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Abstract

In this study, silver nanoparticles (AgNPs) were synthesized by the citrate reduction process
and, with the assistance of n-hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide, were successfully loaded with the macromolecular drug vancomycin (VAM) to
form AgNP-VAM bioconjugates. The synthesized AgNPs, VAM, and AgNP-VAM conjugate
were characterized by UV-visible spectroscopy, zeta potential analysis, confocal microscopy,
and transmission electron microscopy. The effect of loading VAM onto AgNPs was
investigated by testing the internalization of the bioconjugate into Mycobacterium smegmatis.
After treatment with the AgNP-VAM conjugate, the bacterial cells showed a significant
decrease in UV absorption, indicating that loading of the VAM on AgNPs had vastly improved
the drug’s internalization compared with that of AgNPs. All the experimental assessments
showed that, compared with free AgNPs and VAM, enhanced internalization had been
successfully achieved with the AgNP-VAM conjugate, thus leading to significantly better
delivery of the macromolecular drug into the M. smegmatis cell. The current research provides

a new potential drug delivery system for the treatment of Mycobacterial infections.
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1. Introduction

Nanotechnology has provided a huge advantage to pharmacology through the design of drug
delivery systems that are able to target phagocytic cells infected by intracellular pathogens,
such as mycobacteria [1] . In addition, nanomaterials have been widely explored for the
treatment [2], diagnosis [3], and monitoring of biological systems [4], including the
development of nanoparticles for diagnostic and screening purposes, manufacture of drug
delivery systems [5,6], and single-virus detection [7]. Of all the different kinds of metallic
nanoparticles developed, silver nanoparticles (AgNPs) have attracted significant attention and
interest for their potential applications in biomedicine as well as antibacterial devices [8-10].
In particular, AgNPs are known to be an effective bactericide against as many as 16 bacterial
species [11-13]. Moreover, AgNPs can be readily chemically conjugated with a large number
of biomolecules, such as proteins [14] and oligonucleotides [15,16], for improving their
efficiency, with the advantage being that the biological properties of the conjugated materials
remain unchanged [17]. Thus, bioconjugation with AgNPs has found new and wide
applications in the fields of biosensing [18], DNA detection [16], and drug delivery [9]. For
example, Thompson et al. [16] reported the first use of oligonucleotide-AgNP conjugates in a
sandwich assay for targeted DNA detection, which enabled highly improved sensitivity
compared with the conventional AuNP-based assay. Remarkably, the most highlighted
application of AgNPs in the biological field is of antibacterial activity [19]. For example,
Aymonier et al. [20] demonstrated that the hybrid of AgNPs and highly branched

macromolecules exhibited environmentally friendly antimicrobial properties.

Numerous synthetic approaches have been developed for preparing the AgNPs, using
templates [21], photochemistry [22, 23], electrochemistry [24, 25], and radiolysis [26, 27]. The

simplest and most commonly used method for the synthesis of metal NPs is chemical reduction



[28]. Generally, the synthesized AgNPs should have a controllable size and possess enough
stability in aqueous state. In particular, AgNPs need to be able to present functional groups on
their surface in order to conjugate with biomolecules. In this study, we have adopted a simple
and rapid one-step synthesis method for the preparation of AgNPs by using the direct citrate
reduction of silver nitrate under heat, via the well-known Turkevich method [29]. In this case,
citrate serves dual roles as the reducing and capping agent. As citrate is characterized by its
many hydroxyl groups, its capping role as the nanoparticle stabilizer would impart many
hydroxyl groups on the surface of the AgNPs. This aid the molecular loading, allowing
molecules possessing amine and other functional groups to form hydrogen bonds with the
AgNPs, thereby facilitating the bioconjugation process. Furthermore, it has been reported that
the charged citrate coating improved stability of Ag NPs and decreased their toxicity [30]. If
the NP size is greater than 15-20 nm, it is not considered an important parameter to determine

its biological effect [31] [32].

Vancomycin (VAM) is a widely used glycopeptide antibiotic. Ever since the spread of
antibiotic resistance in the 1980s [33], VAM has become an essential antibiotic and has come
into widespread use owing to its capability of inhibiting the growth of a broad range of Gram-
positive bacteria [2, 34]. Nevertheless, VAM is a hydrophilic molecule of bulk size, which may
restrict its transport through the bacterial cell membrane, thus leading to its low internalization
ability. Based on this fact, we developed AgNP-VAM conjugates for studying the enhanced

internalization of macromolecular drugs by AgNPs.

