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ABSTRACT

In a recent report, we have presented layer-by-layer (LBL) assembly of a biomimetic
nanostructured composite from montmorillonite clay nanosheets and poly(diallylmethyl
ammonium chloride) (Nature Materials, 2003, 2, 413). The structure, deformation
mechanism, and mechanical properties of the material are very similar to those of natural
nacre and lamellar bones. This fact prompts further investigation of these composites as
potential bone implants. LBL assembly affords preparation of multifunctional composites
and here we demonstrate that not only mechanical strength, but also antibacterial activity
can be introduced in these implantable materials by alternating clay layers with starch-
stabilized silver nanoparticles. The resulting composite showed excellent structural stability
with no detectable levels of silver lost over one month period. Evaluation of antibacterial
properties showed almost complete growth inhibition of E. coli over an 18 hours period.
The amount of silver eluted from the LBL composite over one month period was
determined to be only 0.5-3.0 yg/L. This concentration of silver did not prevent the growth
of the mammalian tissue cultures. The LBL composite has shown biocompatibility with
human osteoblast cell line.



INTRODUCTION

Integrating the properties of organic and inorganic composites in thin films has recently
been a subject of intense study. The layer-by-layer (LBL) assembly technique, based on
sequential adsorption of a substrate in solutions of oppositely charged compounds, continues
to be one of the most popular and well-established methods for formation of multrlayer thin
films. While first performed with polyelectrolytes in the early 1990s by Decher et al.”, LBL
assembly has since expanded to include compounds such as nanoparticles (NPs), cIays and
organic matter such as proteins. The wide variety of specres has led to a number of potential
research and industrial agpllcatlons in semiconductors??®, catalysts*®, optics®®, magnetic
devices®'°, and sensors'"'2. LBL assembly has gained its popularity in part due to its relative
simplicity, requiring a minimum of setup and expensive equipment. Film thickness is typically
of nanometer scale, and deposition can be precisely controlled by adjusting process conditions
such as solution pH, ionic strength, and immersion time. Recent work has also demonstrated
patterned deposition control through polymer-on-polymer stamping™®. Unlike spin-coating, LBL
assembly can produce homogeneous films with little or no Ehase separatron 4 "and can also be
used to build films on substrates with complex geometries'>.

LBL assembly has also proven invaluable in its ability to merge the functionalities of its
components. Through creative experimental setup, one can combine the physical properties
of NPs and proteins with the mechanical properties of clays and polymers. The addition of
collagen to CdTe NP assemblies, for example, has been found to increase biocompatibility'®,
and monolayers of montmorrllonrte clay have also been found to control interactions between
layers of gold NPs'’ Combrned assemblies of montmorillonite clay and magnetite NPs have
led to free-standing NPs films'®. In fact, our group has found that sufficient number of layers of
the polyelectrolyte poly(diallyldimethylammonium chloride) (PDDA) and montmorillonite can
lead to a free-standing film with mechanical properties similar to those of nacre and lamellar
bone'. As demonstrated by the group of V. Tsukruk, incorporation of Au NPs in the
polyectrolyte films also resulted |n free-standing films with excellent mechanical properties and
unique potential applications®”

Such assemblies are recently gaining popularity in the field of biomaterials, creating a
demand for biocompatible and antimicrobial thin films as potential coatings for biomedical
implants. A variety of solutions have since been developed using LBL assembly to help meet
this demand. Several groups have demonstrated the ability of multilayer films to control
adhesion of mammalian cells.?*%°. Bhadra et al. have shown preparation of hollow multilayer
capsules loaded with Clproﬂoxacrn hydrochloride for sustained delivery of this antimicrobial
drug.?” Boulmedais et al. and Kenausis et al. have both presented prefaratron of multilayer
thin films with anti-adhesive properties for both proteins and bacteria.?®*° Etienne et al. have
prepared an active multllayer coating by incorporation of an antimicrobial peptide into the
deposition sequence.® LBL assembly by the group of M. Bruening of ponethernermrne -silver
ion complex wrth a polyanion and subsequent reduction to produce in-situ silver NPs*' as well
as dendrimeric®**® silver NPs have also been successfully implemented as antimicrobial
coatings to combat E. coli. Such biocompatible assemblies, however, have yet to be applied to
a film with the free-standing mechanical properties of artificial nacre.

