward human cells at various concentra-
tions were investigated. CNTs have low antibacterial activity based on the contact mechanism and destruction of
a bacterial cell wall. CNTs were first treated with nitric acid and hydrogen peroxide to create the surface functional
group of —OH. This functional group (ie, -OH) was chelated with Ag-ions, which were next reduced to form AgNPs
with varying morphologies (cube, snowflake, or sphere) and different sizes (95-200 nm) on CNTs. The synthesized
nanohybrids (ie, AgNP-CNT) were characterized using scanning electron microscopy (SEM), their antimicrobial
properties were assessed against S. aureus, and their cytotoxicity was evaluated using human osteoblast cells. The
results showed that AgNP-CNT nanohybrids were effective against bacteria but had low potential for killing human
cells.

Materials and Methods

Materials

All chemical materials including silver nitrate (AgNO3), nitric acid, hydrogen peroxide (H,0,), multiwalled CNTs (5—
9 um long and 110-170 nm in diameter), ammonia aqueous solution, dextrose aqueous solution, and sodium hydroxide
(NaOH) were from Sigma Aldrich Co., Ltd. S. aureus was obtained from the chronic wound of a patient at
WVUMedicine (Morgantown, WV, US). Human osteoblast cells (CRL-11226) were purchased from ATCC (Manassas,
VA, US). Tryptic soy broth (TSB) was obtained from Becton, Dickinson and Company. The use of these materials to
prepare and assess AgNP-CNT nanohybrids is presented in Figure 1.
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Figure | Schematic diagram presenting the preparation and assessment of AgNP-CNT nanohybrids.

Synthesis of AgNP-CNT Nanohybrids

Two steps were taken to prepare AgNP-CNT nanohybrids. In the first step, fresh Tollens reagent was prepared. Fifteen-
milliliter AgNOj5 solution (0.2 M) was added into a 100-mL glass bottle with a stirring bar and heated on a hot plate
(70 °C). Then, a 7 M ammonia aqueous solution was dropwise added until brown precipitates formed and subsequently
disappeared under constant stirring. The two-step chemical reactions are as follows:

AgNO;+NH;-H,0 =AgOH | + NH4NO; (1)

AgOH + 2NH;-H,0 =Ag(NH;),0H + 2H,0 2)

Next, 7.5 mL NaOH aqueous solution (1.6 M) was added to the bottle and black precipitates were observed.
Ammonia aqueous solution was dropwise added again until the solution became colorless, and Tollens reagent was
prepared for subsequent use. In the second step, AgNPs were synthesized based on a silver-mirror reaction and were
hybrided with CNTs. Specifically, multiwalled CNTs were functionalized (ie, CNT-OH) as we previously reported,®>>?
and then 150 mg of the functionalized CNTs was immersed in the Tollens reagent at 70 °C for 30 min to let -OH groups
chelate with Ag-ions. Next, 3 mL dextrose aqueous solution (0.5 M) was poured into the above solution. The chemical
reaction equation is shown below:

RCHO + 2[Ag(NH3),0H]= 2Ag | + RCOONH4+3NH;3+H,0 3)

The supernatant was decanted and the reaction products were rinsed with distilled water and ethanol. The obtained
AgNP-CNT nanohybrids were placed into a vacuum oven under 80 °C for 24 h. Control pure AgNPs were synthesized
by substituting CNTs with a copper substrate in the aforementioned process.

Characterization of AgNPs and AgNP-CNT Nanohybrids
A Hitachi S4700F scanning electron microscope (SEM, Clarksburg, MD, US) with energy-dispersive X-ray spectroscopy

(EDX) capability was used to examine the samples. The sizes of AgNPs were evaluated by averaging 40 particles. X-ray
diffraction (XRD) data were obtained using a PANalytical X-ray diffractometer and an X-ray generator (40 kV, 20 mA)
with CuK radiation (1.54 A°) from 10° to 80° at a scanning speed of 10° per min.