Therefore, in this study, we used citrate as the reductant and stabilizer simultaneously for
the synthesis of AgNPs. With the assistance of n-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) (Fig. 1A), VAM was successfully loaded onto the

surface of the AgNPs (Fig. 1B). The free AgNPs, VAM, and AgNP-VAM conjugate were



characterized in terms of their physicochemical and photonic properties. Moreover, the
antimicrobial effect of the AgNP-VAM conjugate was tested on Mycobacterium smegmatis.
With the assistance of the AgNPs, enhanced internalization of VAM was successfully achieved,
thus leading to significantly better delivery of the antibiotic into the bacterium. Based on the
results, the current research may provide a new drug delivery system for the treatment of

Mycobacterial infections.

2. Experiments

2.1. Materials

Silver nitrate (AgNOs, 99.99%), 8-mercaptootanoic acid (8-MOA), NHS, EDC, and VAM were
purchased from Sigma-Aldrich (Milwaukee, WI). Trisodium citrate dihydrate was obtained
from Wako Pure Chem. Ind. Ltd. (Osaka, Japan). All the reagents were used as received without
further purification. Mycobacterium smegmatis, which was purchased from the Biological
Resource Center (Kisarazu-shi, Chiba, Japan), was cultivated at 37°C and maintained on Luria-

Bertani (LB) nutrient agar plates.

2.2. Preparation of AgNPs and AgNP-VAM conjugates

AgNPs of approximately 17 nm in size were prepared by citrate reduction of silver nitrate. In
brief, 30 mL of 1 mM AgNOs was brought to reflux while stirring, and 5 mL of a 38.8 mM
trisodium citrate solution was then added quickly, which resulted in a color change of the
solution from colorless to bright yellow within 5 min. The reaction mixture was heated for an
additional 4 min, allowed to cool to room temperature, and subsequently filtered through a
Millex-GP 0.22-um filter (Millipore Corp., Billerica, MA, USA). A typical solution of 17-nm-

diameter AgNPs exhibited a characteristic surface plasmon band centered between 416 and



420 nm. The AgNPs were further modified by 8-MOA, following which 200 pL of 0.01 M
NHS was added to 10 mL of the prepared 0.01 M AgNP-MOA.. After stirring for 1 min, 200
puL of 0.01 M EDC was added and the mixture was stirred for another 10 min. Finally, the
AgNP-VAM conjugate was obtained by adding 1 mL of 2.5 mM VAM into the mixture and
stirring it for 30 min. Figure 1A shows a schematic representation of the AgNP modification
process. To verify internalization capacity of AgNPs and AgNP-VAM conjugates into the cells,
M. smegmatis cells were cultured for 24h with prepared materials. To measure the remained
AgNPs and AgNP-VAM conjugates in the culture medium, some part of solution was taken
and centrifugated from cells. Finally separated solution was measured by real-time absorption

intensities.

2.3. Viability test

M. smegmatis cells were cultured overnight in Luria-Bertani (LB) medium on a rotary shaker
at 140 rpm at 37°C. Bacterial cells at the stationary growth phase were then diluted to a cell
density of approximately 10 CFU/mL with LB medium. To examine the growth kinetics of M.
smegmatis in the presence of the various biomaterials, different doses of VAM, AgNPs, and
AgNP-VAM in 15 mL of LB medium were incubated with the cells at 37°C, with an agitation

rate of 140 rpm.

2.4. Analytical methods

Absorption spectra of the AgNPs and AgNP-VAM were obtained by UV-visible (UV-vis)
spectroscopy (S31500; SCINCO, Seoul, Korea). The size of the nanoparticles was measured
with a Zetasizer (Nano-ZS; Malvern, Malvern, UK). Fourier transform infrared
spectrophotometry (FTIR 8700; Shimadzu, Kyoto, Japan) was used to confirm the chemical

bonding between the VAM and AgNPs. Morphological analysis of the nanoparticles was



carried out by confocal laser scanning microscopy (LSM 700; Carl Zeiss Microimaging GmbH,
Jena, Germany) and scanning transmission electron microscopy (STEM; JEM, Akishima,
Japan). Samples for TEM studies were prepared by placing one drop of the AgNP and AgNP-
VAM solutions on carbon-coated TEM grids (Okenshoji, Tokyo, Japan), drying the grids at
room temperature, and observing them at 150K x magnification in the microscope operated at
120 kV. The optical density of the M. smegmatis cells was investigated by UV-vis
spectrophotometry (UV Mini 1240; Shimadzu, Kyoto, Japan) at 600 nm. Samples were diluted
if the optical density exceeded the measurement capability of the spectrophotometer.
Quantification of the biomaterial-treated M. smegmatis was carried out by counting the viable

colonies on LB agar plates and was expressed as colony-forming units per milliliter (CFU/mL).