This study presents an antimicrobial coating for such structures using a multifunctional
LBL assembly of PDDA, montmorillonite, and biocompatible, starch-coated silver NPs
prepared using a “green” synthesis strategy. Film homogeneity and deposition were monitored
using AFM and UV-vis spectrometry, and film stability was analyzed using ICP-MS. Cell



culture testing was also performed with E. coli and mammalian cells to observe bactericidal
activity and cytocompatibility. Such antimicrobial coatings could prove effective for a variety of
biomedical devices, and help realize the potential bioapplications of these high strength “nacre-
like” composites.

EXPERIMENTAL
Materials.

The polymers poly(diallyldimethylammonium chloride) (PDDA, MW ~100,000 and
200,000) and poly(acrylic acid) (PAA, MW 60,000) were purchased from Sigma-Aldrich (St.
Louis, MO) and used as received without further purification. Modified Na*-Montmorillonite,
Cloisite Na* (MTM) was purchased from Southern Clay Products (Gonzales, TX) and used as
received. Polymer solutions were diluted to desired concentrations with 18MQ*cm™, de-
ionized water prior to use in the experiments. Starch indicator was a commercial reagent from
Fisher Scientific (Hampton, NH). AgNO3; and -d-glucose, both used in the Ag NPs synthesis,
were obtained from Sigma-Aldrich. Microscope glass slides were obtained from Fisher
Scientific. Hydrogen peroxide and concentrated sulfuric acid used in the piranha solution were
purchased from Sigma-Aldrich. Dulbecco’s Modified Eagle Medium (DMEM) was purchased
from Fisher Scientific, and fetal bovine serum was purchased from GIBCO (Carlsbad, CA).
Ampicillin and human osteoblasts were purchased from American Type Culture Collection
(ATCC, Manassas, VA).

Silver NP Synthesis.

Starch-stabilized Ag NPs were synthesized based on a modified “green” synthesis
method published previously®. Briefly, 200mL of starch indicator was combined with 3.3mL of
0.10M AgNOs3 under gentle heating and stirring in the absence of oxygen. Upon dissolution,
5.0mL of 0.10M B-d-glucose reducing agent was added, and the reaction was allowed to
proceed for 24 hours. The resulting solution was deep yellow-brown in color, indicating the
presence of metallic silver. This mixture was then used as obtained in the layer-by-layer
assembly process.

Layer-by-layer Assembly of Silver NP Films.

The microscope glass slides used in LBL assembly were cleaned by immersion in
piranha solution (3:1 H2S0O4:H,0,, dangerous if contacted with organics) for 1 hour, then
thoroughly rinsed with de-ionized water prior to use. 0.5 wt% MTM dispersion was prepared
by dissolving 5g of clay powder in 1000 mL of 18MQ*cm™ and stirring the solution for 1 week
prior to use. In order to achieve greater charge density on the surface, slides were pre-coated
with (PDDA/PAA); prior to the deposition of PDDA/Ag NPs and PDDA/MTM/PDDA/Ag NPs
layers, respectively. In the pre-coating process, the slides were immersed sequentially in 0.5
wt% solution of 100,000 MW PDDA for 10 minutes, rinsed with DI water, and dried under a
stream of air, followed by a 10-minute immersion in 1.0 wt% PAA, rinsing, and drying. This
sequence was repeated 3 times before continuing with composite deposition.

In a typical sample preparation, a glass slide with a (PDDA/PAA); primer layer was
immersed in 0.5wt% solution of 200,000 MW PDDA for 10 minutes, rinsed with DI water for 1
minute and dried, then immersed in 0.5 wt% MTM dispersion for 10 minutes, rinsed for 1
minute, and again dried. The procedure was then repeated using PDDA and Ag NPs solution
to complete one cycle of (PDDA/MTM/PDDA/Ag NPs). This cycle could then be repeated as
necessary to obtain the desired number of layers.