Tests for Antimicrobial Activity

S. aureus was grown in sheep blood agar (Remel-ThermoFisher, San Diego, CA, US), cultured under aerobic conditions
at 37 °C overnight, and used for antimicrobial tests, similar to our previous studies.'®** Three colonies were added to
5 mL TSB which was then incubated at 37 °C for 16 h. The bacteria with mid logarithmic phase were obtained by adding
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100 pL of the inoculum to 20 mL TSB followed by incubation at 37 °C. After shaking for 2 h, 10 mL of the new
inoculum was placed in a 15 mL tube and centrifuged under 4 °C at 3750 rpm for 10 min. The supernatant was removed
and 10 mL of phosphate buffered saline+ or PBS+ (with Ca and Mg) was added into the tube and thoroughly vortexed to
dissolve the pellet. The final concentration of S. aureus was adjusted to 3x10° CFU/mL. The antimicrobial experiments
were carried out with 1 mL medium comprised of S. aureus and different concentrations of AgNP-CNT; the level of Ag
was assessed using inductively coupled plasma-mass spectrometric analysis (ICP-MS) after dissolving samples in nitric
acid (70%). CNTs and silver nitrate were tested as positive controls. The samples, including the controls, were incubated
for 30 min at 37 °C in a reciprocal shaking bath. After diluting, samples were taken, plated using the drop plate method,
and 5% sheep blood agar plates were used. First, a sheep blood agar plate was sectioned into six parts, a drop (20 puL) of
bacterial sample was plated on each part, and the plate was inverted and incubated (37°C, 24 h).

Tests for Cell Viability

The cell viability of different concentrations of AgNP-CNT on human osteoblast cells was determined using our previous
similar protocols.*® The mitochondrial dehydrogenase activity with MTT assay was carried out. Human osteoblast cells
were cultured at 37 °C and fetal bovine serum or FBS (10%) and nonessential amino acids G418 (1%) with humidified
CO, (5%) were used. The medium was refreshed every 2 days. The preparation of cells is described as follows: first, the
stock cell concentration of 3x10° cells/mL was prepared, and 100 uL of the cells was added to each well (3.0x10* cell/
well) in a 96-well plate. The cells were cultured for 24 h to allow them to adhere to the wells. The viability tests were
conducted as follows: cells were cultured in triplicate with various levels of AgNP-CNT at 37 °C and 5% CO,. Cells
cultured in fresh medium were used as negative controls. CNTs, AgNPs, and silver nitrate samples were also run. After
culturing for 2 h, MTT was dissolved in PBS at 5 mg/mL. The wells were washed, and 100 pL un-supplemented media
(no FBS or antibiotics) was added to each well with 10 pL MTT reagent. Samples were then cultured for 2 h. The
formation of formazan crystals was checked with a microscope and dimethyl sulfoxide (DMSO, non-sterile, 150 pL for
each well) was used to dissolve the formazan crystals. The absorbance at 570 nm was obtained and compared with the
control group at each time point and expressed as a percentage.

Statistical Analyses

Values of percent killing and osteoblast cell viability were calculated as means + standard deviations. Differences in
bacterial percent killing and osteoblast cell viability of various treatments were analyzed; JMP-V9 (SAS, Cary, NC)
statistical software was applied. Student’s z-test was used to compare data between any two groups, and one-way
ANOVA was applied to compare data among three or more groups followed by Tukey’s honestly significant difference
test. A t-test-based contrast analysis was also used for possible synergistic analysis. P < 0.05 was considered to be
statistically significant.

Results

Materials Synthesis and Characterization

In this study, we used the classic silver-mirror reaction to synthesize silver NPs and AgNP-CNT nanohybrids. The CNTs
were characterized with transmission electron microscopy and X-ray photoelectron spectroscopy (Figures S1 and S2),
and their surface element content was obtained (see Supplementary Information Table S1). The multiwalled CNTs used

were functionalized using our previous protocols.*>** The reactions related to the applied silver-mirror reactions were
stoichiometric reactions; by controlling the proportion of reactants, the corresponding design results were obtained. The
reactions were stopped immediately once the reactants were consumed, and the uniformity of Ag-loading on CNTs was
mainly controlled by the reaction time.

