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Abstract: Here we report a novel method for the synthesis of glucosamine-functionalized gold
nanoparticles (GlcN-AuNPs) using biocompatible and biodegradable glucosamine for antibacte-
rial activity. GIcN-AuNPs were prepared using different concentrations of glucosamine. The
synthesized AuNPs were characterized for surface plasmon resonance, surface morphology,
fluorescence spectroscopy, and antibacterial activity. The minimum inhibitory concentrations
(MICs) of the AuNPs, GIcN-AuNPs, and GlcN-AuNPs when irradiated by ultraviolet light and
laser were investigated and compared with the MIC of standard kanamycin using Escherichia
coli by the microdilution method. Laser-irradiated GlcN-AuNPs exhibited significant bactericidal
activity against E. coli. Flow cytometry and fluorescence microscopic analysis supported the
cell death mechanism in the presence of GlcN-AuNP-treated bacteria. Further, morphological
changes in E. coli after laser treatment were investigated using atomic force microscopy and
transmission electron microscopy. The overall results of this study suggest that the prepared
nanoparticles have potential as a potent antibacterial agent for the treatment of a wide range
of disease-causing bacteria.

Keywords: gold nanoparticles, glucosamine, light irradiation, antibacterial activity, bacterial
morphology

Introduction

Nanotechnology has been a rapidly growing field in recent decades, with numerous
applications in science and technology. Despite concerns about the potential ecologi-
cal and environmental hazards posed by this technology, nanoparticles hold promise
as antibacterial agents because of their photoactive bactericidal effects.! Recently,
there have been a number of nanoparticle-based studies showing the diverse effects
of nanoparticles developed to prevent or destroy microbial growth, which could be
linked to the nature of nanomaterials, the size of nanoparticles, and/or other external
factors.* The antibacterial activity of metal nanoparticles has an important role in the
manufacture of medical devices, food processing, and water treatment.**

Metals have been used for centuries as bactericidal and bacteriostatic agents,
and materials such as silver, gold, and zinc nanoparticles are the subject of inten-
sive research in science and technology.® Metal nanoparticles with a high specific
surface area and a high proportion of surface atoms have been studied widely due
to their unique physicochemical characteristics, which include size, optical activ-
ity, catalytic activity, and antimicrobial activity.”® Gold nanoparticles (AuNPs)
has been described as being of great interest for biomedical applications, including
drug delivery, imaging, and diagnostics. In particular, AuNPs have been extensively
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investigated for their potential bactericidal activity, which
involves inactivation of bacteria by interaction with func-
tional groups on the bacterial cell wall. The antimicrobial
activity of AuNPs may be attributed to their toxic effects
on bacterial cells.’

Functionalization of selective biomolecules developed
using nanoparticles for environmentally benign antibacte-
rial applications requires a suitable surface or interface link-
ing agent to immobilize the functional moiety.'!! Stabilized
surface engineering of metal nanoparticles also enhances
antibacterial activity which minimizing unwanted toxicity.
To date, a variety of methods for synthesis of AuNPs have
been studied, reported, and reviewed, including thermo-
lysis and microwave irradiation, along with conventional
methods involving reduction of gold salts by reducing
agents such as sodium borohydride, sodium citrate, glucose,
chitosan, gelatin, and lysozyme.'? Glucosamine is an amine
monosaccharide which is known to be safe and has been
demonstrated to have potential biological applications for
the treatment of various inflammatory diseases, including
osteoarthritis and rheumatoid arthritis.!?

Despite the broad range of AuNPs synthesized and
biologically evaluated in the literature, there have been few
systematic studies of the interaction between functional-
ized nanoparticles and cells. Therefore, we developed
glucosamine-functionalized (GIcN)-AuNPs using different
concentrations of the functional group based on a gold core.
Here we report our preliminary results for functionalized
GlcN-AuNPs manufactured using a clean process of size-
controllable AuNPs in the presence of chitosan. Particle
size, ultraviolet-visible absorbance, functional groups, and
morphology were characterized. These nanoparticles showed
promising antibacterial activity after ultraviolet germicidal
irradiation and laser exposure. The antibacterial activity
was calculated by minimum inhibitory concentration (MIC)
method.

