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Abstract
In this work, we present a novel method to prepare a hybrid coating based on dextran grafted to a
substrate and embedded with silver nanoparticles (Ag NPs). First, the Ag NPs are synthesized in
situ in the presence of oxidized dextran in solution. Second, the oxidized dextran is exposed to an
amine functionalized surface resulting in the simultaneous grafting of dextran and the trapping of
Ag NPs within the layer. The NP loading is controlled by the concentration of silver nitrate, which
is 2 mM (DEX-Ag2) and 5 mM (DEX-Ag5). The dried film thickness increases with silver nitrate
concentration from 2 nm for dextran to 7 nm and 12 nm for DEX-Ag2 and DEX-Ag5,
respectively. The grafted dextran film displays features with a diameter and height of ~ 50 nm and
2 nm, respectively. For the DEX-Ag2 and DEX-Ag5, the dextran features as well as individual Ag
NPs (~ 5 nm) and aggregates of Ag NPs are observed. Larger and more irregular aggregates are
observed for DEX-Ag5. Overall, the Ag NPs are embedded in the dextran film as suggested by
AFM and UVO studies. In terms of its antimicrobial activity, DEX-Ag2 resists bacterial adhesion
to a greater extent than DEX-Ag5, which in turn is better than dextran and silicon. Because these
antibacterial hybrid coatings can be grafted to a variety of surfaces, many biomedical applications
can be envisioned, ranging from coating implants to catheters.
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1. Introduction
The next generation of novel biomaterials should be both biocompatible and antibacterial.
Presently, biomaterial interactions with blood, including thrombus formation and possible
colonization by bacteria, necessitate post-operative prophylactic therapies. Examples include
recently FDA-approved implant devices such as the left ventricular assist system (HeartMate
II) and the implantable heart (AbioCor®) in which the patient is required to take
anticoagulant medications to prevent clotting-related complications1, 2. Thus, in a strict
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sense, these devices are not truly biocompatible. Moreover, as these devices have no
antimicrobial activity, should infection establish, the devices must be surgically explanted.

To develop advanced multifunctional biocompatible biomaterials we aim to mimic the
endothelial glycocalyx, a polysaccharide-rich layer that protects the endothelium and plays a
critical role in controlling blood flow, ion and water transport as well as molecular
adhesion.3 Among natural polysaccharides, dextran has shown outstanding properties
against nonspecific protein adhesion.4–8 Piehler et al. studied protein interactions in dextran
layers covalently attached by silane chemistry onto silicon wafers.6 They observed shielding
of non-specific proteins with thick dextranized surfaces (up to 8 ng/mm2). Ombelli et al.,
employing similar silane chemistry, demonstrated that dextranized surfaces strongly
suppress fibrinogen and bovine serum albumin relative to bare silicon and 3-
aminopropyltriethoxysilane-activated silicon surfaces.7 In addition, dextran-coated surfaces,
prepared on polyethylene terephthalate and glass, reduced cell adhesion and proliferation as
demonstrated by Massia et al.9

To enhance the antibacterial properties of a biomaterial, we propose to incorporate silver
nanoparticles (Ag NPs) into dextran. Ag NPs, are well-known antibacterial agents, whose
antimicrobial properties stem from their oxidation to the +1 ionization state.10 At low
concentrations (0.5 μg/mL), silver has been shown to have high efficacy against Gram
positive and Gram negative bacteria and fungi.11 Even though the mechanism is not well
understood, it has been demonstrated that silver can disrupt a broad range of biological
processes in microorganisms. For instance, silver binds to thiols or disulfide groups in cell
wall proteins causing ion leakage and cell rupture.12 Inside the cell, silver binds and
denatures DNA and RNA, thereby inhibiting replication.13 Because of their antimicrobial
properties, Ag NPs are receiving widespread attention in medical applications. Products
containing Ag NPs are found in several over-the-counter products, such as Curad® silver
bandages. Additionally, Ag NPs have potential use as surface coatings for medical
instruments,14 catheters15 and water purification systems.16