The layer-by-layer assembly process was monitored using an 8453 UV-Vis Chem
Station spectrophotometer produced by Agilent Technologies, with data collected after each
(PDDA/MTM) and (PDDA/MTM/PDDA/Ag NPs) cycle for up to 10 cycles. Images of
(PDDA/MTM) and (PDDA/Ag NPs) layers were obtained using a NanoScope llla from Veeco
Instruments (Santa Barbara, CA) atomic force microscope operated in tapping mode with
silicon nitride cantilever tips.

Bacterial Inhibition Evaluation.

Ampicillin-resistant gram-negative bacteria, E. coli XL1-Blue strain transformed with the
pBluescript Il KS(-) plasmid (Statagene, La Jolla, CA) were grown overnight in 50 ml of LB
ampicillin (10 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl, 500 mg/L ampicillin) at 37°C under
agitation (350 rpm). An aliquot was used to inoculate a 50 ml flask of fresh LB ampicillin
medium. When the culture reached an optical density at 600 nm (OD600) of 0.005 — 0.01 after
incubation (37°C, 350 rpm), 1 ml of culture was transferred to a sterile 5ml culture tube (0.5 cm
inside diameter test tube, Fisher Scientific) containing a single piece of glass slide 25mm x
~5mm coated using LBL assembly on both sides, and incubated for 18 hours as described
above (this is a modified version of the standard shake-flask test, ASTM E2149-01) After
incubation, the OD600 was read using UV-Vis spectrophotometer to determine the bacterial
growth.

Cell viability of the remaining culture after incubation was assessed by colony forming
unit (CFU) counting. Typically, a serial dilution of the culture was plated on LB ampicillin agar
plates and incubated overnight at 37°C before counting of the colonies. Fresh colonies in fresh
medium were also plated for comparison with the same initial density of cells. After incubation,
the viable colonies were visible with naked eye and thus could be counted manually. After
counting, the number of colonies was compared with the control plates.

Biocompatibility Evaluation.

Human Osteoblast cell (ATCC, CRL-11372) culture was grown until full confluence for 1
week in 13mL of 90% DMEM, 10% FBS, and 1% ampicilin medium at 37 °C in humidified
incubator with 5% CO,. Square pieces of glass slides (1cm x 1cm): 3x clean without coating,
3x pre-coated only with (PDDA/PAA)3, and 3x coated with
(PDDA/PAA)3;(PDDA/MTM/PDDA/Ag NPs)1o were placed on the bottom of 3 different 12-well
plates and sterilized by 70% EtOH immersion followed by 1hour UV irradiation. Cells were
then seeded into each well at a density of ~0.1*10° and incubated for three days.
Biocompatibility was assessed by observing the attachment and spreading of the cells on the
surfaces.

RESULTS AND DISCUSION
Ag NPs Synthesis.

To avoid potential problems with stabilizer toxicity, the Ag NPs were synthesized
following a modified green synthesis protocol, where a macromolecule of biological origin
(starch) was used as a stabilizer®*. Successful synthesis of these starch-stabilized Ag NPs was
confirmed with UV-vis absorbance, and the size of resulting NPs was verified with AFM. The
UV-vis absorbance spectrum of the deep yellow-brown Ag NPs solution, which was
subsequently used in the LBL procedure without modification, is shown in Figure 1. This
spectrum shows an absorbance peak at 410 nm, which matches visual observations and is in
agreement with the original green synthesis protocol (A = 419 nm). The narrow nature of the
observed peak also suggests a uniform mixture of NPs with little variation in particle size,



which otherwise would have resulted in stretching of the Ag NPs absorbance peak. These
solutions of NPs were also found to be quite stable, with no evidence of aggregation during
two months of storage.
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Figure 1. UV-vis absorbance spectrum of Ag NPs solution. The maximum absorbance peak
occurs at 410nm.
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Figure 2A shows the topographic AFM image of a (PDDA/Ag NPs), bilayer, formed on a
silica wafer using 10 minute immersions for each component. The image reveals dense
packing of spherical Ag NPs, with AFM cross-sectional analysis (Fig. 2C and 2D) showing an
average NP diameter of 4.3 nm + 1.5 nm (Fig. 2B), which closely correlates with the size
reported in the original green synthesis protocol (5.3 nm + 2.6 nm). This uniform nanoparticle
size confirms the lack of variance evidenced by the narrow UV-vis absorbance spectrum in
Fig. 1.
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Figure 2. AFM characterization of the Ag NPs size distribution: A) topography image of a large
area, B) Ag NPs size distribution from counting of 77 particles, C) magnified topography image
used for cross-sectional analysis, and D) result of the cross sectional analysis on the particular
Ag NPs. Average particle size was found to be 4.3nm = 1.5 nm.

