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Abstract We report the analytical and in vitro antibacterial
activity of glucosamine-functionalized silver glyconanopar-
ticles. Morphological characterization ensured the surface
topography and particle size distribution of both silver and
glucosamine–silver nanoparticles. Surface plasmon reso-
nance of both types of nanoparticle was determined
from UV–visible spectroscopy using four different
sample concentrations (10–40 μL). The resulting func-
tionalized glyconanoparticles show maximum absor-
bance with a red shift of 30±5 nm (390–400 nm)
from their initial absorbance (425–430 nm). FT-Raman
and 1H-NMR spectroscopic measurement confirmed the
surface functionalization of glucosamine on the silver
surface through the carbonyl group of a secondary amide
linkage (–NH–CO–), elucidated by the conjugation of N-
hydroxysuccinimide (NHS)-terminated silver nanopar-
ticles and the amino group of glucosamine. Antimicrobial
experiments with well-characterized silver nanoparticles

(AgNPs) and glucosamine-functionalized silver nanopar-
ticles (GlcN-AgNPs) demonstrate that GlcN-AgNPs have
similar and enhanced minimum inhibitory concentration
(MIC) against eight gram-negative and eight gram-
positive bacteria compared with AgNPs. MIC data shows
that Klebsiella pneumoniae (ATCC 700603) and Bacillus
cereus isolate express high levels of inhibition, with the
quantity and magnitude of inhibition being higher in the
presence of GlcN-AgNPs.
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Introduction

As bacteria resistant to commonly used antibiotics
continue to increase in number, researchers are searching
for new antibacterial agents. Development of drug
resistance among bacteria is often because they acquire
genes from other bacteria that have become resistant or
because their genes mutate. Bacterial infection is far more
serious and progresses quickly. For example, inflamma-
tory diseases of the brain such as meningitis and
encephalitis are among the top ten infectious causes of
death [1] and result from bacteria such as Bacillus
anthracis, Bacillus subtilis, or Staphylococcus aureus
and fungi or viruses [2].

Silver nanoparticles (AgNPs) are some of the most
alluring nanomaterials because of their unusual physi-
ochemical and biological properties as well as their
broad range of potential applications [3–5]. The versatile
antimicrobial activity of silver has been well understood
for centuries; however, interest in this transition metal has
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recently been revived, particularly relating to its use
against the increasing threat of antibiotic resistance
resulting inter alias from abuse of several antibiotics
[6, 7]. Ag is well known to inhibit bacterial growth and
with a high safety margin. Silver is a relatively nontoxic
natural inorganic metal and its nanoscale makes its total
surface area larger in an identity volume [8]. Some
studies have reported the biological activity of AgNPs and
Ag-modified carbon nanotubes (CNT) [8], amphiphilic
macromolecules [9], chitosan [10], silica nanospheres
[11], and TiO2 [12, 13], and these are reviewed elsewhere
[14].

Glucosamine (GlcN) is also a naturally occurring amino
sugar resulting from the amidation of fructose-6-
phosphate [15]. A previous report suggested that
glucosamine-mediated transglutaminase 2 (TGase 2) inhi-
bition leads to nuclear factor kappa-light-chain-enhancer
(NF-αB) activation in drug-resistant breast cancer cells,
which evinced the promising role of GlcN as a TGase 2
inhibitor in the treatment of malignant cancer [16]. In
addition, GlcN is a well known as an alternative cure in
osteoarthritis.

Nanoparticles functionalized with sugar molecules as
ligands are called glyconanoparticles. Silver nanopar-
ticles functionalized with glucosamine provide a new
class of glyconanoparticle [17]. Several varieties of
glyconanoparticles such as gold and silver functionalized
with tetrasaccharide [18], disaccharide [19], and mono-
saccharide [20] were reported. Some glyco-quantum dots
and magnetic glyconanoparticles have also been studied
[21, 22]. Applications of these glyconanoparticles include
probes of carbohydrate–carbohydrate and carbohydrate–
protein interactions, biolabels, antiadhesive therapy, bio-
amplification strategies, and in material science for
microstructure manipulation, quantum dot and magnetic
bioconjugation were studied [23]. Though there are
enormous biomedical and material applications of the
distinct glyconanoparticles, to the best of our knowledge
there are no reports in the literature related to the
antibacterial activity of the glyconanoparticles. We there-
fore screened our new class of glyconanoparticle, com-
prising metal silver and glucosamine as ligand [17], for
antibacterial activity. A distinctive feature of the silver–
glucosamine glyconanoparticles is their ability to form a
homogeneous colloidal dispersion in water which is stable
over a broad range of pH values.