Polysaccharides have been employed to synthesize and stabilize silver nanoparticles in
solution as well as to prepare coatings and polymer-silver nanocomposites.17–21 In solution,
heparin, a negatively charged polysaccharide, has been used to prepare Ag NPs,20 whereas
Huang et al. utilized autoclaving to synthesize and stabilize Ag NPs inside the helical
amylase chain of starch.17 Travan et al. reported the formation of Ag NPs using a derivative
of chitosan with and without ascorbic acid as a reducing agent.22 The former was evaluated
against bacteria in solution as was a 3D gel structure prepared by mixtures containing
alginate; both were found to be very effective toward Gram positive and Gram negative
bacteria while not showing any cytotoxic effect towards cells. This chitosan derivative was
also used to coat a methacrylic thermoset via electrostatic interactions while maintaining the
inherent antimicrobial and non-cytotoxic properties of the solution. However, the resulting
coating was thick, approximately 10–15 μm, and rough with clusters of silver of up to 1 μm
in size. In addition, Ag NPs have been incorporated in semi interpenetrating hydrogel
networks of poly(acrylamide) and dextran23 or other carbohydrates, i.e., gum acacia,
carboxymethylcellulose and starch.21 The reduction of Ag NPs in these hydrogel networks
required alkaline solution for dextran-based hydrogel or a reducing agent, i.e., sodium
borohydride for the other polysaccharide-based hydrogels. These hydrogel-Ag
nanocomposites showed improved antibacterial efficiency against Gram positive bacteria
compared to the pure hydrogels.

In this work, we explore the feasibility of producing thin hybrid coatings (~ nm) synthesized
following a unique route. These thin films are directed towards two major clinical
applications, the prevention of vascular catheter related bloodstream infection (CRBSI) and
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ventilator-associated pneumonia (VAP). Both CRBSI and VAP are associated with high
patient morbidity, mortality, increased length of hospital stay, and accompanying health care
costs of $2 billion and $10 billion per year, respectively, for infections involving multiple
pathogens.24–28 CRBSIs are among the most common nosocomial infections in intensive
care unit (ICU) patients and are estimated to occur in 3 to 7% of catheters used. As many as
250,000 patients are affected annually in the United States,29 with 20,000 central venous
catheter related infections occurring each year. VAP occurs in 9% to 18% of mechanically
ventilated patients within 10 days after endotracheal intubation. Both VAP and CRBSI result
when microorganisms adhere to the biomaterial surface of the vascular catheter or
endotracheal tube, which establishes favorable in vivo conditions for bacterial proliferation
and biofilm formation. A combination of reduced metabolism, cross-talk and changes in
gene expression alter the availability of bacterial targets of antibiotic action.30 The biofilm
itself can filter out antibiotics or secrete factors that reduce antibiotic concentration within
the biofilm. These mechanisms contribute to antibiotic resistance within the biofilm,31, 32

rendering conventional oral, topical or intravenous antibacterial treatments inadequate.
Thus, more complex, permanent thin film surface coatings are sought to inhibit CRBSIs and
VAP over the course of days to weeks, consistent with clinical use of vascular catheters and
endotracheal tubes. Useful surface coatings will minimize or eliminate bacterial growth, thus
subverting the progression from adherent bacterium to biofilm-encased colonies populating
the biomaterial surface to eventual dissemination of bacterial colonies into the bloodstream
or deep into the lung.

With this in mind, we develop a method to covalently attach dextran to surfaces in the
presence of Ag NPs, which remain entrapped in the dextran layer. First, Ag NPs are
synthesized in situ in a dextran solution, which is subsequently grafted to the surface. The
loading of Ag NPs entrapped in the grafted dextran is studied as a function of the initial
concentration of silver ions. Two concentrations of silver nitrate are studied, 2 mM and 5
mM, referred to herein as DEX-Ag2 and DEX-Ag5, respectively. The attachment of dextran
embedded with Ag NPs on silicon is carried out via silane chemistry. The grafted coatings
are characterized by UV-VIS spectroscopy, atomic force microscopy (AFM) and Rutherford
backscattering spectrometry (RBS). A uniform distribution of Ag NPs embedded within the
film is observed. The Ag NPs are 5 nm in diameter as measured by TEM and AFM with the
presence of aggregates. Larger aggregates are observed for the DEX-Ag5 films. The
antibacterial activity of the coatings is tested against Staphylococcus aureus (S. aureus). The
hybrid films show reduction in bacteria colonization when compared to control surfaces.
Relative to silicon and bare dextran, DEX-Ag2 strongly reduces bacteria adhesion by 93%
and 78%, respectively.

