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Antibacterial Nanoparticle Monolayers

=| Prepared on Chemically Inert Surfaces by
perative Electrostatic Adsorption (CELA)
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ABSTRACT Cooperative electrostatic adsorption (CELA) is used to deposit monolayer coatings of silver nanoparticles on relatively
chemically inert polymers, polypropylene, and Tygon. Medically relevant components (tubing, vials, syringes) coated by this method
exhibit antibacterial properties over weeks to months with the coatings being stable under constant-flow conditions. Antibacterial
properties of the coatings are due to a slow release of Ag™ from the particles. The rate of this release is quantified by the dithiol-
precipitation method coupled with inductively coupled plasma optical emission spectrometer (ICP-OES) analysis.
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INTRODUCTION
ilver coatings are well-known to confer bacteriostatic

and bactericidal properties to surfaces. Although the

mechanism of inhibitory action of silver on microor-
ganisms is not fully understood, it is generally believed that
it is mediated by the Ag" ions that interact with sulfhydryl
groups of proteins, causing their denaturation and with the
bacterial DNA impeding its replication (1 —3). Silver coatings
are currently used in a variety of medical and consumer
products including catheters (4), surgical masks (5), suture
threads (6), wound creams and dressings (7), cell phones
(Motorola), refrigerators (Whirlpool, Samsung), and recently,
FDA-approved food packaging (8, 9). Traditional solution-
based methods for the preparation of such coatings are often
material-specific and require numerous coat—rinse steps
(10). Various sputtering/evaporation techniques can be ef-
fective in coating open, flat surfaces with minimal amounts
of silver but they rely on a direct line-of-sight access to the
substrate—consequently, these methods give uneven silver
coverage on inclined surfaces and cannot be extended to
surfaces with overhangs or closed spaces. In this context,
silver nanoparticles (AgNPs) present an attractive alternative
since they can be deposited from solution onto arbitrarily
shaped substrates and can give very thin coatings with total
silver content below the safe reference dose (estimated at 5
uglkglday; that is, 25 uglday for a 5 kg infant and 350 ug/
day for a 70 kg adult) (11). However, even with straightfor-
ward synthesis and functionalization of the AgNPs (12, 13),
the general schemes of direct immobilization onto various
types of materials are still lacking. Most work to date has
relied on layer-by-layer deposition (10), occlusion of the NPs
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FIGURE 1. Cooperative electrostatic adsorption. (a) Negatively charged
NPs do not adsorb onto oxidized surfaces presenting residual
negative charge. (b) Similarly, positively charged NPs give only very
sparse coatings (~5% surface coverage) because of the repulsions
between adsorbed particles. (c) Mixtures of positively and negatively
charged nanoparticles adsorb cooperatively and yield dense coatings
(~70% surface coverage). Scale bar for a—c is 200 nm; in all cases,
the NPs are deposited on silicon. (d) Coatings deposited on glass and
composed of only silver NPs (e.g., AGMUA and AgTMA) appear
orange-red; those comprising gold and silver particles (e.g., AuMUA
and AgTMA) are violet. Scale bar in d represents 10 mm. Also see
Figure S1 in the Supporting Information.

in a polymer (14), gel (15), or zeolite matrices (16), or on
substrate-specific chemical interactions (e.g., carbamate—
silver interactions in AGNP-coated polyurethane foams (17)).
We have recently shown that electrostatic forces between
charged nanoparticles and substrates presenting residual
charges (plasma oxidized PDMS, polyester, polystyrene,
glass, etc. (13)) provide a versatile, water-based method for
the deposition of high-quality nanoparticle coatings. Forma-
tion of the NP coatings is cooperative (18) in the sense that
it requires the presence of both negatively and positively
charged particles that “seed” the growth of NP monolayers
on the substrates being coated (Figure 1). Here, we demon-
strate that this cooperative electrostatic adsorption (CELA)
can be extended to materials that are considered relatively
chemically inert (19), notably, polypropylene and Tygon-R.
Using CELA, we deposit antibacterial AgNP coatings on
several medically relevant components/devices such as
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FIGURE 2. Examples of medically relevant components coated with
bacteriostatic NP monolayers of oppositely charged nanoparticles.
(a) Tygon-R tubing (scale bar = 16 mm). (b) Polypropylene micropi-
pet tips (scale bar = 8 mm). (c) Glass vials (scale bar = 8 mm). (d)
Polypropylene syringes (scale bar = 32 mm). Yellow-orange coatings
are made of AGMUA/AGTMA; pink coatings, from AuMUA/AgTMA.