The present study reports the structural and in vitro
bacterial inhibition activity of glucosamine-functionalized
silver nanoparticles (GlcN-AgNPs). The obtained results
may help incorporate this additional feature (antibacterial
activity) of glyconanoparticles in drug delivery and also
provide a model system for particle-based sensor develop-
ment and nanomedicine-based drug discovery.

Experimental

Materials

Silver nitrate (AgNO3), D-(+)-glucosamine hydrochloride,
and phosphate buffered saline (pH 7.4) (PBS) were
obtained from Sigma. Sodium borohydride (NaBH4), 11-
mercaptoundecanoic acid (MUA), N-hydroxysuccinimide
(NHS), and 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide hydrochloride (EDC) were obtained from Aldrich.
Milli-Q water with resistance 18 MΩ was used in all our
experiments.

Synthesis of silver nanoparticles

Silver nanoparticles were synthesized by using an ultrason-
ic method modified from our previous report [24]. Aqueous
solution of 2 mL of metal precursor AgNO3 (30 mM) was
added to the reaction vessel containing 4 mL of freshly
prepared NaBH4 (30 mM). A color change occurred almost
immediately. (The reaction was repeated by using excess
NaBH4 but no change of intensity of absorption maximum
occurred.) Then the reaction mixture was kept under
ultrasonication using a Sonics VC505 for 45 min at a
probe temperature of 80 °C, amplitude of 35%, and pulser
on-off cycle 8–10s. The resulting colloidal solution was
centrifuged, and the separated particles were washed twice
with ethanol in an ultrasonication bath and dried in an oven
at 80 °C for 4 h.

Synthesis of glucosamine-functionalized silver
glyconanoparticles

Glucosamine was functionalized on silver nanoparticles in
two steps (MUA modification and EDC/NHS coupling
reaction) following the literature [17]. Briefly, 2.0 mL of
colloidal AgNPs solution (approximately 0.8 nM) was
gently added with 2.0 mL PBS (10 mM pH 7.4, with
0.2 mg/mL Tween-20) and the mixture was incubated with
gentle shaking at 100 rpm for 30 min. Then 2.0 mL MUA
solution (0.5 mM in 1:3 alcohol/H2O) was added and the
mixture was then gently shaken for 5 h to allow complete
chemisorption of alkanethiol onto the AgNPs’ surface. Then
final mixture was centrifuged to remove excess alkanethiol and
resuspended in PBS (with Tween-20). The resulting MUA-
modified AgNPs were then reacted with the freshly prepared
50 mM NHS and 200 mM EDC solution for 1 h with stirring.
The formed NHS-terminated AgNPs were centrifuged and
redispersed in PBS (with Tween-20) under ultrasonication for
the next wash. The washed NHS-terminated AgNPs were
added dropwise to a flask containing 5 mL of 10 mM GlcN in
PBS while stirring. Stirring was continued for another 3 h at
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room temperature. The excess of GlcN was removed by
centrifugation and redispersion of GlcN-AgNPs, which was
repeated three times. Finally the GlcN-functionalized AgNPs
were redispersed in PBS and stored at 4 °C.

Morphological characterization

Morphological information was obtained by using three
different microscopes: a transmission electron microscope
(TEM; Jeol-1010), atomic force microscope (AFM; Veeco
Multimode V), and field emission scanning electron
microscope (FE-SEM; Jeol-7500F). The prepared colloidal
suspensions of AgNPs and GlcN-AgNPs were drop-coated
and air-dried on a copper grid for TEM, freshly cleaved
mica substrate for AFM, and platinum substrate for FE-
SEM accordingly. In the case of FE-SEM imaging, the
sample is air-dried and sputter-coated with platinum before
examination in the electron microscope.