2 Experimental section
2.1 Materials and instruments

All solvents and reagents were of analytical grade and used as received. Dextran from
Leuconostoc ssp. (Mw = 100 kDa) was purchased from Fluka Chemie. 3-
aminopropyltriethoxysilane (APTES), sodium periodate (NaIO4), sodium cyanoborohydryde
(NaBH3CN) and silver nitrate (AgNO3) were purchased from Sigma-Aldrich Co. Silicon
wafers (CZ silicon; type, N; dopant, Ph) were acquired from SiliconQuest Int’l. S. aureus
(ATCC™ 35556®) was obtained from PML Microbiologicals. Brain heart infusion (BHI),
BBL™ trypticase™ soy broth (TSB), Bacto™ agar, and phosphate buffered saline tablets
(PBS) were purchased from Fisher Scientific. All solutions for bacterial test were sterilized
by autoclaving.

The film thickness was measured using an Auto-El-II Null ellipsometer (Rudolph Research,
Flanders, NJ) at a fixed incident angle of 70° with a helium-neon laser source (λ = 6328 Å).
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All measurements were collected within 1–2 h of sample preparation to minimize
contamination. The thickness of the aminated and the polysaccharide layer were determined
using a fixed refractive index of 1.462. Water contact angles were measured using a 1 μL
sessile drop at ambient conditions. Images were captured via a CCD camera. The contact
angle at the three phase boundary was measured with ImageJ (NIST). UV spectra of silver
nanoparticles in oxidized dextran solution as well as grafted dextran containing silver
nanoparticles on glass were recorded on a Varian spectrophotometer (Cary 5000 UV-vis-
NIR). The modified glass surfaces were prepared following the same method as for silicon
wafers. Surface topography images were recorded using atomic force microscopy (AFM,
Pico Plus, Agilent Technologies, Santa Clara, CA). Images were obtained using TOP MAC
tapping mode with Type II Mac levers (Agilent Technologies). Images were analyzed using
Gwyddion (Czech Metrology Institute). The amount of silver in the grafted dextran was
determined by Rutherford backscattering technique (RBS), using 4He++ ions accelerated to
2 MeV, with the beam at normal incidence to the sample and a backscattering angle of −5°.
Experimental RBS curves were fitted with those obtained by numerical simulation using
RUMP software (Computer Graphics Service). The chemical composition of the layer and
the corresponding number of silver atoms/cm were used as fitting parameters. The silver
nanoparticles were investigated by transmission electron microscopy (TEM) on a JEOL
JEM 2010 at 80 kV. The samples were prepared by placing a dilute drop of the nanogel
solution onto a holey carbon TEM grid (Structure Probe, Inc.). The excess of liquid was
removed by capillary reaction using a paper filter below the TEM grid. TEM micrographs
were analyzed using ImageJ (NIST). The average diameter (± standard deviation) of the
silver nanoparticles was obtained by measuring 330 nanoparticles.

2.2 Oxidation of dextran
NaIO4 was added to 20 mL of an aqueous solution of dextran (50 mg/mL) in a 1:1 molar
ratio. The solution was vigorously stirred in the dark at room temperature until a clear
yellow solution was obtained (6h). The resulting oxidized dextran was purified from iodate
(IO3

−) and unreacted periodate (IO4
−) by extensive dialysis against water using a semi-

permeable, regenerated cellulose dialysis tubing (MW cutoff 15 kDa, Spectrum Labs) for at
least 3 days. The purified oxidized dextran solution was then lyophilized. The percentage of
oxidation was determined by the hydroxyl amine hydrochloride colorimetric titration
method.33 Briefly, oxidized dextran is reacted with hydroxyl amine hydrochloride in
methylene orange to produce a dextran polyoxime while releasing a hydrochloric acid
equivalent for each formyl residue. The hydrochloric acid released is then quantified by
colorimetric titration using sodium hydroxide. After oxidation, dextran is purified from
iodated and unreacted periodate by extensive dialysis and lyophilized.

2.3 Synthesis of silver nanoparticles
An aqueous solution of AgNO3 (2 mM or 5 mM) was added to 2 mL of an aqueous solution
of oxidized dextran (1 g/L). The mixture was placed on an oil bath and heated at 70 °C for
55 minutes, with magnetic stirring.

