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Abstract
Aims—Silver nanoparticles exhibit unique antibacterial properties that make these ideal candidates
for biological and medical applications. We utilized a clean method involving a single synthetic step
to prepare silver nanoparticles that exhibit antimicrobial activity.

Materials & methods—These nanoparticles were prepared by reducing silver nitrate with
diaminopyridinylated heparin (DAPHP) and hyaluronan (HA) polysaccharides and tested for their
efficacy in inhibiting microbial growth.

Results & discussion—The resulting silver nanoparticles exhibit potent antimicrobial activity
against Staphylococcus aureus and modest activity against Escherichia coli. Silver–HA showed
greater antimicrobial activity than silver–DAPHP, while silver–glucose nanoparticles exhibited very
weak antimicrobial activity. Neither HA nor DAPHP showed activity against S. aureus or E. coli.

Conclusion—These results suggest that DAPHP and HA silver nanoparticles have potential in
antimicrobial therapeutic applications.
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Metal nanoparticles (NPs) have recognized importance in chemistry, physics and biology
because of their unique optical, electrical and photothermal properties [1–6]. Such metallic
NPs have potential applications in laboratory settings such as analytical chemistry and have
been used as probes in mass spectroscopy [7], as well as in colorimetric detection for proteins
and DNA [8]. Metal NPs have also been used for therapeutic applications and drug delivery
[9,10]. For many years, silver (Ag) has been known to exhibit antibacterial properties and this
characteristic has been exploited in a wide variety of applications, such as catheters [11],
protheses [12], textiles [13,14] and water treatment [15]. The mechanisms for this antimicrobial
property is only partially understood. It has been hypothesized that positively charged Ag ions
(Ag+) are able to interact with the negatively charged bacterial cell wall, inhibiting membrane

Correspondence to: Robert J Linhardt.

NIH Public Access
Author Manuscript
Nanomedicine (Lond). Author manuscript; available in PMC 2010 April 1.

Published in final edited form as:
Nanomedicine (Lond). 2009 June ; 4(4): 421–429. doi:10.2217/nnm.09.24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



permeability [16], and inactivating necessary enzymes by interacting with the thiol groups of
the proteins [17,18], leading to cell death.

Silver NPs (AgNPs) also have the same intrinsic antimicrobial properties. The molecular
mechanism for this antimicrobial activity has been hypothesized to result from the oxidation
of metallic Ag (Ag0) to Ag+ on exposure to aqueous solutions containing oxidizing agents
[19]. AgNPs are of interest because they offer slow, controlled release of Ag+. The surface of
AgNPs is exposed to aqueous oxidants forming Ag+, which can then deactivate the proteins
necessary for bacteria, viruses and fungi to survive. The slow release of Ag+ ions from AgNPs
avoids the excess delivery of Ag+ that can result from the use of Ag salts. Moreover, AgNPs
are less susceptible to deactivation by the chloride ions in physiological media than Ag salts
[19]. NPs have a high ratio of surface area per unit mass, resulting in greater antimicrobial
activity and more controlled release of Ag+ ions [20–22].

Various methods have been reported over the last two decades for the synthesis of AgNPs.
These involve the reduction of metal salts with a chemical reducing agent, such as sodium
citrate, sodium borohydride or other organic compounds [23–26] that introduce contaminants,
which are often toxic. One area that is being actively explored relies on carbohydrates as the
reducing agents. Raveendran et al. used glucose as the reducing agent and starch as a capping
agent to prepare starch AgNPs [27]. Huang et al. used chitosan and heparin (HP) as reducing
and stabilizing agents for the synthesis of gold NPs and AgNPs, respectively [28]. Previous
studies evaluated the synthesis of these AgNPs using carbohydrates, but few evaluate their anti
microbial activities, especially with large carbohydrates such as glycosaminoglycans (GAGs).