Uncolored pieces are shown for reference. All coatings were depos-
ited by immersion (~10 min) in aqueous NP solutions.

syringes, tubing, and vials (Figure 2). The coatings thus
formed are stable for prolonged periods of time (weeks to
months) in air, under flow of water, or in acidic/basic media.
In buffer solutions where the component salts screen and
weaken the electrostatic interactions between the NPs, the
coatings are made stable by cross-linking the deposited
particles with dithiols—under such conditions, the “rein-
forced” films retain their antibacterial properties under
constant buffer flow for days to weeks. In all cases, the
coatings’” antibacterial activity is due to the slow release of
Ag* from the nanoparticles, whose rate we quantify using a
novel dithiol-based precipitation method coupled with in-
ductively coupled plasma optical emission spectrometer
(ICP-OES) analysis. The Ag* release rate is approximately
constant for several months, explaining the coatings’ long-
term antibacterial activity.

METHODS

Synthesis of Silver Nanoparticles. Silver nanoparticles (5.3
+ 1.2 nm) were prepared according to a slightly modified
literature procedure (13, 20—23). Briefly, 1.72 g of decanoic acid
was dissolved in 100 mL of toluene. Thirty-two microliters of
98 % anhydrous hydrazine was then added, and the solution
was left to stir for 30 min. A dilute solution of 25 mg of
tetrabutylammonium borohydride (TBAB) in 10 mL of toluene
was sonicated for 15 min; 0.1 mL of this solution was then
added to the decanoic acid solution. Finally, a solution contain-
ing 170 mg of 99% anhydrous silver acetate dissolved in 15
mL of 98 % dodecylamine (DDA) solution (1M) in toluene was
added to the decanoic acid solution. Upon addition of the final
component, the mixture became dark red within ca. 2 min. This
solution was left to stir for 1 h at room temperature and was
then left to settle overnight. The sizes of the synthesized NPs
were determined using TEM.

Synthesis of Gold Nanoparticles. Gold nanoparticles (5.5 &
0.6 nm) were prepared by a modified literature procedure
(20—22). Specifically, gold(Ill) chloride trihydrate HAuCl, - 3H,O
(47.2 mg, 0.120 mmol) was dissolved by sonication (~10 min)
in 15 mL of toluene solution of DDA (444.2 mg, 2.396 mmol,
20 equiv.) and DDAB (554.2 mg, 1.198 mmol, 10 equiv.). In a
separate vial, fresh solution of TBAB (117.1 mg, 0.455 mmol,
3.8 equiv.) and didodecyldimethylammonium bromide, DDAB
(221.7 mg, 0.479 mmol, 4 equiv.) in 6 mL of toluene was
prepared and sonicated. TBAB solution was injected to the flask
containing gold precursor salt. Color of the solution changed
rapidly to dark purple. The reaction was stirred at room tem-
perature overnight, yielding 2—3 nm AuNP seeds. Next,
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HAuCly - 3H,0 (446.1 mg, 1 mmol) was dissolved by sonication
(~10 min) in 115 mL of toluene solution of DDA (5.248 g,
28.306 mmol, 25 equiv.) and DDAB (2.095 g, 4.529 mmol, 4
equiv.) followed by the addition of NP seed solution from the
previous step. In a separate vial, solution of anhydrous hydra-
zine (289.9 mg, 9.059 mmol, 8 equiv.) and DDAB (2.095 g,
4.529 mmol, 4 equiv.) in 45 mL of toluene was prepared by
sonication. Finally, hydrazine solution was added dropwise to
the growth solution containing gold salt precursor and NP seeds
over the course of ~30 min. The color gradually became more
intense (purple). The reaction was stirred at room temperature
overnight, yielding gold nanoparticles with an average diameter
of ~5.5 nm.