2.4 Amination of the substrates
Silicon wafers were cleaned by immersion in “piranha” solution (70% H2SO4 and 30%
H2O2) for 20 min at 80 °C, washed with copious amounts of water, and then soaked in water
until used. Prior to use, the surfaces were blown dry with compressed N2 (g) and exposed to
UVO (ultraviolet-ozone) light in a UVO-cleaner (UVO Cleaner model 42, Jelight Co. Inc.)
for 10 min to form a uniform oxide layer (1.6 ± 0.2 nm). Subsequently, surface amination
was carried out using the vapor deposition method. Specifically, samples were placed face
up on the bottom of a glass jar (500 mL) with an open vial containing 1 mL APTES, the jar
was sealed and the reaction was allowed to proceed for 3 h at 70 °C.
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2.5 Grafting of Ag NPs-dextran onto aminated surfaces
10 mg of NaBH3CN were added to 3 mL of a freshly made aqueous solution of silver
nanoparticles in oxidized dextran. The solution was hand shaken and poured onto Petri
dishes containing the freshly APTES-modified silicon wafers substrates. The Petri dishes
were left in dark conditions overnight on an orbital shaker. After dextran immobilization, the
wafers were removed from solution, rinsed with deionized water (5 x 1 mL) and blown dry
with compressed N2 (g).

2.6 Bacterial culture and antibacterial testing
Sterilized silicon oxide, dextran and dextran embedded with Ag NPs surfaces were tested for
bacterial adhesion following the method described by Lee et al.34 S. aureus (ATCC 35556)
was cultured in BHI broth at 175 rpm and 37 °C during 12–16 h (overnight culture) and
diluted to ~ 104 cfu/ml using a 0.5 McFarland standard, a turbidity standard equivalent to
108 cfu/ml. The surfaces were incubated in the diluted bacterial solutions at 100 rpm and 37
°C for 6 h. Non-adherent bacteria were rinsed off by incubating the samples in PBS at 100
rpm and 37 °C for 20 min. Rinsed samples were air dried (2 min), and incubated under a
thin film of TSB agar (3 wt%) at 37 °C for 12–16 h (overnight) to allow any adherent
bacteria to grow into colonies. Surface colonization was imaged by optical microscopy. The
numbers of colonies were counted using ImageJ and the colony counts were normalized to
an area of 1 x 4/3 cm. All experiments were performed at least three times and for each
surface type, a minimum of four images was used to determine average (± standard
deviation) colony counts per unit area.

3. Results
3.1 Oxidation of dextran

Dextran is oxidized with sodium periodate under mild conditions, i.e., room temperature, 1:1
molar ratio. The reaction pathway involves the rupture of anhydroglucose units to form
formyl groups, as illustrated in Figure 1. Following this method, oxidized dextrans with 5%
aldehyde content are obtained as determined by the hydroxyl amine hydrochloride
colorimetric titration method.33

3.2 “In situ” synthesis of silver nanoparticles
The formation of Ag NPs is indicated by a change of the colorless DEX solution to yellow.
The colloidal Ag is stable in DEX-Ag2 (i.e., bright yellow solution in Figure 1) for at least 8
h. However, the Ag NPs are less stable in the DEX-Ag5 solution and larger aggregates are
formed within 1 h as indicated by a change in the solution color (i.e., solution turns orange)
as shown in Figure 2. The formation of Ag NPs in DEX solution is also confirmed by UV-
VIS spectroscopy. UV-VIS spectra of DEX-Ag2 and DEX-Ag5 in solution are shown in
Figure 3a. A strong resonance due to the silver surface plasmon vibration is observed at 412
nm for both DEX-Ag solutions. Additionally, the breadth of the UV-VIS spectra reflects the
dispersion/aggregation of NPs, which in our studies depends on the initial AgNO3
concentration. The Ag NPs in DEX-Ag2 are well dispersed as shown by one main narrow
peak having a peak width at half maximum (PWHM) = 89 nm. For DEX-Ag5 a peak
associated with small individual particles is observed near 412 nm. However, a broad
shoulder is now observed as noted by the increase in the PWHM to 197 nm. Note that this
shoulder is also observed for DEX-Ag2 although its intensity is much smaller.