3. Results and Discussion

3.1. Characterization of the AgNPs and AgNP-VAM conjugates

AgNPs were synthesized by the reduction of citrate (which served a dual role as the reducing
and stabilizing agent), with the assistance of EDC and NHS, allowing a large amount of the
drug to be loaded onto the surface of the AgNPs via strong amide bond formation [35]. As
shown in Figure 2, the synthesized AgNPs exhibited a specific surface plasmon band at 420
nm, and AgNP-VAM conjugates shows plasmon peak at 430 nm. TEM images (Fig. 2C and
2D) revealed the AgNPs to be well dispersed, with a size of 17 + 3 nm, whereas the AgNP-

VAM conjugates had a larger size of approximately 30 = 3 nm.

3.2. FTIR analysis of the AgNPs and AgNP-VAM conjugates



To confirm the structure of VAM after its bioconjugation with the AgNPs, FTIR spectra of the
free AgNPs and VAM, and AgNP-VAM conjugate were recorded over a range of 4000-800
cm™. The FTIR spectrum of VAM showed peaks at 3301 and 1661 cm™ (Fig. 3A), which were
assigned to the phenolic OH group and the aromatic C=C stretching bond, respectively. The
peak at 1498 cm™ corresponded to the C=0 stretching bond, and the peak between 900 and
1350 cm corresponded to the C-O stretching vibration mode [36]. In the case of the AgNPs
synthesized by citrate reduction, the peak between 3269 and 3387 cm™ was assigned to the O-
H stretching bond of citrate, that at 1591 cm™ was attributed to the presence of C=0 stretching
bonds, the peaks at 1403 and 830-881 cm™ were assigned to C-H bending groups, and the peak
at 1121 cm™ was due to the C-O stretching bond [37]. On the other hand, loading the VAM
onto AgNPs led to a peak shift of the aromatic C=C stretching bonds from 1661 cm™ to 1699
cmt, and the C=0 bond stretch peaks also shifted from 1498 cm™to 1519 cm™, which indicated

that VAM had successfully conjugated with the AgNPs in the reaction system.

3.3. Internalization of the AgNPs and AgNP-VAM conjugates

To explore the internalization of AgNPs after conjugation with VAM, M. smegmatis cells
were treated with AgNPs or AgNP-VAM conjugates and the real-time UV-vis absorption of
these two biomaterials were monitored, as shown in Figure 3B. Compared with the cells treated
with AgNPs, there was a significant reduction (~15%) in the absorption intensity of the cells
treated with AQNP-VAM for 1 h (Fig. 3B). Moreover, at the incubation time of 20 h, the UV-
vis absorption value had dropped by 45% in the AQNP@VAM-treated M. smegmatis cells, and
the reduction was even more significant after 24 h of incubation. This indicated that the AgNPs
had greatly improved the chances of entry of the conjugated VAM to the M. smegmatis cell, as

proven by the remarkable decease in the UV-vis absorbance. Furthermore, this result



demonstrates that AgNPs are very active drug carriers for loading the VAM effectively into M.
smegmatis, therefore enabling enhanced internalization of the AgNP-VAM conjugate into the

cells as compared with that of free AgNPs.

3.4. Viability of M. smegmatis cells after treatment with AgNPs, AgNP-VAM conjugates,

and VAM

To investigate the potential effect of the AQNP-VAM conjugate on M. smegmatis, as well as of
the sensitivity of VAM after its conjugation with AgNPs, the viability of M. smegmatis cells
was evaluated. The kinetic growth curves of M. smegmatis in LB medium are shown in the
presence of culture medium alone, AgNPs, AgNP-VAM conjugate, or free VAM solution (Fig.
4). Compared with that of the control and free AgNP-treated cells, the viability of bacteria
treated with VAM alone or AgQNP-VAM conjugate had decreased according to the incubation
time (Fig. 4B). Moreover, free VAM at a concentration as low as 7.3 pg/mL led to the complete
inhibition of M. smegmatis growth over an 8 h cultivation, whereas the inhibitory concentration
of the AgQNP-VAM conjugate was 54 pg/mL, which contain approaximately 20ng of VAM,
indicating a much lower viability of M. smegmatis compared with that seen with free VAM. It
is to be noted that the amount of VAM loaded onto the AgNPs was the same as that in the free-
VAM solution, allowing us to make a direct comparision between the AgNP-VAM conjugate
and free VAM. The evaluation above indicated that the AQNP-VAM conjugate was more potent
then the free VAM against M. smegmatis. A possible explanation for this activity enhancement
by AgNP-VAM conjugation may be the improved internalization of the VAM-modified AgNPs
by the endocytosis mechanism [33]. This potential of enhanced internalization of the AgNP-
VAM conjugate may help in the development of other intermittent treatment regimens with

reduced drug doses for better patient compliance, thus improving the general outcome of



therapy. In addition, the increased internalization of the VAM particles via bioconjugation
translates to increased efficacy of the drug against M. smegmatis. All these assessments were

constant with the UV-vis absorption results and TEM observation.