Analytical characterization

Specific UV–visible spectra were obtained at four different
concentrations (10, 20, 30, and 40 μL in 100 μL ethanol)
by using an Optizen 3220 in the range 300–600 nm. Fourier
transform Raman spectroscopy was used to analyze the
final AgNPs surface functionalized with GlcN (Bruker,
Vertex 70). The laser beam was focused on the sample and
the scattered light was collimated into the spectrometer by
using a 180°-angle configuration. Raman spectra were
collected at room temperature. Changes in the functional
group of glucosamine after treatment on the AgNPs was
obtained from NMR spectra (GlcN and GlcN-AgNPs)
recorded by using a 400-MHz 1H-NMR spectrometer
(Bruker, Avance 400 WB; D2O as solvent).

Antimicrobial study

Bacterial strains

Sixteen bacterial strains (eight gram-negative and eight
gram-positive bacteria) were selected for the antibacterial
activity test: gram-negative strains were Escherichia coli
ATCC 25922, E. coli pig isolate, Salmonella typhimurium
ATCC 14028, S. typhimurium pig isolate, Salmonella
enteritidis ATCC 13076, Pseudomonas aeruginosa cattle
isolate, Klebsiella pneumoniae ATCC 700603, and K.
pneumoniae cattle isolate; gram-positive strains were
methicillin-resistant Staphylococcus aureus human isolate,
vancomycin-resistant Enterococcus faecium BM 4147,
vancomycin-resistant E. faecium human isolate, S. aureus
ATCC 29213, vancomycin-susceptible E. faecium ATCC
51558, Bacillus subtilis KCTC 3727, B. subtilis cattle
isolate, and Bacillus cereus cattle isolate.

Antibacterial activity test

Antibacterial activity test was performed by agar dilution
method [25] with twofold serial dilution of samples on
Mueller–Hinton agar. Inocula were prepared by suspending
growth from overnight cultures in sterile saline to a
turbidity of a 0.5 McFarland standard. Final inocula
contained 104 CFU/spot. Plates were inoculated with a
Steers replicator with 3-mm inoculating pins and incubated
for 16–20 h at 37 °C in aerobic conditions. The lowest
concentration of antibiotic resulting in no growth was read
as the minimum inhibitory concentration (MIC).

Results and discussion

Morphological characterization

Figure 1 shows the TEM (a, c) and FE-SEM (b, d) images
of the AgNPs and GlcN-AgNPs. As observed in the
electron micrographs, the AgNPs and GlcN-AgNPs are
homogeneously dispersed in the aqueous solvent. Ultra-
sonochemically fabricated AgNPs are well distributed in
the substrate. The acoustic microstreaming and cavitation
force from the sonication probe creates the pressure waves
which drastically minimize the ionic concentration gradient
and enhance mass transport at the solid sphere–liquid
interface [26], which results in the homogeneous synthesis
of AgNPs. After GlcN functionalization a considerable
modification occurs on the surface of the AgNPs, which is
clearly evinced from the TEM and FE-SEM images. The
average particle size distribution measurement from the TEM
gave the size range of AgNPs as 20±2 nm and GlcN-AgNPs
as 30±5 nm. As shown in Scheme 1, the GlcN functionaliza-
tion occurred in the presence of PBS containing the nonionic
surfactant Tween-20, which prevented the aggregation at
high ionic strengths [27]. Figure 2 depicts the tapping mode
AFM images of AgNPs and GlcN-AgNPs. AFM provides
additional capabilities and advantages relative to other
microscopic methods in studying the metallic surfaces and
microstructures by providing reliable study at the nanometer
scale [28]. Figure 2 shows the two different images of
AgNPs and GlcN-AgNPs characterized by its phase (a and c)
and 3D (b and d) view respectively. Structural information
obtained from the AFM agreed well with the other two
microscopic studies and, furthermore, confirmed the spher-
ical structure of the AgNPs and GlcN-AgNPs.