Furthermore, Ag NPs embedded in DEX-Ag2 are investigated by TEM. A representative
TEM micrograph is shown in Figure 3. The Ag NPs are spherical with an average of 4.8 ±
2.7 nm in diameter. These results are in agreement with previous studies reported in the
literature. Vinod et al. using a natural hydrocolloid solution (gum kondagogu) to stabilize
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Ag NPs observed, Ag NPs of 5.5 ± 2.5 nm in diameter by TEM at the same UV
wavelength.35

3.3 Covalent attachment of dextran to surfaces and simultaneous embedding of Ag NPs
Prior to attaching the dextran containing Ag NPs to silicon, the wafers are activated by
vapor deposition of amine-terminated silane molecules, 3-aminopropyltriethoxy silane
(APTES). The resulting aminated surfaces are 1 ± 0.3 nm thick. Subsequently, the dextran
solution containing Ag NPs is grafted to the amine-derived substrates by immersing them
into the colloidal solution in the presence of a reducing agent, sodium cyanoborohydride
(NaCNBH3). The mechanism is illustrated in Figure 4. The aldehydes from oxidized dextran
react with the amines from the surface to form imines, which are reduced to amines with
sodium cyanoborohydride. Film thickness and contact angle of the grafted dextranized
surfaces and dextranized surfaces containing silver nanoparticles are reported in Table 1.
The film thickness increases with the presence of Ag NPs. While purely oxidized dextran
films are thinner than 2 nm (i.e., 1.6 ± 0.2 nm), thicknesses of around 7 nm (i.e., 6.7 ± 0.5
nm) and 12 nm (i.e., 12 ± 5 nm) are obtained for DEX-Ag2 and DEX-Ag5, respectively. In
contrast, the contact angle of water on the hydrophilic dextran is ~ 20°, which is similar to
the values for DEX-Ag 2 and DEX-Ag5. Because water wets silver, this result indicates that
the Ag NPs are mostly embedded within the dextran coating.

The presence of Ag NPs in the dextran grafted surfaces is further confirmed by UV-VIS
spectroscopy. The UV spectra of films prepared from DEX-Ag2 and DEX-Ag5 solution are
shown in Figure 3b. The silver surface plasmon resonance of the modified surfaces appears
at 400 nm which is slightly lower than 412 nm observed in solution. This shift in wavelength
is related to the change in the local refractive index of the medium. As previously
reported,36 the surface plasmon resonance of silver nanoparticles is highly sensitive to small
changes in refractive index, and undergoes a blue shift as the local index decreases in
agreement with our studies (Figure 3). As the refractive index (nD) decreases from water (nD
= 1.34) to air (nD = 1), the surface plasmon resonance of the Ag NPs experiences a blue shift
(412 vs 400 nm). Regarding the breadth of the spectra, the spectrum for DEX-Ag2 shows a
Gaussian-like peak, which is an indication of uniform and dispersed Ag NPs, whereas the
spectrum for DEX-Ag5 shows a broader peak with a long tail extending towards higher
wavelength indicating the presence of aggregates of Ag NPs.

3.4 Surface characterization of hybrid films
The surface morphology, roughness and average feature height (AFH) are studied using
tapping mode AFM. Representative topography images over 2 x 2 μm2 scan areas of
dextran and silver embedded dextran surfaces with their corresponding line scan (white line)
are shown in Figure 5. In agreement with previous studies,37 topographic images of
dextranized surfaces display patches with a diameter of ~ 50 nm and a height of 2 nm. As
noted in images compared at similar z-scales, this characteristic morphology is not disrupted
by the presence of Ag NPs, which are integrated into the film. The line scans for DEX-Ag2
and DEX-Ag5 were chosen in areas free of large aggregates to confirm that the inherent
texture of the DEX surface is retained. Whereas the DEX-Ag2 film exhibits a uniform
dispersion of small Ag NPs and moderate sized aggregates, larger irregular aggregates are
present in the DEX-Ag5. The presence of Ag NPs and larger aggregates is also reflected in
the surface roughness, Rrms and AFH values, summarized in Table 1. The surface roughness
values for DEX-Ag surfaces are larger than for the DEX surface, namely Rrms is 0.5 ± 0.1
nm versus 4.2 ± 0.7 and 8.4 ± 2.3 nm for DEX-Ag2 and DEX-Ag5, respectively. The AFH
results further support these results, as the values increase with increasing Ag concentration.
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3.5 Characterization of Ag NPs after dextran removal
To further investigate the silver embedded in the dextran film, the surfaces were
characterized by a combination of AFM and UVO techniques. Because UVO exposure
removes dextran, the Ag NPs can be imaged by AFM. Topographic images of DEX-Ag2
surfaces before and after UVO exposure and their corresponding phase images are shown in
Figure 6. Before UVO exposure, the surfaces show a uniform distribution of Ag NPs and
few aggregates. However, after 15 min UVO exposure, the dextran is removed and a larger
number of Ag NPs are observed, confirming that some of the Ag NPs below the surface are
not observed in the DEX-Ag2 film. Furthermore, the post-UVO treated films were examined
by UV-VIS spectroscopy (data not shown). As expected the peak broadened with UVO time
due to Ag NPs aggregation as shown by AFM images in Figure 6.