Ligand Exchange. A toluene solution of AuDDA or AgDA
nanoparticles (~8 umol/mL, 25 mL, 0.20 mmol) was quenched
with 120 mL of methanol to give a black precipitate. The
supernatant solution with excess of capping agent and surfac-
tant was decanted; the precipitate was washed with methanol
(50 mL) and redissolved in toluene (100 mL), to which a solution
of either mercaptoundecanoic acid, MUA, or N,N,N-trimethyl(1 1-
mercaptoundecyl)-ammonium chloride, TMA, thiol (100 & mol)
in 10 mL of CH,Cl, was added while stirring. The precipitate of
thiol-coated metal NPs was allowed to settle down, the mother-
liquid solution was decanted, and the solid was washed with
CH,Cl, (3 x 50 mL). The precipitate was then dissolved in 5 mL
of methanol upon sonication. The MUA NPs were deprotonated
with 25% methanolic solution of N(CHs);OH (0.1 mL, 0.25
mmol), precipitated with acetone (30 mL), and washed with
acetone (2 x 30 mL). The TMA NPs were precipitated with ethyl
acetate (100 mL) and washed with CH,Cl, and acetone. Finally,
all the precipitates of thiol-coated NPs were dried and dissolved
in deionized water to obtain ~10 mM (in terms of metal atoms)
solutions of NPs.

Growth of Bacterial Cultures and Coating Testing. Mueller-
Hinton Agar plates (Hardy Diagnostics), E. coli (ATCC 25922),
and S. aureus (ATCC 25923) (PML Microbiologics), as well as
bacterial growth media LB-Miller and Trypticase Soy broth were
obtained from VWR. Bacteria were streaked on LB-agar plates
and grown at 37 °C for 16 h when colonies were isolated. Sterile
batches of LB-broth were inoculated with the colonies and
grown overnight (16 h). Bacterial concentrations were quanti-
tated using a Neubauer cytometer and subsequently using the
serial dilution method and showed that they had density of 2.08
x 107 cfu/mL for E. coli and 1.98 x 10° for S. Aureus. The Kirby-
Bauer disk diffusion test (10), was used to test coatings for
antibacterial activity. After Mueller-Hinton (MH) agar plates were
inoculated with bacteria and left to stay for ~2—3 min to dry,
uncoated (control) and NP-coated disks were placed onto the
gel. The plates were turned upside down and incubated at
37 °C for 16 h.

Flow Experiments. 1X PBS buffer (Cellgro, cat. #21—040-
CV) was obtained from VWR and was used as received. Polypro-
pylene 3 mL syringes coated with a mixture of MUA-coated and
TMA-coated NPs were immersed in a solution of 10 mM 1,6-
hexanedithiol (VWR) in acetone for 12 h. After the dithiols cross-
linked the NPs, the syringes were connected to a peristaltic
pump that drove the flow of PBS at a rate of 1 —1.3 mL/min for
several days up to 2 weeks.

Measurement of the Rate of Ag* Release from AgNPs. Six
milliliters of 113 mM freshly prepared AGMUA (or AgTMA) NP
solution was allowed to “age” for periods between 1 and 120
days. During this time, small (50 uL) aliquots were taken from
the solution, diluted to 0.5 mL with acetone, and precipitated
by addition of 0.1 mL of 97% 1,6-hexanedithiol (VWR). The
nanoparticle-free supernatant was then analyzed for the content
of Ag" ions using inductively coupled plasma (Varian Vista MPX
ICP-OES) measurements.

IENAPPLIED MATERIALS 1207

XINTERFACES




RESULTS AND DISCUSSION

Coatings were deposited from 0.5—2 mM (in terms of
atoms of each metal) solutions containing equal amounts of
like-sized (~5 nm, see Methods) but oppositely charged
silver nanoparticles (AgNPs) stabilized with self-assembled
monolayers (SAMs) of w-functionalized alkane thiols (24).
Half of the NPs in solution were coated with the positively
charged N,N,N-trimethyl(1 1-mercaptoundecyl)-ammonium
chloride (TMA, ProChimia Poland) and half with the nega-
tively charged mercaptoundecanoic acid (MUA, deproto-
nated at pH 11; ProChimia) (13, 20, 21, 25). Despite the
presence of both positively and negatively charged NPs, the
solutions were stable for weeks to months (for further
experimental details, see refs 13, 21, 26).