UV–visible absorption spectroscopy

Among the metal nanoparticles, AgNPs are of particular
interest owing to their third-order optical nonlinearity and
pronounced surface plasmon resonance (SPR) absorption,
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which have promising roles in many applications, such as
optical waveguides and optical switches [29]. The optical
properties of the obtained AgNPs and GlcN-AgNPs were
studied by using an Optizen 3220 spectrophotometer.
Figure 3a and b shows the maximum absorbances of
AgNPs and GlcN-AgNPs respectively. From Fig. 3a, the
curve peak indicates the characteristic SPR of AgNPs
between 390 and 400 nm (a–d = 10, 20, 30, and 40 μL in
100 μL ethanol) [30]. After surface functionalization of
GlcN there are significant changes in the spectrum (Fig. 3b)
distinguished by the broadened peak and shift of SPR to
425–430 nm (a–d = 10, 20, 30, and 40 μL in 100 μL
ethanol). In general localized SPRs are obtained due to the
collective oscillations of conductive electrons from the
sample species. Appearance of strong SPR bands is
generated from the excitation of localized surface plasmon
resulting from the strong light scattering, by an electric field
at a specific wavelength. The optical absorption spectrum
of metal nanoparticles is dominated by the SPR, which
leads to the distinguished red or blue shift depending on the
dielectric properties of the surrounding host matrix, or the
environmental atmosphere, in addition to the particle size
and shape [31]. The SPR of GlcN-functionalized AgNPs is
in the range 425–430 nm with a red shift of 30±5 nm
relative to that of plain AgNPs. This is due to the
introduction of the amino sugar GlcN on the AgNPs,
which affects peak width thereby considerably increasing
the metal surface coating. Subsequently surface modifica-

tion leads to the confinement of the free electrons with the
Ag metal, which strongly influenced the absorbance
resulting in the red shift with a higher absorbance or
reflection from its original intensity. As the concentration of
the AgNPs and GlcN-AgNPs increases from 10 to 40 μL in
the analysis, the absorbance radiant energy increased
coherently along with the extinction coefficient. This result
also highlights the stability of AgNPs and GlcN-AgNPs in
the solvent ethanol.

FT-Raman spectroscopy

In order to confirm the successful functionalization of GlcN
on the AgNPs surface structurally, FT-Raman spectroscopy
was used to obtain the conformational bands of GlcN.
Figure 4 shows the characteristic Raman bands observed
for the final GlcN-AgNPs over the range 500–3,500 cm−1.
The distinct stretching and bending vibrations from the
GlcN-AgNPs structure containing carbon-linked hydroxyl,
CH, and primary amine conjugated groups are well
resolved as follows. From Fig. 4, the sharp band observed
at 876 cm−1 is assigned to be C(1)-H. The shift observed at
1,042–1,081 cm−1 and a moderate peak at 1,702 cm−1 were
attributed to the C–O functional moiety of GlcN. A strong,
intense Raman peak at 1,451 cm−1 relates to the CH and C
(6)-OH vibrations. The weak band located at 1,270 cm−1 is
due to the C–OH group. In a previous study, laser Raman
spectra of plain D-glucosamine hydrochloride were reported

Fig. 1 TEM (left) and FE-SEM (right) images of AgNPs (a, b) and GlcN-AgNPs (c, d) and their corresponding average particle size distribution
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to have distinct vibrations at 1,520, 1,583, and at
1,620 cm−1, which were assigned to NH3

+ [32]. In our
case, the carbonyl group of the secondary amide (–CO–
NH–) linkage obtained by the conjugation of NHS-
terminated AgNPs and the amino group of GlcN was
observed at 1,574 cm−1 and 1,663 cm−1. The significant CH
stretches from CH2 groups present on the surface of the Ag
colloid and in GlcN after functionalization were resolved at
2,720 (CH), 2,882 (C(6)-H), 2,932, and 2,974 cm−1 (C(2)-
H) respectively. The vibration for hydroxyl groups of GlcN
displays a broad stretching at 3,221 and 3,329 cm−1.