3.6 Silver loading and stability in DEX-Ag2 and DEX-Ag5 films
The weight percentage (wt%), of silver in the hybrid coatings is analyzed using RBS. Figure
7 shows the RBS spectra for DEX-Ag2 and DEX-Ag5. Backscattering from silver atoms
near the surface appears at channel 270. The silver wt% is determined by fitting a theoretical
model to the experimental data. Initially, both DEX-Ag2 and DEX-Ag5 contain about 7–8
wt% of Ag. Even though both films have similar Ag content, RBS spectra indicate some
differences in the Ag distribution. For DEX-Ag2, the Ag is uniformly dispersed as noted by
the sharp edges and flat top of the yield. Although the Ag is also uniform in the DEX-Ag5
film, the large aggregates result in a rougher surface that broadens the back edge of the
yield. These results further support UV-VIS and AFM studies. RBS was also used to
measure stability of silver in DEX-Ag2 and DEX-Ag5. Samples were incubated using
similar conditions as the bacterial testing. After incubating the samples for 6 h at 37 °C and
shaking at 100 rpm, RBS spectra were taken and shown as the red data in Figure 7. The
reduction in the yield of Ag represents a 26 wt% and 18 wt% loss of Ag for the DEX-Ag2
and DEX-Ag5 films, respectively.

3.7 Bacteria Adhesion
Dextran films and silicon as a control as well as dextran films containing Ag NPs were
incubated with S. aureus to measure bacterial adhesion. Control surfaces are more
abundantly colonized than the dextran films which contain Ag NPs (Figure 8). Relative to
silicon and dextran, DEX-Ag2 inhibits bacterial colonization by 93% and 76%, respectively.
Although less effective, DEX-Ag5 also inhibits bacterial colonization. In particular, DEX-
Ag5 reduces bacterial colonization by 86% and 54% relative to silicon and dextran,
respectively. On the surfaces, marked differences in bacterial colony size are noted, with the
largest colonies observed on DEX-Ag. This variation in colony size appears to correlate
inversely with numbers of colonies, suggesting that nutrient deprivation in this static system
may be the cause of the variability.

4. Discussion
In the field of biomaterials, polysaccharides are widely studied due to their biocompatibility
and availability.4–9, 38 Thus far, polysaccharides have been employed to synthesize and
stabilize Ag NPs in solution.17, 20, 39 For example, heparin a negatively charged
polysaccharide, and starch, a neutral polysaccharide have been used. However, the latter
required harsh conditions, i.e., autoclaving, to prepare stable colloidal silver.17 Ag NPs have
also been synthesized using starch under milder conditions but requires a stabilizing agent,
i.e., glucose, and mild alkaline conditions.39 Moreover, derivatives of polysaccharides, such
as chitosan, have also been employed to synthesize Ag NPs with19 and without22 the
addition of a reducing agent.
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In this work, we focus for the first time on dextran, a neutral and biocompatible
polysaccharide, to synthesize Ag NPs by the “in situ” reduction of AgNO3. With this
methodology, no other reducing or stabilizing agents are required other than dextran. In our
approach, dextran is oxidized via periodate oxidation as illustrated in Figure 1. The rationale
behind the use of mildly oxidized dextran for the “in situ” synthesis of Ag NPs is two-fold:
(1) the hydrophilic hydroxides in DEX absorb the silver ions in solution, and (2) the
aldehyde groups from DEX act as both a reducing and stabilizing agent of the nanoparticles.
The reduction of the silver ions during the “in situ” formation of Ag NPs in DEX is evident
by the change of the colorless solution to bright yellow. The initial concentration of this
precursor, AgNO3, is evaluated, in particular at 2 mM and 5 mM concentration (denoted as
DEX-Ag2 and DEX-Ag5, respectively). Furthermore, the UV-VIS spectra (Figure 3) clearly
show the presence of the surface plasmon resonance peak corresponding to silver near 412
nm. The breadth of the surface plasmon resonance reflects the dispersion of Ag NPs and
indicates the presence of Ag NPs as well as larger aggregates in DEX-Ag5. Increasing the
concentration of Ag+ surpasses the stabilizing capabilities in DEX, leading to a colloidal
silver solution that tends to aggregate over time. Evidence for aggregation includes a
broadening of the peak as well as a change in color from yellow to orange (Figure 2).