Materials and methods

Materials

Gold (IIT) chloride (HAuCl,), chitosan, and GIcN (in the
form of D-glucosamine hydrochloric acid) were obtained
commercially from Sigma-Aldrich (USA). Glutaraldehyde
was purchased from Junsei (Japan). Luria-Bertani broth was
obtained from Amresco (USA) and Mueller-Hinton agar
was sourced from Difco (USA). A Live/Dead® BacLight™
bacterial viability kit was purchased from Invitrogen (USA).
Milli-Q water with a resistance greater than 18 MQ was used
in the experiments.

Instrumentation

Specific optical observations of ultraviolet-visible spectra
were taken for the AuNPs and the different concentra-
tions of GlcN-AuNPs using a Varian Cary 50 ultraviolet
spectrophotometer. Functional groups and stretching and
bending vibrations in the chemical entities were studied
using a Micro-Raman system (Ramboss 5001) He-NE laser
beam at 633 nm and 1,800 lines per mm grating with 50X
objective lens at room temperature. The average particle
size distributions for the AuNPs and the GlcN-AuNPs were
measured by dynamic light scattering using a Malvern Zeta-
sizer Nano ZS.

Morphological characteristics were studied using an
FEI Titan 80-300 high-resolution transmission electron
microscope, a JEOL JSM-7500F field emission scanning
electron microscope, and a JPK NanoWizard II bioatomic
force microscope. For the TEM images, 10 uL samples
were placed on a copper grid and dried overnight at room
temperature. Images were acquired at an accelerating voltage
up to 300 kV. The morphological structure of the nanopar-
ticles was analyzed using the bioatomic force microscope,
with the sample placed on a slide and measured according
to the protocol at 20 kV in contact mode. For morphological
characterization by field emission scanning electron micros-
copy, a sample was placed onto the surface of a silica-coated
substrate (1x1 cm?), dried at room temperature, and imaged.
For the Live/Dead bacteria assay, the stained samples were
analyzed using a Nikon Eclipse TE 2000-U laser scanning
fluorescence microscope.

Synthesis of AuNPs

The AuNPs were synthesized using a previously reported
method with slight modification.!* Briefly, chitosan
(0.53% w/v) was dissolved in 1% acetic acid solution after
which an equal volume of HAuCl, (0.32% w/v) was added
with continuous stirring at 800 rpm and at 90°C until the color
changed from yellow to wine red. The sample was brought
to room temperature and sonicated for 5 minutes using a
Sonics VC 505 probe sonicator at 30% amplitude and with a
1-second pulse on-off cycle. The prepared AuNPs were then
stored at room temperature until further use.

Synthesis of GlcN-AuNPs

The GIcN-AuNPs were synthesized using different concen-
trations of glucosamine. Appropriate amounts of glucosamine
were injected into round-bottomed flasks containing equal
volumes of AuNPs at a specific flow rate (0.16 mL/min)
controlled by a syringe pump. The mixture was stirred at
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800 rpm using a magnetic stirrer. This procedure was used
to synthesize the different concentrations of GlcN-AuNPs.
Glucosamine was used at final concentrations of 0.021 (F1)
0.043 (F2), 0.086 (F3), and 0.12% w/v (F4). The concentra-
tion of AuNPs was kept constant in all the formulations.
The prepared nanoparticles were filtered and stored until
further analysis.

Antibacterial studies

A Gram-negative strain of bacteria (E. coli) was purchased
from the Korean Agricultural Culture Collection (10005) in
South Korea and used for the antibacterial activity studies.
The antibacterial activity was determined by the microdi-
lution method using a 96-well plate.'” The inoculate was
prepared by suspending 103 colony-forming units/mL of
cells in sterile Luria-Bertani medium. After reaching con-
fluence, cells were treated with appropriate amounts of the
synthesized nanoparticles. The final volume (0.2 mL) was
fixed for each well. After incubation at 35°C for 24 hours,
the micro-well plates were measured at 600 nm using a
PerkinElmer Victor X5 multimode plate reader to determine
the MIC value.