AgNP-CNT nanohybrids with a variety of AgNP morphologies were synthesized under different reaction conditions.
Sphere-shaped AgNPs were prepared onto CNTs when the concentration of the dextrose solution was 0.5 M (Figure 2a).
Snowflake and cube-shaped AgNPs on CNT surfaces were obtained when the dextrose solution was reduced to 0.25
M and 0.125 M, respectively (Figure 2b and c). During the chemical synthesis of AgNP-CNT, the AgNPs were produced
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Figure 2 Material characterization of AgNP-CNT nanohybrids. By maintaining the reaction time of reaction 3 at 60s but decreasing the concentration of dextrose solution
from 0.5 M to 0.25 M and further to 0.125 M, the synthesized AgNPs presented (a) sphere-shape, (b) snowflake, and (c) cube-shape. By keeping the concentration of
dextrose solution as 0.5 M but increasing the reaction time from (d) 15s to (e) 30s and further to (f) 60s, the amount of AgNPs formed increased correspondingly. The
insets show the detailed morphologies of AgNPs.

through the reduction of Ag-ions that chelated onto CNTs. When concentration of the dextrose solution used was low,
Ag-atoms tended to crystallize via heterogeneous nucleation which led to formation of cube-shaped AgNPs. Increasing
the concentration of dextrose solution resulted in AgNPs growing along the favorable crystallographic directions to form
sphere-shaped AgNPs. Meanwhile, the sizes of AgNPs varied with different shapes. The sphere-shaped AgNPs had the
smallest average size of ~95 nm, while the cube-shaped AgNPs had the largest average size of ~200 nm. The sphere-
shaped AgNPs, which had the smallest particle size and the largest specific surface area, may present the best
antimicrobial effects, and were further optimized and studied for antimicrobial and toxicity properties.

The next step was to optimize the distribution of AgNPs on CNTs. A uniform distribution of AgNPs on CNT surfaces
would be expected to maximize the antimicrobial properties of AgNP-CNT nanohybrids. As shown in Figure 2d—f, we
tuned the formation of AgNPs on CNT surfaces by changing the reaction time for reaction 3. The density of AgNPs
formed on CNT surfaces increased substantially with increasing reaction time. At a reaction time of 15 or 30s (Figure 2d
and e), an insufficient amount of AgNPs was formed on the CNT surfaces. When increasing the reaction time to 60s
(Figure 2f), closely packed AgNPs were formed and well distributed along the CNTs. Further increasing the reaction time
to 120s, the density of AgNPs became very high and large agglomerates of AgNPs were observed. By comparing these
results, the reaction time of 60s produced the best combination of particle size and AgNP distribution. In the following
antimicrobial and toxicity tests, all sphere-shaped AgNPs and AgNP-CNT nanohybrids used were synthesized with the
reaction time of 60s.

XRD analysis (Figure 3a) showed that the AgNPs on CNT surfaces was elemental Ag, since the diffraction peaks at
20 of 38.3°, 44.5°, 64.6°, and 77.6° were from the (111), (200), (220), and (311) crystallographic planes, respectively, of
Ag crystal with a face-center-cubic (fcc) symmetry. The peak at 26 of 25.3° belonged to CNT-OH. Here, AgNO; was
used as a control. The EDX analyses of AgNP-CNT and AgNPs (Figure 3b) further confirmed that elemental Ag was
formed on CNTs. The optical absorption peak was centered at 3 keV, which is typical for the absorption of metallic Ag
nanocrystals. The Ag content in the AgNP-CNT was ~22.1%.
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Figure 3 (a) XRD patterns of CNT-OH, AgNO3, and AgNP-CNT. AgNO; and CNT-OH were used as controls. (b) EDX spectra of AgNP-CNT and AgNPs on copper
substrates.