Glycosaminoglycans are negatively charged polysaccharides composed of repeating
disaccharides units. These include HP, heparan sulfate, chondroitin sulfate, hyaluronan (HA),
dermatan sulfate and keratan sulfate, each having important and diverse biological functions.
Some GAGs, such as HP, are often found attached through their reducing ends to core proteins.
These form larger macromolecules, called proteo glycans. Proteoglycans have diverse
biological functions depending on both the core protein and the type and number of GAG
chains that are attached. Pharmaceutical HP is released from its core protein and is used as an
anticoagulant. It also has activities in promoting wound healing and angiogenesis, as well as
inhibiting tumor metastasis and inflammation [29]. HA is biosynthesized free of a core protein
and serves as a lubricant and shock absorber in the extracellular matrix; it is also involved in
the mediation of cellular proliferation and migration [30]. HA has also been medicinally used
for treating joint disease and promoting wound healing [31]. These molecules are biologically
friendly and have a number of therapeutic applications. However, GAGs are also sugars and
can support microbial growth when used in wound healing applications. Currently, GAGs have
been used for medical applications such as wound healing in combination with external
antimicrobial agents, such as iodine. In this study, we examine GAG-based bioconjugates
designed to exhibit their natural pharmacology along with antimicrobial activity, inhibiting the
growth of bacteria.

Previously, we demonstrated the synthesis of gold NPs and AgNPs, using HP derivatized with
a diaminopyridinyl (DAP) group and HA, which were stable and showed anticoagulant and
anti-inflammatory properties [32]. The current study examines the potential pharmacological
and antimicrobial activity of AgNPs synthesized using GAGs. This clean synthetic method
relies on HP and HA as reducing and stabilizing agents, eliminating the impurities that
conventional reduction methods introduce, and affording stable NPs with antimicrobial
activity. These NPs might be useful for treatment of burns or in wound healing by promoting
cellular proliferation (re-epithelialization) while inhibiting inflammation and microbial
infection.
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Materials & methods
Materials

Silver nitrate, HA sodium salt from Streptococcus equi, sodium chloride, calcium chloride and
heparinase I (E.C. 4.2.2.7) from Flavobacterium heparinum and Dowex-1 strongly basic anion-
exchange resin were purchased from Sigma Chemicals (St Louis, MO, USA) and used as
received. HP sodium from porcine intestinal mucosa was purchased from Celsus Laboratories
(Cincinnati, OH, USA), and Escherichia coli (25922) and Staphylococcus aureus (27660) were
obtained from the American Type Culture Collection. Other common reagents were ordered
from Sigma Chemicals.

Synthesis of AgNPs capped with DAPHP
The method of synthesizing 2,6-diaminopyridinyl HP (DAPHP) is described elsewhere [33].
Briefly, HP (100 mg, 8.3 μM) was dissolved in 1 ml of formamide by heating at 50°C. The
2,6-diaminopyridine (100 mg, 920 μM) was then added to the mixture and the reaction was
maintained at 50°C for 6 h. An aqueous solution of sodium cyanoborohydride (9.5 mg, 150
μM) was added and the temperature was maintained at 50°C for an additional 24 h. A total of
10 ml of water was added to dilute the reaction mixture and dialyzed against 2 l of water using
a 1000 molecular weight cut-off dialysis membrane for 48 h. The sample was then recovered,
lyophilized and purified by methanol precipitation and strong anion exchange chromatography
on Dowex-1 resin.

The AgNPs were formed using DAPHP and AgNO3. Typically, an aqueous solution of
AgNO3 (0.1 mM) was heated until boiling. DAPHP (0.5 mM aqueous solution) was then added
dropwise to AgNO3 and the solution was boiled for 20 min. The DAPHP reduction of
AgNO3 to AgNPs could be monitored by observing the change of color from light yellow to
dark yellow. The mixture could be purified by recovering the Ag–DAPHP NPs by
centrifugation at 16,000 × g for 20 min and washing with water three times. However, for the
antimicrobial assay the nanocomposites were used without further purification, since a better
comparison can be made with the other AgNPs that were reduced with HA and glucose. The
stability of the particles was tested using various concentrations of NaCl. Different amounts
of NaCl were added to a solution of AgNPs, after which the UV-visible (UV-Vis) spectrum
was taken. The particles were sterilized by autoclaving, using conditions under which HP and
HA are known to be stable (120°C for 20 min).