1H-NMR spectroscopy

To understand the chemical modification in more depth, a
1H-NMR spectral analysis was performed on the final
GlcN-AgNPs (Fig. 5). Their characteristic resonances
corresponding to different units of the GlcN-functionalized
AgNPs are discussed as follows. A singlet peak centered at

δH 7.27 was attributed to the –NH–CO– of the secondary
amide linkage [17, 33]. The multiplet at δH 4.51–4.05
corresponds the –CH- proton from the Ag surface colloid.
The weak signal near δH 3.88 and a triplet peak centered at
δH 3.80 were due to the –OH protons of GlcN. The
multiplet signal at δH 2.38 and a signal at δH 2.36–2.29
relate the –CH– of GlcN. Resonance shift at δH 1.69–1.40
and a very weak triplet signal centered at δH 1.39 were
assigned to the sp3-hybridized –CH– proton from GlcN
[17]. The successful functionalization of GlcN on the Ag
surface was identified from the formation of the secondary
amide linkage (–NH–CO–) resulting in a specific reso-
nance located at δH 7.2 ppm (1H-NMR) and stretching at
1,574 and 1,663 cm−1 (FT-Raman).

Antimicrobial study

The pharmacological action of silver against bacterial
strains is generally reported to involve the interaction of

Scheme 1 Functionalization
of glucosamine on silver
nanoparticles (a) and the inter-
action of GlcN-AgNPs with
bacterial cell wall surface (b)
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silver ions with disulfide or sulfhydryl groups of enzymes,
causing physiological changes that lead to disruption of
metabolic processes followed by cell death [34, 35]. The
inhibitory action of AgNPs is also based on the release of
Ag+ ion [36]. Exposure of microorganisms to AgNPs was
shown to result in strong antimicrobial activity [37, 38]. In
addition to the increased surface area and associated
increased potential for the release of Ag+ ions, when
dispersed in liquid suspensions, AgNPs may accumulate
in the bacterial cytoplasmic membrane, causing a signifi-
cant increase in permeability and cell death [39] by
penetrating the bacterial cells [40]. In another report the
antimicrobial mechanism of AgNPs was elucidated to
involve the generation of free radicals from the surface of
the nanoparticles, causing damage to the cellular membrane
[14]. The bactericidal effect of nanoparticles is also
dependent on the concentration of nanoparticles and the
initial bacterial concentration [41].

In this study we comparatively evaluated the antibacte-
rial activity of the silver and silver-functionalized glucos-
amine glyconanoparticles based on MICs of dispersed
nanoparticles in batch cultures. Agar dilution method [25]
was utilized to study the growth profile of a variety of
bacterial species at various concentrations. Undiluted
AgNPs were used as the control drug for this MIC
screening. Representative images of bacterial growth
inhibition in the presence of AgNPs and GlcN-AgNPs of
varying concentrations are depicted in the “Electronic
supplementary material” (Fig. S1). As the concentration of
nanoparticles increased to the MIC of the respective strains,
no growth was observed in the petri plate. Among the two
E. coli strains selected for the study the strain most
sensitive to AgNPs and GlcN-AgNPs was ATCC 25922.
MICs observed for that strain were 8 μg/mL (AgNPs) and
4 μg/mL (GlcN-AgNPs), which are lower than the MIC of
AgNPs for E. coli reported in previous studies conducted

Fig. 2 Tapping mode AFM images of AgNPs (a; phase and b; 3D) and GlcN-AgNPs (c; phase and d; 3D) respectively
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on agar plates (75 μg/mL) [38]. In batch studies with E.
coli and colloidal AgNPs (size range 2–25 nm), MIC was
reported to be in the range of 3–25 μg/mL for initial
bacterial concentration of 105–108 CFU/mL [42–44]. The
MICs of AgNPs and GlcN-AgNPs on pig isolated E. coli
strain were higher compared to the standard strain and were
512 μg/mL and 256 μg/mL respectively. MICs of the
AgNPs and GlcN-AgNPs against the S. typhimurium ATCC
14028 and its pig isolate were 16 and 512 μg/mL. It is
reported that Ag, Cu and chitosan-coated Ag, Cu nano-
particles have pronounced antibacterial activity against S.
typhimurium [45]. In our study, GlcN-functionalized
AgNPs had similar MIC values to AgNPs against S.
typhimurium ATCC 14028 (16 μg/mL) and S. typhimurium
pig isolate (512 μg/mL). Among the gram-negative
bacterial strains S. typhimurium (pig isolate), S. enteritidis
ATCC 13076, and P. aeruginosa (cattle isolate) had the
least sensitivity towards the AgNPs and GlcN-AgNPs. But