Assembly of (PDDA/MTM) Composites.

To confirm proper LBL assembly of the “artificial nacre” structure (Figure 3A, inset),
(PDDA/MTM)4o films were assembled on a microscope glass slide using ten-minute
immersions for both polymer and clay components. Assembly was monitored with UV-vis
absorbance measurements where, as detailed previously19, successful assembly resulted in
linear increase of absorbance with increasing number of layers. Figure 3A is a compilation of
UV-vis absorbance spectra collected after deposition of the (PDDA/PAA)s primer layer and
each of the (PDDA/MTM) bilayers. The even increase in absorbance with each additional
bilayer suggests regular deposition of PDDA and MTM with each immersion cycle. Successful
MTM deposition was also evidenced by the glass slide gradually changing from transparent to
opaque (milky color) over the course of deposition.
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Figure 3. UV-vis absorbance spectra of Layer-by-Layer assembly: A - schematic diagram of
internal architecture and absorbance spectra for (PDDA/MTM),o assembly; B - schematic
diagram of internal architecture and absorbance spectra for (PDDA/Ag NPs) s assembly; and
C - schematic diagram of internal architecture and absorbance spectra for the hybrid
(PDDA/MTM/PDDA/Ag NPs)so assembly. Arrows indicate direction of increase in absorbance.

Assembly of (PDDA/Ag NPs) Composites.

Prior to assembling the hybrid clay-Ag NPs composite, a PDDA-Ag NPs system (Figure
3B, inset) was first generated in order to establish appropriate assembly conditions. Priming of
the glass slides with (PDDA/PAA); and 10 minute adsorption steps resulted in successful
formation of the multilayer. Similarly to the (PDDA/MTM) system, Figure 3B shows the
compilation of the UV-vis absorbance spectra of a (PDDA/Ag NPs) LBL assembly with ten-
minute immersions for each layer and with data collected after each (PDDA/Ag NPs) bilayer for
up to fifteen bilayers. The height of the Ag absorbance peak increases linearly with each
deposited bilayer, suggesting uniform deposition of Ag NPs throughout the film. This
observation was also confirmed visually, as the glass slides evenly changed from clear to a
deep yellow-brown, metallic color as the number of deposited layers increased. The red shift
in plasmon absorption peak maximum from 410 nm to 460 nm should be attributed to dipole
resonance interactions between layers of Ag NPs, a well-documented phenomenon in noble
metal NPs.%>*



Combined Assembly of MTM and Ag NPs into (PDDA/MTM/PDDA/Ag NPss) Hybrid
Composites.

Having established the optimum assembly parameters for (PDDA/Ag NPs) system, the
combined assembly of (PDDA/Ag NPs/PDDA/MTM) films (Figure 3C, inset) was realized in the
same fashion, namely: 10 min adsorption steps with glass slides primed with (PDDA/PAA)3.
UV-Vis absorbance spectra were again collected after each (PDDA/MTM) and (PDDA/Ag NPs)
cycle to verify successful deposition. The compiled data, shown in Figure 3C, display the same
incremental increases in absorbance as for the (PDDA/Ag NPs) and (PDDA/MTM) samples. A
red-shift in Ag absorbance from 410 nm to 460 nm is again present, and absorbance increases
linearly with each deposited layer, indicating proper Ag NPs deposition. The deposition of
MTM in each cycle was found to stretch and slightly red-shift the maximum of the peak, from
460 nm to 465-470 nm. Subsequent deposition of (PDDA/Ag NPs) resulted in reversal of the
effect to the original value. The slight red shift can be explained by high value of MTM'’s
dielectric constant, € = 100-550 “?, as compared to typical values for polyelectrolytes of € = 10.
*3 The groups of P. Mulvany and L. M. Liz-Marzan have developed a model for gold NPs LBL
film*', showing that increasing volume fraction of NPs results in red-shift of the peak. At the
same time it is expected that increasing separation between Ag NPs layers, will lead to a blue-
shift of the spectrum.*’ MTM has been shown to increase overall dielectric constant of a
polyelectrolyte composite up to 7 times at volume fractions as low as 5%.** In our system, we
believe that we are observing a combined effect of the blue-shift from separation increase and
red-shift from the MTM inclusion. It can be also expected that subsequent inclusion of the
PDDA/Ag NPs layer decreases the volume fraction of MTM which leads to reversal of the
effect. Similarly to previous observations, the combined film gradually turned metallic deep-
brown with increasing number of layers. Opaqueness was also present with each additional
MTM layer added, which was not seen in the (PDDA/Ag NPs) system. This fact is a simple
visual criterion for incorporation of MTM layers and successful assembly of the hybrid.