Synthesis of AgNPs with HA
Typically, an aqueous solution of 0.1 mM HA was gradually heated to dissolve the HA.
Approximately 200 μg of AgNO3 in 1 ml of water was added dropwise to the HA solution for
a final concentration of 0.1 mM. The solution was gradually heated and incubated in a 70°C
water bath overnight. The formation of AgNPs was observed by monitoring the change of color
from light yellow to dark yellow. The stability of the particles was tested using various
concentrations of NaCl. Different amounts of NaCl were added to a solution of AgNPs, after
which the UV-Vis spectrum was taken. Particles were autoclaved for sterilization in the same
manner as the Ag–DAPHP NPs.

Synthesis of AgNPs with glucose
An aqueous solution of glucose (55 mM) was heated and stirred until boiling. An aqueous
solution of AgNO3 was added dropwise to the glucose solution for a final concentration of 0.1
mM. The formation of particles was monitored by the change of color from light yellow to
dark yellow. Particles were sterilized by filtration through a 0.22 μm syringe filter.
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Characterization of AgNPs
Various spectroscopic techniques including UV-Vis, field emission scanning electron
microscopy and transmission-electron microscopy (TEM) were used to characterize the
nanocomposites. UV-Vis spectroscopic measurements of the particles relied on a LAMDA
950 UV/Vis/NIR Spectrometer (Perkin Elmer, USA) operated with a resolution of 2 nm. The
morphology of the nanostructures was characterized by scanning-electron microscopy in a
JEOL (Peabody, MA, USA) 6330 F field emission scanning electron microscope operated at
5 kV. TEM was used to determine the size distribution of the particles on a Philips (FEI,
Hillsboro, OR, USA) CM12 TEM.

Activated partial thromboplastin time assay
The activated partial thromboplastin time (aPTT) assay is a standard coagulation assay that
determines the clotting time of activated, recalcified plasma [34]. Ag–DAPHP, DAPHP and
Ag–glucose samples were added, respectively, to 100 μl of automated aPTT reagent to cups
and warmed at 37°C for 1 min; 100 μl of citrated plasma was added and warmed 5 min at 37°
C. A 100 μl aliquot of pre-warmed CaCl2 (0.025 M) was added to recalcify the citrated plasma,
the fibrometer was immediately started and the clotting time was measured. The fibrometer
was stopped after 10 min, if it did not stop automatically. Each concentration was performed
in triplicate.

Minimum inhibition concentration assay
The assay is a modification of the standard micro-broth dilution assay recommended by the
National Committee for Clinical Laboratory Standards (NCCLS, USA), which has been
developed for determining in vitro antimicrobial activities of cationic agents [35,36]. The
modifications were made to minimize loss of the antimicrobial agent due to adsorption onto
glass or plastic surfaces and by precipitation at high concentrations. The protocol carried out
is briefly described: bacteria were grown by taking 10 μl of frozen bacteria strains (E. coli and
S. aureus) into 3 ml of cation-adjusted (340 mM NaCl) Mueller-Hinton Medium II, and
incubating overnight at 37°C on a shaker. Growth was monitored by a spectrophotometer at
OD600 by diluting 1:10 into Mueller-Hinton Medium II; the blank was Mueller-Hinton II
medium. Each strain was diluted to obtain a working solution of OD600 = 0.001 (or ∼106 cfu/
ml). A total of 11 1:2 serial dilutions of the Ag samples in sterile water were prepared and 10
μl of each of the diluted compounds were added to a 96-well round-bottom polypropylene
plate. Diluted bacterial strains (90 μl) were added to the respective wells in duplicate and
incubated for 18 h at 37°C. The minimum inhibitory concentration was measured by observing
bacteria growth defined by NCCLS as a 2 mm or greater button or where turbidity is clearly
observed.