To investigate the effect of irradiation on the nanopar-
ticles, the prepared GIcN-AuNPs were exposed to ultraviolet
light (254 nm) and a DPSS laser (671 nm) for 20 minutes
before they were used to treat the bacteria. The MIC was
defined as the lowest concentration of the nanoparticle
formulation at which maximum bacterial growth inhibition
occurred. Kanamycin was used as the standard reference
antibiotic. All experiments were performed in triplicate and
mean average values are reported.

Morphological characterization of

nanoparticle-treated bacteria

Morphological changes in E. coli after treatment with the
nanoparticles was observed using atomic force microscopy
(AFM) and TEM. The E. coli bacteria were treated with the
nanoparticles, incubated for 24 hours, washed with distilled
water, and then fixed on microscope cover slips for imaging
by AFM. For the TEM analysis, E. coli bacteria were fixed
on the carbon grid with 1% glutaraldehyde, dried at room
temperature, and imaged.

Analysis of bacteria by flow cytometry

Fluorescence-activated cell sorting analysis was performed
using the commercially available Live/Dead BacLight
bacterial viability kit (Invitrogen) which identifies live and
dead bacteria cells. The cultured E. coli cells were treated

with nanoparticles based on the MIC results (100 pg/mL) and
incubated for 24 hours. After incubation, the bacterial cells
were stained with a 1:1 mixture of SYTO9 and propidium
iodide. The samples were incubated at room temperature for
15 minutes in the dark. Flow cytometric measurements were
performed at an excitation wavelength of 488 nm using an
optical filter set-up whereby red fluorescence was measured
above 630 nm (FL3) and green fluorescence was measured at
520 nm (FL1). The trigger was set for the green fluorescence
channel (FL1).

Fluorescence microscopy analysis

The viability of the nanoparticle-treated bacterial cells was
assessed using the Live/Dead BacLight bacterial viability
kit staining technique containing SYTO9 and propidium
iodide. The SYTO9Y enters the membrane of the bacteria
cell, giving a green color for live bacteria, and propidium
iodide enters the damaged cell membrane, giving a red color
for dead bacteria.

Results and discussion

In this study, we synthesized AuNPs using chitosan as a
reducing agent. AuNPs were prepared by adding an acidic
aqueous solution of chitosan to a chloroauric acid (HAuCl,)
at 80°C, resulting in a color change from light yellow to wine
red. Formation of the AuNPs was confirmed by ultraviolet-
visible spectroscopy, and was hypothesized to be due to
the degree of electrostatic or chemical interaction between
AuCl,” ions and the NH," in the protonated chitosan at low
pH. This promotes the reduction of the gold precursor in the
presence of chitosan on the surface.

We used glucosamine as a surface-functionalized material
in view of its chemical characteristics, biocompatibility, and
absorption enhancement properties. Due to its electrostatic
nature, glucosamine prevents aggregation of AuNPs. It was
envisaged that the charge on the amino groups would enable
optimum stability and improve the intracellular uptake of
the AuNPs. Further, we used different concentrations of
glucosamine to determine the effect of surface function-
alization without changes in the concentration of AuNPs,
and demonstrated that lower concentrations of glucosamine
resulted in aggregated particles. However, the glucosamine
itself showed no aggregation.

Figure 1 gives the ultraviolet-visible spectra for the AuNPs
and GlcN-AuNPs, and shows a characteristic surface plasmon
resonance (SPR) absorption band approximately 520-560 nm,
indicating formation of AuNPs.!*"® The AuNPs prepared
with chitosan showed an absorption band at 520 nm, and
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Figure | Visible absorption spectra for AuNPs without glucosamine and AuNPs
functionalized with different concentrations of glucosamine, ie, (FI) 0.021% w/v, (F2)
0.043% wiv, (F3) 0.086% w/v, and (F4) 0.12% wiv.

Abbreviations: au, absorbance unit; AuNPs, gold nanoparticles; F, formulation.

surface functionalization of the AuNPs with glucosamine
resulted in a significant shift in the SPR band to approximately
540-560 nm, reflecting a red and blue shift of the spectrum
depending on the surface, size, and shape of the nanopar-
ticles. The surface of AuNPs contain collective oscillation of
electrons, which are correlated in the electromagnetic field of
observing light'® and this phenomena elucidates the causes of
aggregation due to lower concentration of GIcN.