Bactericidal Properties of the Hybrid Composites.

Silver has long been known to be a potent antimicrobial agent™ and its beneficial effects on
wound biology have in general been overlooked until recently. Silver ions and silver
comfounds are known to be potent antimicrobial agents a%ainst most of bacteria including E.
coli,***® while only a few rare strains are silver-resistant.***" In its uncharged state, in the form
of Ag NPs, silver was also found to possess antimicrobial properties. Although the mechanism
of action is still unresolved, it has been shown that Ag NPs interact with the constituents of the
outer membrane, causing structural changes, degradation, and finally cell death.*? An
additional beneficial effect of Ag NPs, which may present an additional advantage for wound
healing around implanted material, is anti-inflammatory property.>® While experiments against
bacteria with Ag NPs in solution showed eventual depletion of silver and only growth delay®,
LBL assembly allows for immobilization of Ag NPs in ultra thin films on complicated
geometries. Combined with high strength, this coating method offers new alternative for
biomedical, implantable devices.

{45

To establish bactericidal properties of our composite, a suspension of bacterial cells (E.
coli) was placed in a round-bottom test tube together with rectangular piece of a glass slide
coated with 10 deposition cycles of the composite. Experiments were carried out both under
static and dynamic (shaking) conditions. After 18 hours of incubation the concentration of cells
inside the tubes was measured and compared to the inoculation conditions. When the
experiments were performed under dynamic conditions, with initial bacteria concentration,



OD600 = 0.0048, almost complete inhibition was observed (Table 1). The supernatant was
further plated onto agar plates at 10x dilutions with fresh medium. Both original and diluted
suspensions grew into viable colonies overnight with CFU reaching that of control plates. This
suggests that the inhibition of bacteria can be attributed to the direct interaction of the cells
with the silver immobilized in the composite. The fact that single layer of Ag NPs is much less
effective then 10 layers also shows that certain concentration of silver is required for high
levels of inhibition at these bacterial concentrations.

Table 1. Bacterial inhibition with a hybrid composite under dynamic conditions. Initial optical
densities were OD600 = 0.0048 and 0.066. OD 600 measurements of bacterial suspensions
were measured after 18 hours of incubation. Comparison was against bare glass slides
(Control) and to glass slides coated with (PDDA/PAA); (Precoat). Control solutions which
reached high OD600 were diluted 30 times before taking the measurement. At least 3
measurements were performed for 3 samples each time and the results are shown as
averages of these results.

Inaculation OD600 OD600
0.0048 Control 2.002 £ 0.267
(AgNPs/MTM)10 0.0071 £0.28
(AgNPs/MTM)10 + (PDDA/MTM)1 0.0047 + 0.28
0.066 Control 2.096 + 0.101
Precoat 2.492 £ 0.032
(AgNP's/MTM)1 2.477 £ 0.092
(AgNP's/MTM)10 0.193 + 0.030

Further experiments with higher initial concentration of bacteria, OD600 = 0.066, show
slightly decreased effectiveness of the composite (Table 1). In analogy to the first result, we
found that single layer of silver does not present high enough concentration to provide effective
inhibition. We also found that the inhibition can mostly be attributed to the presence of silver
and not to any of the poly-ions (PDDA and PAA) or clay.