The substrates used in this study were, polypropylene
pipet tips and vials (from Fisher Scientific), polypropylene
syringes (from BD), and PVC-based Tygon R 3603 tubing
(27) (from St. Gobain Corp.). Immediately prior to NP
deposition, all materials/components were washed with
water, dried under a nitrogen stream, and exposed to
oxygen plasma (SPI, Plasma Prep II) for 1—2 min. The
oxygen plasma treatment introduced hydrophilic, ionizable
groups onto the surface of the materials (28). For polypro-
pylene and Tygon/PVC, the relevant groups (29) were hy-
droxyl and carboxyl; when oxidized, these polymers had
@suf vValues of ca. —0.05 V. The oxidized substrates exhibited
reduced bacterial adhesion but not the antibacterial activ-
ity—this observation agrees with previous studies (28).

To deposit NP coatings, we immersed the oxidized
substrates in the coating solution for ~10—15 min. They
were subsequently rinsed for 20—30 s in a large beaker of
deionized water and dried in a stream of dry air. The
morphology of the coatings was analyzed by SEM (Figure 1
and Figure S1 in the Supporting Information), which evi-
denced formation of nanoparticle monolayers with surface
coverages of ca. 70 = 8 % (standard deviation based on the
analysis of five SEM samples, ca. 1000 NPs in total). The
coatings form as a result of cooperative electrostatic interac-
tions (13) between the charged nanoparticles and between
the nanoparticles and the oxidized substrate whose surface
bears residual negative charge developed during plasma
oxidation (Figure 1). Importantly, coatings form from neither
pure MUA NPs (because of repulsions between particles and
the substrate, Figure 1a) nor pure TMA NPs (because of
repulsions between adsorbed particles, Figure 1b) and are
deposited only from mixtures of oppositely charged NPs
(Figure 1c¢). With such mixtures, the energetically unfavor-
able adsorption of negatively charged MUA AgNPs onto the
negatively charged substrate is compensated by the favor-
able */— interactions in the adsorbed “patchy” coatings and
also by the screening of electrostatic repulsions between like-
charged particles by the NPs metal cores (so that electrostatic
forces are short-ranged). The adsorption process self-
terminates when a charge-balanced monolayer (XOnp+) +
20Onp—) = 0) is deposited so that there is no net charge to
drive further adsorption (13).

Optically, the coatings had characteristic hues (Figures 1d
and 2) because of the surface on plasmon resonance (SPR)
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FIGURE 3. (a, b) Comparison of antibacterial properties of all-silver,
AgMUA/AGTMA, and gold—silver, AuMUA/ATMA, coatings deposited
on polypropylene disks (all disk are 10 mm in diameter and are
delineated by dashed lines). For both types of bacteria, E.Coli (left
column) and S.Aureus (right column), the bacteria-free (clear) zones
of inhibition are more pronounced for the all-silver coatings than
for silver—gold coatings. Note the absence of inhibition around
uncoated glass disks. (c, d) Zones of inhibition around pieces of PVC-
based Tygon-R coated with ASMUA/AGTMA and tested on (c) E.Coli
and (d) S.Aureus. (e, f) Zones of inhibition for nylon coated with
AgMUA/AGTMA tested on (e) E.coli and (f) S.Aureus. All scale bars
(a—f) correspond to 5 mm. All images were taken 16 h after plating
the bacteria.

of the constituent nanoparticles (22). For example, all-silver
AgMUA/AGTMA coatings had a maximum of adsorption at
Amax ~430 nm and appeared orange-red; coatings incorpo-
rating gold particles (e.g., AUMUA/AGTMA) had additional
adsorption maximum at Amax & 550 nm and appeared dark
pink to violet. These colors were vivid because of the
extremely high extinction coefficients of the NPs (e.g., e &
6000 M~ cm™").