Raman spectroscopy is used to observe vibration, modes
system, and analyze the bonding characteristics of carbon
materials. The laser lights interact with the molecular
vibrations in the form of an inelastic light scattering where
a photon excites the molecules can be ground or excited
state than the incoming photon. The AuNPs excited by laser
beam with molecular vibration, resulted in an increase in the
electrostatic fields surrounding the metals.?® Using this tech-
nique, a typical Raman band over the range of 300-900 cm™
was observed for the AuNPs and GlcN-AuNPs (Figure 2).
The shift obtained for the AuNPs and GIcN-AuNPs at
493 cm™ indicates the v (metal-o) band, which generally
indicates the presence of a metal.?! Further, the Raman shifts
found at 419 and 709 cm™' indicate & (CC) and C-C skeletal
vibrations, confirming the presence of GlcN-AuNPs. The
band observed at approximately 570-630 cm™'indicates the
N-C=0 group found in amides.?

The average particle size of the synthesized AuNPs
and GIcN-AuNPs was measured using a Malvern particle
size analyzer. Figure 3 shows that the mean particle size
for the AuNPs was 100.51+4.39 nm and the polydispersity
index (PDI) was 0.504. After addition of glucosamine, the
mean particle size decreased to 93.36+0.58 nm. When the
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Figure 2 Raman spectra for AuNPs and GlcN-AuNPs.
Abbreviations: AuNPs, gold nanoparticles; GlcN-AuNPs, glucosamine-functionalized
gold nanoparticles.

glucosamine concentration was increased, the particle size
decreased in a concentration-dependent manner. The small-
est nanoparticle size (78.39+£0.61 nm) was observed at the
highest concentration of glucosamine used in our study. A
significant change in particle size was observed at higher
concentrations of glucosamine when compared with the
AuNPs.

The morphology of the AuNPs and GlcN-AuNPs was
characterized by field emission scanning electron micros-
copy, AFM, and transmission electron microscopy, and all
the formulations were found to have a spherical shape.?
The charge rendered is insufficient in AuNPs, leading to
sensitization of the particles causing aggregation. The
scanning electron micrographs provided in Figure 4 that show
some aggregated AuNPs. However, higher concentrations of
glucosamine conferred sufficient charge, rendering the nano-
particles electrostatically stable and preventing interaction
between them. Figure 5 shows the two-dimensional and
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Figure 3 Particle size distribution for AuNPs without glucosamine and AuNPs
functionalized with different concentrations of glucosamine, ie, (FI1) 0.021% w/v, (F2)
0.043% wiv, (F3) 0.086% wi/v, and (F4) 0.12% wiv (n=3).

Abbreviations: AuNPs, gold nanoparticles; GIcN-AuNPs, glucosamine-func-
tionalized gold nanoparticles; PDI, polydispersity index; F, formulation.
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Figure 4 SEM images of AuNPs.

Notes: Scanning electron micrographs of AuNPs without glucosamine (A) and AuNPs functionalized with different concentrations of glucosamine, ie, (B) (FI) 0.021% w/v,
(C) (F2) 0.043% wv, (D) (F3) 0.086% w/v, and (E) (F4) 0.12% w/v of GlcN concentration.

Abbreviations: AuNPs, gold nanoparticles; F, formulation; GlcN, glucosamine.

three-dimensional AFM images of AuNPs and GIcN-AuNPs.
The two-dimensional images show individual spherical par-
ticles in both formulations and the three-dimensional images
show the height of the nanoparticle formulations, which was
maximal for the AuNPs, reflecting the hefty particles present
in AuNPs, which the GIcN-AuNPs were present discrete
particles. Figure 6 shows the same results on AFM, further
confirming the TEM findings. In particular, a coating of

glucosamine can be seen on the outside of the nanoparticles.
Figure 6D shows that nanoparticles approximately 1.8 nm in
height are coated with glucosamine.

Growth of E. coli in the presence of the AuNPs is shown in
Figure 7. We investigated the inhibitory effect of the nanopar-
ticles over a period of 24 hours, which allows for the different
phases of bacterial growth to take place. Cells not treated with
AuNPs or treated with a standard drug were used as controls.
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Figure 5 TEM images of AuNPs and GlcN-AuNPs.