Antimicrobial Activity Evaluation and Cell Viability Test

The antimicrobial effect of AgNP-CNT was tested by counting the colony-forming units (CFUs) in three repeated
experiments. A clinical strain of S. aureus was studied because S. aureus was one of the major microorganisms found in
bacterial infections. Figure 4a shows a visual result of the antimicrobial effect of AgNP-CNT at various concentrations
(0.04-0.8 mM). At 0.8 mM, AgNP-CNT exhibited high antimicrobial activity with no colonies observed. The anti-
microbial activities of AgNP-CNT and AgNPs at various concentrations are summarized in Figure 4b. After treating for
30 min, 0.04 mM AgNP-CNT killed 65% of the bacteria, and this value increased to 94% for 0.2 mM AgNP-CNT. When
it came to the concentration of 0.4 mM or 0.8 mM, 100% of the bacteria were killed. The antimicrobial activity results of
CNTs, AgNPs, and AgNP-CNT at the same molar concentrations (ie, 0.2 mM, 0.4 mM, and 0.8 mM) are summarized in
Figure 4c, where synergistically improved antimicrobial properties were observed at both 0.2 mM and 0.4 mM. In
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Figure 4 (a) Visual effects of AgNP-CNT on S. aureus killing. (b) Antimicrobial killing percentage of AgNP-CNT and AgNPs against S. aureus. (c) Antimicrobial effects of
AgNPs, CNTs, and AgNP-CNT at concentrations corresponding to 0.2, 0.4, and 0.8 mM AgNP-CNT. (d) Antimicrobial killing kinetics of AgNP-CNT nanohybrids at 0.2 mM.
#Compared to the same concentration of AgNPs, “Compared to the same treatment at 0.04 mM, ¥Compared to the same treatment at 0.2 mM, *'Synergistically significant
when compared to the sum of the treatments of CNTs and AgNPs. p<0.05.
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addition, AgNO; with the same concentrations (0.2 mM and 0.4 mM) was also tested and compared. AgNO; killed 34%
and 57% of the bacteria at these two concentrations, respectively, suggesting an advantage of AgNP-CNT over AgNO;
on bacterial killing.

The kinetics of bacterial killing for AgNP-CNT were also studied. A total volume of 1 mL of solution containing log-
phase bacteria (3x10°> CFU/mL) and AgNP-CNT (200 pg/mL) was used to test the kinetics of AgNP-CNT. The bacterial
killing percentage was determined at given time intervals (ie, 5, 10, 15, and 30 min). At the predetermined time, samples
including the control were diluted and cultured on blood agar plates using the drop plate method as we previously
reported, and CFUs were counted.'”** The results of bacterial killing percentage of AgNP-CNT with time are shown in
Figure 4d. AgNP-CNT killed approximately half of the S. aureus within 5 min and killed almost all of the bacteria within
15 min. Therefore, the killing of S. aureus by AgNP-CNT nanohybrids was fast.

Next, we determined the toxicity and biocompatibility of AgNP-CNT nanohybrids toward human cells. The toxicity
of CNTs, AgNPs, AgNO;, and AgNP-CNT was tested with human osteoblast cells; these tests might allow for the
determination of the amount of AgNP-CNT that may be considered non-toxic to humans. We first conducted the cell
viability tests of AgNP-CNT and AgNPs with various concentrations that were the same as those studied in Figure 4b.
The results are summarized in Figure 5a. The viability of human osteoblast cells decreased with increasing AgNPs and
AgNP-CNT concentrations. For all of the concentrations studied, the cell viabilities of human osteoblast cells in the
presence of AgNP-CNT were always significantly higher than those in the presence of AgNPs at the same molar
concentrations, indicating that hybriding of AgNPs with CNTs greatly decreased the cytotoxicity of AgNPs. At the 0.4
mM concentration especially, the cell viability for the AgNP-CNT treatment was almost twice that for AgNPs. In
addition, our studies showed that, among CNTs, AgNPs, AgNO3, and AgNP-CNT, CNTs had the highest and AgNO; had
the lowest viability of human osteoblast cells (Figure 5b). AgNO; killed almost all of the osteoblast cells, indicating its
severe toxicity toward osteoblast cells. Ultimately, AgNP-CNT nanohybrids had significantly higher viability of
osteoblast cells compared to both AgNPs and AgNO; (Figure 5b).

