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Abstract: The assembly of poly(lactic
acid) (PLA) nanoparticles on a 12-ami-
nodecanoic acid (ADA) self-assembled
monolayer (SAM) is described. Assem-
bly is accomplished through electro-
static interactions between the positive-
ly charged SAM and the negatively
charged PLA nanoparticles. The strat-
egy used involves two steps in which a
preliminary electrochemical coating of
the ADA SAM is followed by a second

in a solution containing gold or PLA
nanoparticles. The SAM was character-
ized by using cyclic voltammetry (CV),
X-ray  photoelectron  spectroscopy
(XPS), FTIR spectroscopy, and contact
angle measurements, whereas scanning
electron microscopy (SEM) was used
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to image the nanoparticles after elec-
trostatic attachment was achieved. We
found that the surface coverage of the
nanoparticles could be controlled by
modulating the electrostatic interac-
tions between the negatively charged
particles and the positively charged
SAM surface by varying the pH of the
nanoparticle solution, the immersion
time, and the number of cyclic voltam-
metry scans under which the SAM was

step that involves immersing the SAM

Introduction

Stainless steel is widely used to manufacture implantable
medical devices owing to its corrosion resistance and me-
chanical properties. However, whereas the bulk properties
are desirable, the metal surface provokes protein adsorption,
platelet adhesion, and complement activation, which leads
to the failure of the implanted metal device. Motivated by a
need to improve the biocompatibility of the stainless steel
surface, researchers have recently focused their efforts on
modifying the surface by using biomaterials.'"*?) As a result,
a wide range of implantable applications, which include or-
thopedic, endovascular, and dental devices, in addition to
drug delivery systems, have been developed based on bio-
compatible coatings, such as polymeric thin films and micro-
spheres that contain drugs. Active agents, that is, drugs, have
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been incorporated into those biocompatible coatings, which
results in the formation of drug-eluting implants. One of the
advantages of drug-eluting coatings is the fact that drug re-
lease is localized, which results in higher tissue drug levels
at the specific treated site and decreases the systemic drug-
associated side effects.’)

Several approaches have been described for embedding
drugs inside thin films.®! Decher and co-workers developed
the layer-by-layer (LBL) deposition technique in which the
alternate deposition of polyanions and polycations onto a
charged solid substrate led to the formation of multilay-
ers.” ! Drugs and other biomaterials can be integrated into
these films through covalent bonding or supramolecular in-
teractions.'>" In the context of controlled release of a
drug, the LBL fabrication procedure offers the ability to
control the number and location of the relevant polymer
layers. Hence, drug release would be dependent on the per-
meability or breakdown of the multilayer structure.

Recently we reported electrochemically induced polymer
coatings on 316L stainless steel surfaces.'*'”) The aim of
those studies was primarily to demonstrate that electropoly-
merization of conducting polymers was suitable for coating
medical devices with a protective layer that improved their
surface biocompatibility and allowed controlled release of
bioactive agents. Moreover, we showed that the formation
of an intermediate organic monolayer prior to electropoly-
merization significantly promoted adhesion of the polymer
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to the surface.'"”! However, the amount of drug impregnated
into these conducting thin polymers was limited by the swel-
ling capability of the polymeric matrix. The latter can be sig-
nificantly improved by assembling drug-containing polymer-
ic nanoparticles. Although nanoparticles can be formulated
from a wide variety of synthetic and natural polymers, evi-
dently such nanoparticles must be biocompatible and pref-
erably also biodegradable for sustained drug delivery appli-
cations.”! Poly(lactic acid) (PLA) and poly(ethylene glycol)
(PEG) have been the most frequently used nanoparticle
polymers for sustained and localized administration of dif-
ferent therapeutic agents.’™
A number of strategies have been explored for assembling
nanoparticles onto metal surfaces. These strategies include
exploiting covalent®* and electrostatic interactions,*>*
the formation of Langmuir-Blodgett films,*?* and assem-
bling thick films by solvent evaporation.*'**l However, most
of these studies involved metal-nanoparticle assemblies.*>]
In this paper we describe the formation and characteriza-