The strategy for covalent attachment of dextran to a surface previously reported by our
group37 and by others5, 9 has been adapted for this work and is illustrated in Figure 4. This
methodology is based on aqueous conditions using low toxicity reagents and mild reaction
conditions. Following “in situ” synthesis of Ag NPs, DEX embedded with Ag NPs is
coupled by reductive amination to a previously aminated silicon wafer. Silane chemistry is
used to functionalize the silicon wafer to form an aminated monolayer.

The presence of Ag NPs embedded in the DEX-Ag coatings is demonstrated by a
combination of techniques, in particular ellipsometry and contact angle (Table 1), UV-VIS
(Figure 3), AFM (Figure 5 and 6) and RBS (Figure 7). The loading of Ag+ in the film results
in an increase in film thickness while contact angle remains unaltered. The latter indicates
Ag NPs are not located on the surface of the film but embedded within the film. The hybrid
coatings show better dispersion of Ag NP at lower Ag+ loading concentration, with an
average diameter of 5 nm as indicated by UV-VIS, TEM and AFM. In contrast, higher Ag+

loading for the DEX-Ag5 films, leads to 5 nm Ag NPs as well as larger aggregates. Overall,
the amount of silver in the film remains relatively fixed and independent of the initial
precursor loading, around 7–8 wt% as measured by RBS. The RBS also confirm that the Ag
is uniformly distributed within the film rather than segregated to the surface.

The antibacterial efficiency of these hybrid coatings is demonstrated against a Gram positive
bacterium, S. aureus. This pathogen is among the most commonly reported pathogens that
cause deep infection in hospitals.29 S. aureus is commonly carried on the skin or in the nose
of healthy people and readily adheres to host proteins (e.g., fibrinogen, fibronectin)
commonly adsorbed to biomaterials. This adherence can easily lead to formation of a
biofilm that shelters and protects the pathogens against antimicrobial agents. Therefore, in
order to combat contamination by S. aureus and other types of bacteria, it is vital to develop
surfaces that resist or prevent bacterial colonization and subsequent biofilm formation. As a
first test of antimicrobial efficacy, our surfaces were tested against bacteria in solution at 37
°C. Both hybrid coatings show reduced bacterial colonization compared to the control,
dextran and silicon surfaces. In particular, DEX-Ag2 inhibits bacterial adhesion relative to
silicon and dextran by 93% and 78% compared to 86% and 54% for DEX-Ag5, respectively.
The slightly lower efficiency against bacterial adhesion of DEX-Ag5 is attributed to the
presence of larger Ag aggregates compared to the better dispersed Ag NPs in DEX-Ag2.
Even though both hybrid coatings have similar Ag content, as demonstrated by RBS, the
presence of smaller Ag NPs in DEX-Ag2 compared to larger aggregates in DEX-Ag5

Ferrer et al. Page 8

Soft Matter. Author manuscript; available in PMC 2014 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



represents higher surface area for the former and therefore, higher surface area readily
available to be oxidized and generate Ag+. Others have also reported that the smaller Ag
NPs result in higher resistance to bacterial colonization,40–44 although direct comparisons
are difficult due to differences in times of incubation, assay methods and bacterial strain
choice. This is in agreement with RBS studies of the surfaces measured before and after
incubation following bacterial test conditions, which indicates that higher content of Ag is
leached out of the DEX-Ag2 surface during the bacterial test compared to DEX-Ag5, in
particular 26 wt% versus 18 wt%.

To summarize, we have presented a 2-step approach, with the preparation first of colloidal
Ag solution in DEX, followed by covalent attachment to the surface. This facile method has
great potential for coating medical devices such as plastic catheters and other implantable
medical devices. Using simple modifications as previously reported, the colloidal Ag
solution in DEX can be grafted to a vast variety of surfaces intended for biomaterials
applications, including polymers such as polyurethane45 and metals, for instance titanium.46

Further investigations are planned to study whether the inherent biocompatibility of dextran
is maintained with the presence of Ag NPs and to test the antimicrobial efficiency of these
coatings at longer incubation times (e.g., 48h).