Results & discussion
Synthesis & characterization of Ag–HA & Ag–DAPHP

Heparin derivatized with a DAP group at the reducing end was synthesized through reductive
amination. Residual underivatized HP present in the DAPHP preparation has the ability to
reduce the Ag salts, while the amino group of the DAP moiety provides a strong interaction
with the AgNPs. The reducing end of HA chains are also able to reduce AgNO3 forming
AgNPs. These GAGs are very polydisperse with estimated molecular weights for HA and
DAPHP of approximately 100 and 12 KDa, respectively. These molecular weights were used
to determine the concentration of GAGs for synthesis and for in vitro experiments. Because of
the large size and polydispersity of these GAGs, end-group ana lysis was impracticable. The
concentration of GAGs used was an approximate 1:1 ratio of the amount of AgNO3 that was
used, corresponding to approximately 1 μM of GAG for approximately 1 μM of AgNO3. The
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nanocomposites prepared were analyzed by UV-Vis spectroscopy. The UV-Vis spectra
recorded on AgNP solutions synthesized using HA, DAPHP and glucose are shown in Figure
1. A strong resonance at approximately 400−450 nm is observed for Ag–DAPHP, Ag–HA and
Ag–glucose NPs in solution, due to the excitation of surface plasmon vibrations. The pH of
the corresponding solutions was measured and ranged from 4 to 6, being buffered by the
carboxyl groups in these polysaccharides. While this is below physiological pH, no external
buffer was added, as this would only confound our ana lysis. It should be noted that at
physiologic pH these NPs would have added negative charge, resulting from the full ionization
of the polysaccharide carboxyl groups, and thus a further reduction in their propensity to
aggregate.

The instability of NPs, particularly in the presence of electrolytes, is a major problem in
colloidal chemistry. Electrolyte-induced precipitation of NPs from the aqueous phase is
commonly observed. Their stability was tested at different NaCl concentrations to determine
if they would aggregate at physiological salt conditions, which is approximately 150 mM. The
stability of these NPs was studied for both Ag–HA and Ag–DAPHP in the presence of
increasing NaCl concentrations (Figure 2A & B). Unpurified Ag–DAPHP was stable up to 1
M NaCl concentration, as well as Ag–HA up to 1 M NaCl. However, for purified Ag–DAPHP,
the limit of NaCl concentration was approximately 150 mM (data not shown). The high stability
of Ag–HA at physiologic salt concentrations may be due to the thick gel that forms, hindering
the coalescence of AgNPs, thus preventing their aggregation. Ag–DAPHP was also quite stable
at high salt concentrations (Figure 2A), but when purified, the maximum NaCl concentration
that the particles could withstand was approximately 150 mM. The decreased stability of
purified samples is probably related to the decreased amount of weakly bound HP present in
the sample. The presence of HP results in an electrostatic repulsion between the NPs. Salt
disrupts this repulsion and a decreased level of HP on NPs requires less NaCl to neutralize the
charges and enhance NP aggregation.

2,6-diaminopyridinyl heparin and HA synthesized AgNPs were further characterized using
TEM to visualize morphology and size of the particles. A drop-coated film of aqueous solution
of NPs was formed on carbon-coated copper grid by solvent evaporation and analyzed by TEM.
TEM images of the Ag–DAPHP showed that these particles are monodisperse with the majority
of the particles ranging from 11 ± 3 nm (Figure 3A & B). There were a small percentage of
particles that were larger. TEM images of Ag–HA films formed on a copper grid and the
particle-size distribution are shown in Figure 4A & B. The Ag–HA was more polydisperse
than the Ag–DAPHP, with a larger size distribution and more diverse morphologies. The
particles looked to be embedded within the surrounding HA matrix (Figure 4B). The surface
morphology of Ag–HA was examined using scanning-electron microscopy (Figure 5). The
Ag–HA particles appear to have a rough surface morphology, with many indentations and
shapes. The narrow size distribution observed for Ag–DAPHP can be explained by the
interaction between the amine on the DAP moiety and the AgNPs that controls the size and
morpho logy of the NPs. The interaction between HA and the AgNPs is weaker than DAPHP
with the AgNPs, resulting in larger and more disperse particle formation. The HA in the AgNP,
however, affords a more viscous solution, leading to improved stability. The high stability of
Ag–DAPHP and Ag–HA was also demonstrated by similarity of the UV-Vis peaks before and
after autoclaving. The increase in the peak intensity for both Ag–DAPHP and Ag–HA after
autoclaving can be explained by the heat and pressure driving to completion the reduction of
AgNO3 by HA and DAPHP (Figures 3C & 4C).