Antibacterial properties of the coatings were studied by
the Kirby-Bauer diffusion test (10) using either freshly
prepared coatings or coatings that were kept under air or
under 1X Phosphate buffer solution flow (PBS) (i.e., under
conditions relevant to the storage and use of the medical
components in Figure 2) for periods up to several weeks. A
small piece of the coated material was placed onto a thin
agar gel inoculated with either Gram-negative E. coli or
Gram-positive S. Aureus bacteria (see Methods). Despite low
content of silver, ~2.3 ug/cm?, the AGMUA/AGTMA coatings
deposited on all tested substrates had excellent and long-
lasting antibacterial properties. Figures 3 a and 3b show
typical zones of inhibition (Zol’s)—that is, regions over which
the bacterial growth is absent—around coated PVC sub-
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FIGURE 4. (a) Scheme illustrating cross-linking of the deposited NP
coatings with alkane dithiols (red arcs). (b) The middle images in
each triad show as-prepared coatings (all-Ag on the left; mixed Ag/
Au on the right) deposited on the inner surface of polypropylene
syringes. Under flow of buffer (here, PBS, 1.3 mL/min), the coatings
disintegrate overnight and the syringes lose the characteristic hue.
However, when the coatings are reinforced by cross-linking, the
coatings remain stable under buffer flow for days to at least 2 weeks.
Stability was confirmed by the lack of changes in the coating’s
UV—vis spectra. The scale bar corresponds to 17 mm.

strates. Similar Zol’s were observed around other NP-coated
materials but not around the uncoated “controls”. Also, the
antibacterial activity derived from the presence of AgNPs,
because coating incorporating other types of NPs gave
smaller zones of inhibition (cf. Figure 3¢,d for the AuMUA/
AgTMA vs AgMUA/AGTMA comparison).

Once formed, the coatings subject to air or kept under
the constant flow of water, dilute-acid (20 mM) or base
(20 mM) retained antibacterial activity for at least several
months and at flow rates 1—5 mL/min. SEM imaging indi-
cates that during this time the constituent NPs were structur-
ally stable and that there was no degradation or coalescence
of the constituent particles. In the case of coated syringes
(Figure 2d), the coatings retained their structural integrity
and antimicrobial activity when the piston was moved back
and forth multiple times (>20) in either wet or dry state.
However, under the flow of buffers (e.g., PBS), the coatings
disintegrated within ca. 1 day. The reason for this is that the
salts in the buffer screen the attractive electrostatic interac-
tions between the neighboring NPs and between the NPs
and the residual charges on the substrate. Because the
stability of the coatings under buffer flow is one of the
important criteria for their potential use in medical devices,
we sought a method to “reinforce” the coatings. A straight-
forward solution to the problem was to cross-link the
deposited NPs with dithiols bridging the nearby particles
(Figure 4a). In a typical procedure, this was achieved by
soaking the as-prepared coatings in a 10 mM solution of 1,6-
hexanedithiol in acetone overnight. Once the cross-linking
was complete, the individual NPs could not dissociate from

the substrate and the “reinforced” coatings remained stable
and antibacterial after being kept under a continuous flow
of a buffer solution for days to weeks (Figure 4b).

Given the morphological stability of the coatings, an
important question arises how these “apparently unchang-
ing” coatings can confer bacteriostatic activity. As men-
tioned in the introductory paragraph, bacteriostatic effects
of silver are commonly attributed to Ag* cations. The AgNPs
comprising our coatings, however, are composed of metallic
silver, Ag® nanoparticle cores passivated/stabilized by the
self-assembled monolayers (SAMs) of TMA or MUA alkane
thiols. To reconcile these two observations, there should
exist a mechanism by which silver atoms comprising the NP
cores are oxidized and released from these nanoparticles.
Although the SAMs we used bind to silver tightly (AGagsorption
~ —5.5 kcal/mol (30)), it is known that these monolayers
are marginally permeable to oxygen, which can oxidize
metallic silver to AgJr (2RSH + 1/20, — RSSR + H,0) (31).
If this is so, the concentration of Ag* present in solution
containing AgNPs should increase with time. Furthermore,
because the structure of the NPs comprising the coatings
does not change perceptibly over the course of weeks to
months (as verified by SEM measurements; cf. above), we
expect this release to be slow and the amounts of released
silver low.