Discussion

This study focused on the chemical synthesis of AgNP-CNT nanohybrids, and their antimicrobial activity against
S. aureus and cytotoxicity toward human osteoblast cells. We applied a facile chemical synthesis method to grow
AgNPs onto multiwalled CNTs that presented high antimicrobial activity and high human cell viability. The chemical
synthesis was based on a traditional silver-mirror reaction; meanwhile, we introduced multiwalled CNTs with abundant
functional groups as the carrier for AgNPs. The developed chemical synthesis method made it easy to adjust the size,
shape, and distribution of AgNPs on CNTs. Specifically, the shape of AgNPs could be controlled by the amount of
chemicals (ie, dextrose) used in the reactions. The chemical synthesis method was fast. The reduction of Ag-ions was
clearly visible when adding dextrose aqueous solution into the Tollens reagent and the beaker was covered with a thick

(a) # mm AgNP (b) L B 0.4 mM
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AgNP concentration (mM) Treatment

Figure 5 (a) Osteoblast cell viability of AgNP-CNT and AgNPs at various concentrations. "Compared to the same concentration of AgNPs, @Compared to the
corresponding control at concentration of 0, %Compared to the same treatment at 0.04 mM, and *Compared to the same treatment at 0.2 mM. (b) Osteoblast cell
viability of AgNPs, CNTs, AgNO3, and AgNP-CNT at concentrations corresponding to 0.4 mM and 0.8 mM AgNP-CNT. *Compared to the same treatment at 0.4 mM,
"Compared to AgNOj; treatment, "Compared to CNT treatment, and *Compared to AgNP treatment. p<0.05.
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layer of AgNPs in 30s. The average diameter of AgNPs was as small as 95 nm. CNTs were studied due to the fact that
they had high electrical, chemical, mechanical, and thermal stability, and they have often been applied for drug delivery,
sensing, diagnostics, anti-inflammatory, anti-angiogenesis, antiviral, and platelet activity.’® In addition, the high specific
surface areas of CNTs might significantly improve the adsorption capacity of AgNPs, while the surface functional groups
could lead to well-distributed AgNPs. As a result, AgNPs were found to be uniformly formed on the surfaces of CNTs,
which might contribute to high antimicrobial properties. The unique synthesis method also allowed the tuning of the
morphologies of AgNPs, and AgNPs of cube, snowflake, and sphere shapes were obtained, making the process amenable
to specific application designs.

Ag and its compounds have high antimicrobial properties toward bacteria but, just like other antimicrobial agents, Ag
must be used with a certain dosage and application form, and the toxicity (toward host cells) of Ag and its compounds so far
has limited their clinical application since they have been reported to cause argyria, hepatopathy, and nephropathy.®”>°
Developing innovative Ag application forms that have high antimicrobial properties and limited toxicity toward hosts will
significantly broaden Ag’s clinical application. Our findings showed that the toxicity of AgNP-CNT nanohybrids toward
human osteoblasts were concentration dependent, while the nanohybrids demonstrated significantly lower toxicity com-
pared to AgNP alone. The AgNP-CNT nanohybrids had excellent osteoblast viability at 0.04 mM and had osteoblast
viability at 60% or higher at 0.2 and 0.4 mM. It is noteworthy to mention that, according to the cytotoxicity classification,*’
60% or higher cell viability is considered non-cytotoxic or slightly toxic.