Antimicrobial activity of Ag–HA & Ag–DAPHP
The sterilized Ag–DAPHP and Ag–HA particles were investigated to see if they possessed any
antimicrobial activity against S. aureus and E. coli. The synthesized Ag–DAPHP and Ag–HA
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particles were sterilized by autoclaving and the particles were confirmed to still be stable by
UV-Vis indicated by similar peak profiles (Figures 3C & 4C). Our studies showed that AgNPs
exhibited antimicrobial efficacy against both S. aureus and E. coli, with greater efficacy against
S. aureus (Table 1). Ag–HA showed better antimicrobial activity than Ag–DAPHP, with
relatively greater efficacy against S. aureus than against E. coli. Ag–glucose exhibited weaker
antimicrobial activity, 0−10% inhibition at 0.1 μM (Table 1). By contrast, neither HA nor
DAPHP showed activity against S. aureus or E. coli at concentrations up to 1.0 μM (Table 1).
The higher activity of Ag–HA, and to a lesser extent Ag–DAPHP, can be explained by the
smaller particle size, which leads to a greater surface area, and thus greater antimicrobial effects
[20,21]. The lack of antimicrobial activities of HA or DAPHP at concentrations up to 1.0 μM
demonstrate that the antimicrobial activity is mainly due to the Ag in the nanocomposites and
its potential enhancement with HA or DAPHP. Ag–glucose exhibited only weak antimicrobial
activity, possibly due to the larger size of the Ag–glucose NPs. Various studies have showed
that toxicity to bacteria is dependent on size of the AgNPs [20,21].

Finally, the heparinized nanocomposites were tested to confirm that they retained the pharmaco
logical activity associated with the GAG itself. The aPTT anticoagulation assay measures the
inhibition of the blood coagulation cascade [34]. DAPHP completely prevented coagulation
at 3 μg/ml. Ag–DAPHP showed similar anticoagulant activity when 14.5 μg/ml of DAPHP
was attached to the AgNPs (Figure 6). Ag–glucose showed no significant anticoagulant activity
at comparable AgNP concentrations.

Conclusion
The main finding in the present study is that Ag–HA and Ag–DAPHP exhibit potent
antimicrobial activity. In addition, the aPTT assay clearly confirmed that Ag–DAPHP
maintained its pharmacological activity as an anticoagulant. These Ag–HA and Ag–DAPHP
particles were stable in aqueous solution over several months when stored at room temperature,
showing no signs of aggregation. They also exhibit enhanced stability at physiologic
concentrations of NaCl.

The current study demonstrates that AgNP composites can be synthesized and stabilized with
both DAPHP and HA. The nanocomposites are much more stable at physiological salt
concentrations than naked metallic NPs and have effective antimicrobial activity towards S.
aureus and E. coli. They might potentially be very effective at treating wounds and burns by
promoting cellular growth and migration, relieving pain due to the GAGs and preventing
microbial contamination due to the presence of AgNPs. These nanocomposites may be useful
in a wide variety of biological and biomedical applications that take advantage of the biological
activities of HP and HA, as well as the unique physical attributes of Ag-core NPs.