Notes: Transmission electron micrographs of (A) AuNPs and (B) glucosamine-functionalized AuNPs showing their particle size distribution and shape. The inset image (BI)
indicates the width of a single glucosamine-functionalized nanoparticle.

Abbreviations: AuNPs, gold nanoparticles; GIcN-AuNPs, glucosamine-functionalized gold nanoparticles.
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Figure 6 Atomic force micrographs of AuNPs (A, B) and GIcN-AuNPs (C, D).

Notes: (A) and (C) show the particle height and (B) and (D) represent three-dimensional images of the nanoparticles. Both of the formulations showed nanoparticles with
a spherical shape.

Abbreviations: AuNPs, gold nanoparticles; GlcN-AuNPs, glucosamine-functionalized gold nanoparticles.
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Figure 7 Antibacterial activity of AuNPs, GIcN-AuNPs, ultraviolet light-treated GIcN-AuNPs, laser-treated GIcN-AuNPs, and standard kanamycin.
Notes: A significant difference in activity was observed in all nanoparticle treatment groups when compared with the control (P<<0.001). The laser-treated GlcN-AuNPs
showed better inhibition of bacterial growth at a low concentration when compared with other nanoparticles. A significant difference was observed between laser-treated

GIlcN-AuNPs and the other nanoparticles at high concentration (P<<0.001).

Abbreviations: AuNPs, gold nanoparticles; GlcN-AuNPs, glucosamine-functionalized gold nanoparticles.

After 24 hours of treatment with AuNPs (25 ug/mL), bac-
terial growth was observed to be 63.25%15.45%, with no
growth inhibition observed in the controls (only bacteria and
medium). At the same concentration of GIcN-AuNPs, ultra-
violet and laser exposure GlcN-AuNPs bacterial growth was
observed 34.33%16.38%, 22.68%+5.47%, and 6.18%13.11%,
respectively. A significant difference in bacterial inhibition
was observed when compared with the control (P<<0.001).
Maximum inhibition of bacterial growth was observed for

bacteria treated with GlcN-AuNPs exposed to laser when
compared with the control (P<<0.0001). A significant differ-
ence was observed at the higher concentration when compared
with non-exposed and ultraviolet light-treated GlcN-AuNPs
(P<<0.001). This could be attributable to electrostatic attraction
between the negatively charged bacterial cell membrane and
the positively charged AuNPs. The morphology of the bacte-
rial cell wall upon incubation with GlcN-AuNPs was analyzed
further, and the findings support a bactericidal effect.
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Thus, treatment of microorganisms with GIcN-AuNPs
resulted in greater inhibition of bacterial growth than that
seen in the AuNP-treated group and controls. The smaller
size of the GIcN-AuNPs could enable more nanoparticles to
enter the microorganism, thereby increasing their antibacterial
activity. Further, bacteria are distinct from eukaryotic cells in
that they do not synthesize Glen-6-PO,; instead, Glen-6-PO,
is converted directly into Glen-1-PO,. Therefore, intracellular
Glen-6-PO, would be expected to be present in bacteria only if
they imported exogenous glucosamine. GlcN-AuNPs could be
enter the bacterial cell via this mechanism. It emphasized that
this is may be due to a higher amount of GIcN-AuNPs uptaken
into bacteria and the increase in the antibacterial effect com-
pared with the AuNPs. There has been a report suggesting that
glucosamine produces oxidative stress with overproduction
of reactive oxygen species (ROS) at the cellular level, thus
leading to cell death.* However, it must be noted that the
mechanism of interaction between the cell membrane and
glucosamine nanoparticles needs to be investigated further.