notably, the MIC of GlcN-AgNPs against P. aeruginosa
was 256 μg/mL. Compared with the standard E. coli
(ATCC 25900) strain, the standard K. pneumoniae (ATCC
700603) and cattle isolated K. pneumoniae strain were
highly sensitive to AgNPs (MIC16 and 8 μg/mL) and
GlcN-AgNPs (MIC 8 μg/mL). Antibacterial activities of
AgNPs and GlcN-AgNPs against gram-positive bacteria
were investigated by using eight strains. In general, gram-
positive bacteria appeared to be more tolerant to silver than
gram-negative cells. It has previously been reported that
gram-positive bacteria are less susceptible to the antimicro-
bial activity of silver [14, 46]. It was emphasized that this
may be due to differences in the cell wall physiology. The
cell wall of gram-positive bacteria contains complex layers
of peptidoglycan compared with the cell wall of gram-
negative bacteria. Peptidoglycan is a complex structure and
often contains teichoic acids or lipoteichoic acids which
have a strong negative charge, which may contribute to
sequestration of free Ag+ ions. Thus, gram-positive bacteria
may allow less Ag+ to reach the cytoplasmic membrane
than gram-negative bacteria and may therefore be less
susceptible [45]. However in the present study, the MICs of
AgNPs and GlcN-AgNPs were not significantly different
between gram-negative and gram-positive strains. This may
be due to the common resistance development among the
bacterial species. Scheme 1B illustrates the process of
interaction between the GlcN-AgNPs and bacterial cell wall
distinguished by gram-negative and gram-positive bacteria.
One study reported that AgNPs biosynthesized from S.
aureus have antimicrobial activity against methicillin-
resistant S. aureus (MRSA) and methicillin-resistant S.
epidermidis (MRSE) [46]. The antibiotic activity of those
bionanoparticles (determined using 0.002 mg of the AgNPs
as the final product for the antimicrobial assay by zone of

Fig. 4 FT-Raman spectrum of GlcN-AgNPs

Fig. 3 UV–visible absorption spectrum of a AgNPs and b GlcN-
AgNPs
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inhibition) for MRSE (18 mm) and MRSA (17.5 mm) made
the revival of the use of silver as a powerful bactericide
possible. In another study some sulfonamide derivatives
were reported to have MICs of 32, 64, and 128 μg/mL in
different clinical isolates and showed promise against
staphylococci infections, especially urinary infections [47].
For the better evaluation in our study, we chose human
isolated MRSA and methicillin-sensitive S. aureus (ATCC
29213). The resulting MICs of AgNPs (16 and 128 μg/mL)
and GlcN-AgNPs (8 and 128 μg/mL) against human isolate
MRSA and methicillin-sensitive S. aureus provide evidence
that these NPs are a promising nanomedicine against these
pathogenic strains. AgNPs and GlcN-AgNPs have similar
MICs against the vancomycin-resistant E. faecium (human
isolate and standard) and the sensitive strain were found to
be 256, 512, and 512 μg/mL respectively. Finally the MICs
of AgNPs against the B. subtilis (KCTC 3727 and cattle
isolate) and B. cereus (cattle isolate) were determined to be
256, 8, and 4 μg/mL, whereas GlcN-AgNPs had higher
inhibition values compared with AgNPs on cattle isolated
B. subtilis and B. cereus, found to be 4 and 2 μg/mL. MIC
values of AgNPs and GlcN-AgNPs against the individual
strains are shown in Table 1. It is worth noting that there is
a significant batch-to-batch diversity, for instance, in the
same species of E. coli, S. typhimurium, and S. aureus. This
could be due to the variations in the physiochemical and
biological properties of the nanoparticles. Furthermore, the
selection of strains (isolates and commercial) plays a vital

Fig. 5 1H-NMR spectrum
of GlcN-AgNPs

Table 1 Minimum inhibitory concentration (MIC) of AgNPs and
GlcN-AgNPs against eight gram-negative and eight gram-positive
bacterial strains

Bacterial strains AgNPs GlcN-AgNPs
MIC (μg/mL) MIC (μg/mL)