Future perspective
Important issues remain to be investigated in this work, including the potential for these
nanocomposites to be used in medicinal applications, such as wound healing and burn
treatment. Moreover, while the interaction of proteins, present in biological fluids, will need
to be assessed, we anticipate good biocompatibility as animal cells are covered with similar
anionic polysaccharides. GAG chains often elicit different biological responses depending on
their size and structure. By using different sized GAGs, or GAGs with different structures,
AgNPs might show a completely different biological effect when being used to treat wounds.
Therefore, new nanocomposites would need to be evaluated for their cellular compatibility and
inflammatory effects, as well as in an in vivo model to determine their efficacy in promoting
healing and preventing microbial growth.
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Executive summary

Silver nanoparticles (AgNPs) reduced with hyaluronan (HA) and diaminopyridinylated
heparin (DAPHP) were highly stable in high NaCl concentrations and during
autoclaving for sterilization.

Ag–HA and Ag–DAPHP exhibited unique physical characteristics due to the binding
of the glycosaminoglycans onto the AgNPs, which can control the shape and size. Ag–
DAPHP was more uniform in shape and size, while Ag–HA appeared rough and
irregular on the surface.

Ag–HA and Ag–DAPHP exhibited antimicrobial activity against Staphylococcus
aureus and Escherichia coli. Ag–HA showed stronger antimicrobial activity compared
with Ag–DAPHP, possibly due to the indentations and rough surfaces allowing more
surface area to be exposed to the environment.

Ag–DAPHP still retained its pharmacological anticoagulant activity, which was tested
using an activated partial thromboplastin time assay.

The combination of AgNPs and HA or DAPHP affords active antimicrobial material
that can promote wound healing and prevent bacterial contamination.
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Figure 1. UV-visible spectra of silver (Ag)–glucose, Ag–hyaluronan and Ag–diaminopyridinylated
heparin nanoparticles
The plasmon peak at approximately 400−450 nm corresponds to the formation of Ag
nanoparticles. The small peak at 300 nm for the Ag–DAPHP corresponds to the absorbance
from the diaminopyridine present.
Ag: Silver; a.u.: Absorbance units; DAPHP: Diaminopyridinylated heparin;
HA: Hyaluronan.
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Figure 2. UV-visible spectra of (A) silver–diaminopyridinylated heparin as a function of increasing
NaCl concentration from 0 to 1 M, and (B) silver–hyaluronan as a function of increasing NaCl
concentration from 0 to 1 M
a.u.: Absorbance units.

Kemp et al. Page 11

Nanomedicine (Lond). Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Transmission-electron microscope image of silver–diaminopyridinylated heparin at a
magnification of (A) ×100k and (B) ×160k, and (C) UV-visible spectra before and after autoclaving
a.u.: Absorbance units.
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Figure 4. Transmission-electron microscope image of silver–hyaluronan at a magnification of (A)
×125k and (B) ×125k, and (C) UV-visible spectra before and after autoclaving
a.u.: Absorbance units.
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Figure 5.
Scanning-electron microscope image of silver–hyaluronan at a magnification of (A) ×93k and
(B) ×25k.
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Figure 6. The activated partial thromboplastin time assay of diaminopyridinylated heparin
(dAPHP) and silver–dAPHP
Fibrometer was manually stopped after 600 s.
Ag: Silver; DAPHP: Diaminopyridinylated heparin.
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Table 1

Antimicrobial activity of silver nanocomposites.

Sample tested MIC against Staphylococcus aureus (μM of
sugar)

MIC against Escherichia coli (μM of
sugar)

Ag–HA 0.025 ± 0.005 0.1 ± 0.01

Ag–DAPHP 0.1 ± 0.01 >0.1*

Ag–glucose >0.1‡ >0.1‡

HA >1.0 >1.0

DAPHP >1.0 >1.0

Data represent mean ± standard error of mean, n = 3.

Ag: Silver; DAPHP: Diaminopyridinylated heparin; HA: Hyaluronan; MIC: Minimum inhibitory concentration.

*
Percent inhibition ranged from 20 to 30%.

‡
Percent inhibition ranged from 0 to 10%.
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