Gold-based materials exposed to ultraviolet light have a
stronger antibacterial effect compared to its unexposed state,
whereas standard antibiotic expressed in diminutive effect.
These results ensure that a significant activation energy is
created in gold based materials upon exposure to UV and laser
irradiation which in turn was found to be the predominant
reason of such notable antibacterial effect by GlcN-AuNPs.
Irradiation with ultraviolet light probably triggers generation
of ROS or radicals on the surface of glucosamine.?* Oxidative
stress induced by generation of ROS might be a mechanism for
the antibacterial activity of in AuNP systems.? Thus, GIcN-
AuNPs may also have antibacterial activity when exposed
to the photogeneration of the ROS induced by the surface of
the GIcN-AuNPs.?® When E. coli bacteria were treated with
AuNPs, changes in cell membrane morphology occurred,
resulting into cell death. The exact mechanism via which this
cell death occurs is still not completely understood. Here we
exposed the irradiation with GIcN-AuNPs, before the treatment
to bacteria, the surface of the metal absorb the irradiation and
enhance the higher antibacterial effect. Phototherapy is widely
used, and combines pulsed laser and nanoparticles such as
AuNPs that are able to absorb light radiation and convert this
into heat energy, which in turn has an antibacterial effect.”
In our study, the maximum antibacterial effect was found for
nanoparticles exposed to irradiation. If we modify the surface
of metal nanoparticles, we can control and target the desired
antibacterial effect or other target drug delivery. By adjust-
ing the treatment, duration of exposure, photostability, and
surface-binding ligands, this nanoparticle system could be
turned into a promising treatment for infectious diseases. For

instance, laser-exposed GIcN-AuNPs had a strong antibacte-
rial effect on E. coli, and it might be that the light energy is
converted into more heat energy, which causes the damage to
the biological membrane.

Herein, we found out the activation time of the drug into the
microbe and demonstrated the morphological changes of . coli
after the intake of preparing GIcN-AuNPs, by using AFM and
TEM. In this study, we used only GlcN-AuNPs, based on
the MIC result that irradiation-exposed nanoparticles have a
potent anti bacterial effect. The nanoparticle-treated bacteria
were damaged and their morphology was changed, whereas the
untreated bacteria had a well defined structure, were smooth,
and generally showed typically rod-shaped cells. The TEM
images in Figure 8 show that some of the small AuNPs (those
less than 100 nm in size) had entered the bacterial cells. The
AFM images in Figure 9 show the time dependence of the
morphological changes in the bacteria, with increasing bacterial
damage seen with increasing duration of treatment. The AFM
images show no change to the outer surface of the membrane
at 0 hour and subsequent morphological changes depending
on duration of incubation. After 24 hours of incubation, the
bacterial morphology was unstructured, indicated that GlcN-
AuNPs successfully entered the bacterial cells. With time, the
approximate bacterial height decreased from 300 nm to 140 nm,
confirming these morphological changes.

Flow cytometry is performed using a combination of
fluorescent markers, and is emerging as a leading technol-
ogy for studying the viability of bacterial cells. The unique
fluorescence pattern revealed by dual staining competes for
the same target areas and interacts when present in the same
location. Figure 10A shows that the bacterial cell population
is almost 100% in the R3 region, with no bacterial cell death
detected in the control. When the bacterial cells were treated
with AuNPs, there was a shift to the R2 region, indicating that
bacteria were being destroyed; however, there was no cell
population in the R1 region, indicating that there were no dead
bacteria. However, bacteria treated with AuNPs were found to
be equally distributed in all regions, and GIcN-AuNPs exposed
to ultraviolet and laser had more bacteria population in the
R1 region compared to control. Laser-exposed GlcN-AuNPs
treated bacteria maximum shifted to R1 region, indicating
that maximum cell cycle arrest. Standard kanamycin was
also showed more population in R1 region, where the similar
results was acquired in MIC result.

Uptake by bacterial cells was studied using fluorescence
microscopy with a commercially available LIVE/DEAD
BacLight staining kit. Qualitative analysis of the nanoparticle-
treated bacteria was done using live/dead dual staining.
Green fluorescing SYTOO is able to enter all live cells,
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Figure 8 Transmission electron micrographs of Escherichia coli before and after treatment with GlcN-AuNPs.

Notes: (A) Bacteria before treatment with GlcN-AuNPs showing clear and well structured morphology. (B) Bacteria after treatment with GIcN-AuNPs showing damaged
cell membranes and ruptured structures. (B1) Inset image shows nanoparticles attached and surrounding E. coli.