The advances in nanotechnology that can produce hybrids at the nanometer scale may lead to new findings and
renewed interest in Ag’s biomedical applications. AgNPs have shown anti-inflammatory and wound healing
properties.*'**> AgNPs induced more rapid healing in vivo compared to Ag sulfadiazine treatment and no treatment
control, and improved vascularized granulation tissues in vivo.** AgNPs also presented significantly faster wound closure
and reduced scar appearance, in the presence or absence of infections, compared to the treatment of Ag sulfadiazine in
a full-thickness excisional wound model in mice.*' We further hypothesized that nanotechnology may reduce Ag’s host
toxicity by producing Ag nanohybrids, since nanoparticles have proven to be particularly useful in obtaining sustained
drug release and significantly reduced drug dosage (eg, 20 times lower).*> Nanohybrids of two nanomaterials with
different dimensions, such as spherical AgNPs and high-aspect-ratio CNTs, may increase the target-specific antimicrobial
capacity while achieving a minimum host toxicity. Silver nanohybrids like AgNP-CNT with high antimicrobial properties
and limited host toxicity (Figure 6) may be developed.

In this study, at a concentration of 0.8 mM, AgNPs had a low osteoblast cell viability of 16%, and at the same time,
could only kill 57% of the bacteria. Meanwhile, CNTs presented good antimicrobial activity along with excellent
osteoblast viability. Hybriding AgNPs and CNTs has led to synergistically improved antimicrobial properties along
with significantly enhanced osteoblast viability compared to AgNPs. For example, at the concentration of 0.4 mM,
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Figure 6 Ideal antimicrobial and toxicity properties of AgNP-CNT nanohybrids.
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AgNP-CNT demonstrated high antimicrobial activity of 100% killing and good osteoblast viability (~60%). This
enhanced performance may be attributed to the coordination of interactions between AgNPs and CNTs. The large
specific surface area of CNTs provided numerous active sites for AgNPs and greatly decreased their agglomerations;
AgNPs are prone to aggregate together and the antimicrobial activity of AgNPs reduces if significant aggregation of
AgNPs occurs which leads to reduced active surface areas. Therefore, for the first time, AgNP-CNT nanohybrids with
superior antimicrobial and significantly lower host toxicity properties compared to AgNPs were synthesized. Such
nanohybrids may increase the target-specific antimicrobial capacity while achieving a minimum host toxicity. As
a result, AgNP-CNT nanohybrids may be an innovative antibiotic alternative that can be used to reduce infections
while reducing antibiotic resistance. Such nanohybrids will make Ag use much safer and will renew and expand Ag’s
clinical uses (besides its topical uses).

Besides AgNPs, other metal nanoparticles like cadmium, copper, lead, mercury, nickel, and zinc have also been
studied as candidates for antimicrobial applications;***® however, most of them are highly toxic to humans. This study
suggests a new nanotechnology-based strategy, hybriding two antimicrobial nanomaterials with different dimensions, to
revive some “old” or new antimicrobial agents (Ag as an example) which currently have limited clinical use due to high
host toxicity. These nanohybrids may be applied to significantly improve or revive the therapeutic effectiveness of these
metal nanoparticles to make them potentially feasible to treat infectious diseases.

Development of new antimicrobial biomaterials or reformulating old antimicrobial agents has been challenging, and
in many cases, a multidisciplinary strategy may be required and new technologies may be needed to fully assess such
antimicrobial agents. Meanwhile, infections may be caused by many different pathogens and in many cases, the infection
could be polymicrobial (ie, presence of multiple bacteria). Limitations of this study include that only S. aureus, one of the
major bacteria responsible for orthopaedic infections, was studied. In future work, the effects of the developed
nanohybrids may be tested against other bacteria like Pseudomonas aeruginosa and Escherichia coli. Their effects on
polymicrobial infections may also be investigated.

Conclusions

In summary, we have reported a facile chemical approach to reformulate an old antimicrobial agent for the synthesis of
AgNPs with a variety of shapes like cube, snowflake, and sphere on multiwalled CNTs. The AgNP-CNT nanohybrids
exhibited excellent antimicrobial properties and high osteoblast cell viability.
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