We verified these hypotheses by a combination of dithiol
NP precipitation and inductively coupled plasma optical emis-
sion spectrometer (ICP-OES), which is a highly sensitive method
of metal detection. In the experiments, we used ~100 mM
AgNP solutions rather than monolayer coatings, since the
release from the latter was below the detection limit of the ICP-
OES spectrometer used (~0.1 ppm). To make detection spe-
cific to free Ag™ cations (and not Ag® in the NPs), we developed
a selective precipitation procedure in which a large excess (~1
x 107 molecules per one NP) of alkane dithiols, HS—(CHy)s—SH
was added to the solution prior to ICP-OES analysis. As we have
shown earlier (32), dithiols cross-link silver NPs in solution,
causing them to aggregate and precipitate. Importantly, in
doing so, they do not precipitate Ag* cations, which remain
is solution (33) (Figure 5a).

In this way, the amount of Ag* can be quantified. This is
illustrated in Figure 5b which shows the dependence of Ag*
release as a function of time. The fraction of silver atoms
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FIGURE 5. (a) Scheme of the selective precipitation method in which addition of dithiols (red arcs = HS—(CH,),—SH) causes cross-linking and
aggregation of AgNPs (larger, gray circles) but not of Ag* ions (smaller, pink circles). The concentration of ions released from the NPs and
remaining in solution can be then determined by ICP-OES. (b) Percentage of Ag* cations released from AgNPs as a function of time. Error bars
are based on the measurements of six samples for each time point. Measurements for each nanoparticles “leak” the cations at an approximately
constant rate. Note that after 4 months, only ~3% of NP contents leaks out, indicating that the NP coatings can provide long-term antibacterial

protection.
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that are oxidized and released from the NPs, y = [Ag*]/
([Ag0]+ [Ag+]), increases with time approximately linearly
and reaches ~3% after t = 120 days. Interestingly, the
observed rate of release can rationalize the dimensions of
the zones of inhibition observed in the Kirby—Bauer test (see
Figure 3). This can be shown by using the well-known
formula that relates the thickness of the inhibition zone
(10, 34, 35), Hz,, around a circular source of an antibacterial
agent to this agent’s concentration, ¢, and diffusion coef-
ficient, D (~1 x 107° cm?/s for Ag" in wet hydrogels (36)),
Hyo = \/ln(c/c*)Dt. In this expression, ¢* is the minimum
amount of the agent (here, Ag™) required to stop bacterial
growth completely. In independent experiments using AgCl
salt, we determined this concentration to be ¢*~ 2.5 x 107°
umol/mL, which is close to the value reported by others (37).
Using this value and estimating the concentrations of Ag*
ions (released from NP-coated disks into 1-mm-thick agar
gel layer) from Figure 4b gives the thicknesses of Zol
commensurate with those observed experimentally. For
instance, for ¢ = 16 h, the estimated concentration of
released [AgT] ~ 2.6 x 107° umol/mL yields H;o; ~ 1.5 mm,
close to the Hzo, observed experimentally for both E.coli (1.4
+ 0.3 mm on all materials) and S.aureus (1.9 &+ 0.4 mm,
again, for all types of substrates; standard deviations are
based on 10 plating experiments involving both dithiol-
reinforced and nonreinforced coatings).

CONCLUSIONS
In sum, these findings indicate that the NPs in the

monolayers act as controlled-release elements conferring
antibacterial activity to the coated surfaces. The ability to
use cooperative electrostatic adsorption in conjunction with
medically relevant and otherwise hard to coat materials
suggests applications of this method for long-term antibacte-
rial protection of medical components/devices. In this con-
text, the characteristic hues of the coatings provide easily
discernible indication of their presence and structural integ-
rity. In the future, this method could be extended to AgNPs
coated with different types of SAMs to regulate the speed of
Ag" release and to particles of different metal cores (e.g.,
antifungal copper NPs).
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