Abbreviations: AuNPs, gold nanoparticles; GlcN-AuNPs, glucosamine-functionalized gold nanoparticles.
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Figure 9 Atomic force micrographs showing time-dependent morphological changes in Escherichia coli before and after treatment with glucosamine-functionalized gold
nanoparticles.

Notes: (A) 0 hour, (B) 6 hours, (C) 12 hours, and (D) 24 hours. At 0 hour, no morphological changes were observed. After 24 hours of treatment, the bacterial morphology
was changed, and confirmed by the height (refer to y-axis of figures) of the bacteria, which decreased from 300 nm to 140 nm.
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Figure 10 Flow cytometry analysis of Escherichia coli.
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Notes: (A) Bacteria treated with medium only as a control, (B) bacteria treated with AuNPs, (C) bacteria treated with GIcN-AuNPs, (D) bacteria treated with ultraviolet-
irradiated GIcN-AuNPs, (E) bacteria treated with laser-irradiated GlcN-AuNPs, and (F) bacteria treated with standard kanamycin.
Abbreviations: AuNPs, gold nanoparticles; GlcN-AuNPs, glucosamine-functionalized gold nanoparticles; R, R-region.

whereas red fluorescing propidium iodide only enters cells
with a damaged membrane. Figure 11 shows maximum green
intensity in the control, whereas AuNP-treated bacteria shows
intense green and red staining. However, for GlcN-AuNP-
treated bacteria, the intensity of red fluorescence was increased
compared with the control and AuNP-treated bacteria, and
the intensity of red fluorescence increased further in bacteria
treated with ultraviolet light and laser. The maximum intensity
was observed in laser-exposed GlcN-AuNP-treated bacteria.
The standard sample of kanamycin-treated bacteria also
showed maximum red fluorescence intensity, indicating that
bacteria were being killed. These results are consistent with
those for the antibacterial study and flow cytometry.

Conclusion

In conclusion, we successfully synthesized stable
GlcN-AuNPs, and characterized them analytically,
morphologically, and biologically. Morphological changes

in nanoparticle-treated E. coli were also studied. The visible
absorbance of AuNPs and that in response to varying con-
centrations of glucosamine in GlcN-AuNPs was confirmed
by ultraviolet-visible spectroscopy. The average size of the
nanoparticles in the synthesized formulations was in the
range of 100.51-78.39 nm, indicating that the particle size
decreased in response to increasing concentrations of glu-
cosamine. Morphological characterization of the prepared
AuNPs identified a spherical shape in all formulations.
Raman spectroscopy identified 6 (CC) and C-C skeletal
vibrations and N-C=0 group bending. Using the microdilu-
tion method, GlcN-AuNPs were found to have pronounced
in vitro antibacterial activity. Morphological changes in
E. coli microbes after treatment with the nanoparticles were
characterized using AFM and TEM. The effect on the bacte-
rial cell cycle was investigated by fluorescence-activated cell
sorting analysis and the laser treated functionalized AuNPs
found to be maximum cell cycle arrest, was observed by
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Figure 11 Fluorescence micrographs of Escherichia coli.
Notes: (A) Bacteria treated with medium only as a control, (B) bacteria treated with AuNPs, (C) bacteria treated with GIcN-AuNPs, (D) bacteria treated with ultraviolet-
irradiated GlcN-AuNPs, (E) bacteria treated with laser-irradiated GIcN-AuNPs, and (F) bacteria treated with standard kanamycin. Green indicates live bacteria and red

indicates dead bacteria.
Abbreviations: AuNPs, gold nanoparticles; GlcN-AuNPs, glucosamine-functionalized gold nanoparticles.
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Figure 12 Schematic diagram for antibacterial activity of prepared nanoparticles.
Abbreviations: AuNPs, gold nanoparticles; GIcN-AuNPs, glucosamine-functionalized gold nanoparticles; UV, ultraviolet light.
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fluorescence-activated cell sorting analysis. Fluorescence was
used to identify live/dead E. coli with and without treatment
with nanoparticles. Finally, biocompatible synthesis of
functionalized AuNP strategy, size control properties could
lead to many applications, including antimicrobial agents
for use in the water treatment, textile, and pharmaceutical
industries.
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