5. Conclusions
A novel approach to prepare a bacterial resistant hybrid biomaterial surface coating is
demonstrated. By forming silver nanoparticles in situ, the particles become entrapped as the
oxidized dextran molecules covalently bind to the surface. These hybrid films show higher
efficiency against bacterial colonization when compared to control surfaces. Relative to
silicon and bare dextran, these hybrid surfaces are found to strongly inhibit bacterial
adhesion.
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Figure 1.
In situ formation of Ag NPs in dextran (DEX) solution. DEX is first oxidized with sodium
metaperiodate. This reaction leads to formation of two aldehydes per anhydroglucose
oxidized unit. DEX solution is then used to reduce silver nitrate to silver.
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Figure 2.
Colloidal silver in DEX-Ag5 (a) as prepared and (b) after 1 h as aggregation occurs.
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Figure 3.
UV-VIS spectroscopy for silver embedded in dextran (DEX-Ag) (a) in solution (λ = 412 ± 2
nm) and (b) grafted on to the surface (λ = 400 ± 5nm) for 2 mM and 5 mM silver nitrate
concentrations, DEX-Ag2 and DEX-Ag5, respectively. The peaks correspond to the surface
plasmon resonance of silver. DEX-Ag2 shows mainly a sharp peak indicating narrow
particle size distribution, whereas a broader band characterizes DEX-Ag5. A slight shift to
the blue results from attaching DEX containing Ag NPs onto the surface compared to
solution. TEM micrograph of silver nanoparticles embedded in DEX-Ag2 showing spherical
particles (scale bar, 20 nm). The average diameter of the silver nanoparticles is 4.8 ± 2.6 nm.
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Figure 4.
The grafting process: Previously aminated surfaces are immersed into a DEX solution
containing Ag NPs (DEX-Ag solution). The aldehydes present in DEX react with the amines
to form imines, which are further reduced to amines with sodium cyanoborohydride. As the
reaction proceeds, the Ag NPs are entrapped in the DEX network, which is covalently
attached to the surface.
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Figure 5.
Top: AFM topography images of grafted DEX (DEX) and grafted DEX with trapped silver
nanoparticles prepared using silver nitrate concentrations of 2 mM (DEX-Ag2) and 5 mM
(DEX-Ag5). The scan size is 2 x 2 μm2. The grafted dextran surface shows a uniform
distribution of ~ 50 nm features and 2 nm height across a relatively smooth surface. The
surfaces with grafted dextran containing Ag NPs show both individual Ag NPs (~ 5 nm) as
well as larger cluster uniformly distributed across the film. Larger and irregularly shaped
aggregates are observed in DEX-Ag5. Note the differences in z scale within the images, z =
4nm for DEX, z = 15 nm for DEX-Ag2 and z = 40 nm for DEX-Ag. Bottom: line scan
across white line of the corresponding upper topography image.
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Figure 6.
AFM phase images of DEX with embedded silver nanoparticles prepared using 2 mM silver
nitrate concentration (DEX-Ag2) as prepared (left) and after UVO exposure for 15 min
(right) and corresponding topography images (insets). The scan size is 2 x 2 μm2. The DEX-
Ag2 surface shows individual Ag NPs and larger clusters uniformly distributed across the
film. Exposure to UVO leads to an increase in the number of individual Ag NPs and clusters
(right), confirming the presence of Ag NPs embedded in the film.
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Figure 7.
Rutherford backscattering spectrometry (RBS) for DEX with trapped Ag NPs for (a) DEX-
Ag2 and (b) DEX-Ag5 films before (green) and after (red) exposure to conditions that
mimic bacterial testing. The insets magnify the region corresponding to the silver peaks. The
amount of silver (i.e., area under the curve) that leaches out of the surfaces is 26% for DEX-
Ag2 and 18% for DEX-Ag5.
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Figure 8.
Left: Optical images of (a) silicon (SiW), (b) DEX and (c) DEX-Ag2 and (d) DEX-Ag5
after inoculation with bacteria for 6 h. The images correspond to a sample size of 1 x 1.25
cm2. Right: comparison of the number of bacterial colonies per cm2 for each surface studied.
The presence of Ag NPs (c and d) significantly enhances surface resistance to bacterial
colonization compared to SiW (a) and DEX (b). DEX-Ag2 shows the greatest resistance to
bacteria colonization.
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