Gram-negative strains

E. coli ATCC 25922 8 4

E. coli isolate 512 256

S. typhimurium ATCC 14028 16 16

S. typhimurium isolate 512 512

S. enteritidis ATCC 13076 512 512

P. aeruginosa isolate 512 256

K. pneumoniae ATCC 700603 16 8

K. pneumoniae isolate 8 8

Gram-positive strains

S. aureus ATCC 29213 (METs) 128 128

S. aureus isolate (METr) 16 8

E. faecium ATCC 51558 (VANs) 512 512

E. faecium BM 4147 (VANr) 256 256

E. faecium isolate (VANr) 512 512

B. subtilis KCTC 3727 256 256

B. subtilis isolate 8 4

B. cereus isolate 4 2

Controla >512 >512

METs methicillin susceptible, METr methicillin resistant, VANs vanco-
mycin susceptible, VANr vancomycin resistant
a Undiluted drug AgNPs
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role in their different pharmacological actions and resistance
development. The commercially available strains showed
higher inhibition than isolates utilized for the MIC tests. The
MIC values against the isolates agreed well with those
reported for drugs like sulfonamide derivatives [47]. The
similar or enhanced inhibition with minimum concentration of
GlcN-functionalized AgNPs compared with only AgNPs in all
strains could possibly due to the underlying structure–activity
relationship of glucosamine, which is similar to chitosan
except that glucosamine is a single monomer, whereas
chitosan is a linear polysaccharide composed of random-
ly distributed β-(1–4)-linked D-glucosamine (deacetylated
unit) and N-acetyl-D-glucosamine (acetylated unit). How-
ever in our compound the primary amino group of
glucosamine reacted with the silver surface functionalized
with NHS during the coupling reaction. The functionali-
zation on the primary amino group converted it into the
secondary amide, for which a relationship between
chemical structure and antimicrobial activity has been
reported [48]. In mammalian systems, increased glycolytic
flux stimulates production of glucosamine-6-phosphate
(GlcN-6-P) through the hexosamine biosynthetic pathway.
Activation of this pathway by high glucose levels has been
linked to insulin resistance in mammalian cells [49, 50]. It
has been suggested that exogenous glucosamine (GlcN)
exerts anti-inflammatory effects by inhibiting neutrophil
functions such as the generation of superoxide and the
release of granule enzymes [51]. Increased hexosamine
flux can lead to increased O-linked glycosylation of
proteins and inhibition of the oxidative pentosephosphate
(OPP) pathway, either or both of which can potentially
mediate the physiological effects of GlcN in mammalian
cells. These reports gave evidence of the ability of GlcN to
produce oxidative stress. Collectively dissolution and
release of Ag+ are reported to inhibit respiratory enzymes,
reactive oxygen species (ROS) production, and disruption
of membrane integrity and transport processes [52, 53].
However further investigations like gene expression of
oxidative stress on bacterial cells are required to prove the
mechanism of ROS production from GlcN-AgNPs.

Conclusion

The results of the present study allowed us to define a
schematic approach for analytical and biological character-
ization of silver and glucosamine-functionalized silver
nanoparticles. Morphological characterization revealed the
particle size distribution range of 20±2 nm (AgNPs) and 30±
5 nm (GlcN-AgNPs). UV–visible spectra evinced the surface
modification of GlcN on the Ag surface. 1H-NMR and FT-
Raman spectroscopy allowed the structural elucidation of the
functionalized glyconanoparticles through appearance of the

characteristic –NH–CO resonance at δH 7.29 ppm and
Raman band at 1,574 and 1,663 cm−1 respectively. This
new class of glyconanoparticle exhibits pronounced in vitro
antibacterial activity against eight gram-negative and gram-
positive bacteria in a concentration-dependent manner. The
enhanced antibacterial activity of GlcN-Ag glyconanopar-
ticles may be attributed to: (1) surface functionalization with
an amino sugar (glucosamine), which facilitates the distri-
bution and penetration of glyconanoparticles into the
bacterial cell surface; (2) a larger surface area for contact
and interaction with the cell surface; and/or (3) unique
structure–activity relationship. Furthermore, the properties of
the glyconanoparticles make them attractive as a hydrophilic,
biodegradable, and stable nanomaterial for a wide range of
biomedical applications including antimicrobial nanomedi-
cine, sensors, and as a model system for studies of several
biointeractions such as carbohydrate–protein, carbohydrate–
carbohydrate, and carbohydrate–cell.
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