3.5. TEM images of M. smegmatis after treatment with AgNPs, AgNP-VAM conjugates,

and VAM

The untreated M. smegmatis cell exhibited a typical rod-like shape, with a well-defined cell
wall and evenly distributed interior content, indicating structural integrity (Fig. 5A). M.
smegmatis cells treated with AgNPs also showed an intact cellular structure and membrane,
with the AgNPs located randomly inside and outside of the cells (Fig. 5B), indicating that the
free nanoparticles do not interact with the bacterial cells in any specific manner. On the other
hand, significant morphological changes were observed in the M. smegmatis cells after
exposure to free VAM or AgNP-VAM conjugate for 4 h (Fig. 5C and 5D), indicating specific
interaction between theAgNP-VAM biomolecules and the bacteria. Some of the M. smegmatis
cells were seriously damaged, the outer membrane was no longer intact, and interior substances,
including the internalized AgNPs, had started to leak out (Fig. 5D). The damage was more

severe with a longer treatment time with AQNP-VAM .

Our study revealed that the inactivation and associated damage of M. smegmatis should be
largely attributed to the strong interaction between the AgNP-VAM conjugate and the M.
smegmatis cell. The damage of the M. smegmatis cell wall in presence of AQNP-VAM the
conjugate may be due to the strong binding affinity of the AgNPs to the cell membrane. This
resulted in the successful internalization of the AgNP-VAM conjugate, thus leading to the
successful drug loading of VAM into the M. smegmatis cell. The drug action then led to cell

death and the subsequent discharge of the intracellular substances into the surrounding medium,



following which the entire cell wall was destroyed and collapsed into the unstructured pieces.
It should be noted that the underlying mechanism of internalization of the AgNP-VAM
conjugate (i.e., regarding the interactions between the AgNP-VAM conjugate and M.
smegmatis cell) is still not clear. One possible explanation is the ease with which AgNPs are
internalized into M. smegmatis, a fact supported by the TEM images (Fig. 5B). The AgNP-
VAM conjugate also exhibited strong interactions with M. smegmatis by means of the strong
affinity of the AgNPs to the cell wall. It is worth stressing that these observations and
explanations are still preliminary, and further studies on the mechanism of the internalization

as well as more microbial experiments on a molecular basis are definitely needed.

In conclusion, we have reported a simple method for the synthesis of AgNPs by using
citrate as both the reducing and stabilizing agent. With the assistance of EDC and NHS, we
have successfully loaded the macromolecular drug VAM onto the surface of the AgNPs and
demonstrated enhanced internalization of the AQNP-VAM conjugate into the bacterial cells.
The internalization capability of the conjugate was much better than that of bare AgNPs and
free VAM. The improved internalization led to a significantly enhanced delivery of the
macromolecular drug into the M. smegmatis cell, allowing for better efficacy of the drug to
induce bacterial cell death, AgNP-VAM as evidenced by the UV, TEM, and confocal
microscopic analyses. Based on the enhanced internalization of the AgQNP-drug bioconjugate,
the current research provides a new potential drug delivery system for the treatment of

Mycobacterium-caused diseases such as tuberculosis
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Legends of figures

Figure 1. Schematic representation of the drug@AgNP bioconjugation pathway (A),
internalization of the macromolecular drug in Mycobacterium smegmatis with the assistance
of AgNPs (B), and the molecule structure of vancomycin (C). EDC, 1-ethyl-3-(3-
dimethylaminopropyl)  carbodiimide; NHS, n-hydroxysuccinimide; 8-MOA, 8-

mercaptootanoic acid.

Figure 2. UV-visible absorption spectra of the prepared (A) AgNPs and (B) AgNP-VAM
conjugate. The inset in Ais a digital image of the synthesized AgNPs. (C) and (D) TEM images

of the synthesized AgNPs and AgNP-VAM conjugates.

Figure 3. (A) FTIR spectra of the synthesized AgNPs, AgNP-VAM conjugate, and
vancomycin (VAM). (B) UV-visible absorption spectra of Mycobacterium smegmatis at 420

nm according to incubation time, after treatment with AgNPs or AgNP-VAM conjugate.

Figure 4. (A) Viability test of Mycobacterium smegmatis after treatment with AgNPs, AgNP-
VAM conjugate, or vancomycin (VAM). (B) Quantification of M. smegmatis (CFU/mL)

according to the incubation time, after treatment with AgNPs, AgNP-VVAM conjugate, or VAM.

Figure 5. Confocal microscopy image of Mycobacterium smegmatis cells (A), and TEM
images of M. smegmatis after treatment with (B) AgNPs, (C) vancomycin (VAM), and (D)

AgNP-VAM conjugate for 4 h.
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