Under static conditions we have observed very little inhibition, <10 %. The
concentration of cells in the control after 18 hours of incubation reached OD600 = 0.949 *
0.055 whereas for the coated slides the concentration reached OD600 = 0.853 £ 0.023 (initial
concentration was OD600 = 0.066). The overall concentration of cells was lower as compared
to the agitated experiments, but this can be attributed to decreased diffusion of oxygen and
thus starvation. After 18 hours, cells have settled into the meniscus below the glass slide
hence avoiding contact with the composite. The growth process was most likely retarded
during sedimentation were small percentage of the cells came in contact with the surface.

Silver Elution from the Hybrid Composite.

Antimicrobial properties of these composites are attributed to the Ag NPs immobilized
on the surface of this material. Hence, evaluation of the stability of the composite in aqueous
medium is important for long term durability and effectiveness. None of the previous studies
have attempted determination of the actual amount of silver eluting from such composites. This
is important because high concentration of oxidized silver, Ag*, can be toxic for human cells®*
% and potentially cause adverse effects for long-term implants. Considering high surface
energy and therefore greater chemical potential of silver in NPs, the actual amount of silver
could be substantially higher than for bulk pieces of the same metal. In order to determine



actual amounts of eluted silver, glass slides coated with (PDDA/MTM/PDDA/Ag NPs)o were
immersed in de-ionized water for 25 days, with solution aliquots collected at regular intervals
and analyzed by ICP-MS for trace levels of Ag leaching out from the composite. Samples were
collected from slides placed in both light and dark conditions in order to account for possible
Ag NPs photoreactivity. After 25 days, films retained their integrity and no visible change in
water color was observed in either light or dark environments. ICP-MS analysis of the sample
aliquots retained after different time intervals showed that silver was eluting in miniscule
concentrations in the range of 0.5-2.0 and 0-3.3 pg/L for dark and light conditions
correspondingly (Figure 4). Therefore, one can say that the overall silver concentration around
the implanted LBL nanocomposite (PDDA/MTM/PDDA/Ag NPs)o does not exceed 3.0 ug/L.
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Figure 4. Analysis of the hybrid MTM-Ag NPs’ composite film stability for Ag elution. ICP-MS
analysis of the water solution after immersion shows levels of Ag below the detection limit of
the instrument. Both Dark (filled symbol) and Light (open symbol) conditions show similar
results.

Biocompatibility Evaluation.

Although the concentration of eluting silver is very small, direct evaluation of the
biocompatibility of the composite would be necessary for further studies of this material. Ag
NPs have been shown to possess good biocompatibility with mouse fibroblasts and human
osteoblasts®’ and their use for bio-applications has been widely documented.’®*° To evaluate
the effect of our composite, glass slides coated with the films were cut into smaller pieces and
placed in the 12-well plates. Following sterilization with 70% EtOH and UV-vis irradiation, cells
were seeded on top of the slides and allowed to attach and grow for 3 days. One of the
indications of biocompatibility characteristics of this cell line is their attachment to the surface.
Figure 5 shows cells attaching on the surface of the composite. The number of attaching cells
was not as high as for the bare slides however it is possible to render the composite more
biocompatible by coating with additional components. When additional capping layers were
introduced on top of the composite, no change in antibacterial properties was observed (Table
1). The same experiment was repeated with 5 bilayers of (PDDA/MTM) of capping (data not
shown) and the same level of inhibition was achieved. This suggests that additional, interfacing
layers could be introduced on top of the composite to improve the cell attachment without
having to sacrifice the bactericidal properties.

10



II
I‘

c

Lt

I

-
L’

“

‘r I‘i

—
L

il

Figure 5. Optical microscopy images of Human Osteoblasts (ATCC, CRL-11372) cultured on
bare glass slides (A and B) and on glass slides coated with (PDDA/MTM/PDDA/Ag NPs) (C
and D) for 3 days.

CONCLUSIONS

We have presented here preparation of a nanostructured, hybrid and multifunctional,
composite containing Ag NPs with good mechanical properties. The composite possesses
strong antibacterial characteristics as well as biocompatibility with human osteoblasts. With
wide variety of materials available, this type of composites can be expanded to additional
functionalities.
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