tion of PLA nanoparticles that are assembled on surface-
modified 316L stainless steel through electrostatic interac-
tions. The strategy involved a simple two-step process. The
first step comprises the electrochemically induced formation
of a positively charged self-assembled monolayer (SAM) in
which the PLA nanoparticles were electrostatically attached
to the SAM as a result of their negative charge. Recently we

reported the electrochemically induced formation and char-

acterization of n-alkanoic acid SAMs on 316L stainless steel

surfaces."”! We showed that the carboxyl group has a superi-

or affinity for stainless steel and results in a highly organized

monolayer that depends on the length of the alkyl chain.

Following this line of research, we have successfully at-

tached negatively charged PLA nanoparticles onto a posi-

tively charged 12-aminodecanoic acid (ADA) SAM. This ap-

proach offers a significant advantage because it allows the

release of the drug, which contains PLA nanoparticles, to be

controlled by changing the pH. We found that the surface
density of the nanoparticles is controlled by the immersion
time and the number of cyclic voltammetry (CV) scans
under which the SAM was formed.

Results and Discussion

The electrostatically induced nanoparticle array was assem-
bled by a simple two-step process. The first consists of the
formation of a 12-aminododecanoic acid (ADA) SAM on a
316L stainless steel plate electrode (Scheme 1, step I). The
second step involves the electrostatic attachment of PLA or
gold nanoparticles onto a positively charged ADA SAM by
immersing the stainless steel surface into the nanoparticle
solution (Scheme 1, step II).

Formation and characterization of an ADA monolayer on
316L stainless steel: An ADA SAM was formed by means
of our previously described method.!'” In essence, we
showed that a highly organized SAM was formed by alter-
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Scheme 1. Formation of a PLA or an Au nanoparticle film on a stainless
steel plate.

nating the potential of 316L stainless steel in acetonitrile in
the presence of sub-millimolar quantities of an alkanoic
acid. It should be noted that small quantities of a 0.1 M aque-
ous solution of HCIO, were required to dissolve the ADA.
Figure 1 illustrates the effect of the number of potential
scans, under which the monolayer is formed, on the CV of
ferrocene (Fc). It is evident that the magnitude of the reduc-
tion and oxidation waves of Fc is reduced as the number of
cycles increases. After ten cycles a “blocking effect” of Fc is
observed (Table 1). The control experiment (Figure 1), in
which a stainless steel disk electrode was swept for ten
cycles in an acid-free CH;CN solution, only affected the oxi-
dation wave without affecting the electrochemical reversibil-
ity (for further details see ref. [9]). This result clearly indi-
cates that blocking of the electrode is a result of the poten-
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Figure 1. Cyclic voltammetry of a solution that contains ferrocene (1 mm)
and TBATFB (0.1M) in CH;CN recorded with a bare 316L stainless steel
electrode, and after electrochemical modification of the electrode in a so-
lution that contains 12-aminododecanoic acid (0.1 mm) and TBATFB
(0.1m) in CH;CN for 1, 5, and 10 cycles by applying a scan rate of
100 mVs™.
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Table 1. Peak currents and potentials of the cathodic wave of Fc, as
shown in Figure 1.

Peak current Reduction peak potential

[nA] (V vs. Ag/AgBr)
bare electrode 12.0 0.193
1 CV scan 8.1 0.173
5 CV scans ~3.0 ~—0.118
10 CV scans no peak no peak

tial-induced deposition of an alkanoic acid monolayer. The
reduction peak potential was only 20 mV more negative and
its current decreased by only 33% upon a single scan. The
reduction peak current becomes negligible after five scans,
whereas complete blocking is attained after ten cycles. This
result suggests that ten CV scans between —0.8 and 1.2V
versus Ag/AgBr at a scan rate of 100 mVs™' are sufficient to
form a dense film.

The presence of an amino-terminated SAM was verified
by X-ray photoelectron spectroscopy (XPS). Figure 2 shows
the high-resolution XPS spectra of N, for an ADA-modified
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Figure 2. High-resolution N, XPS spectra of electrochemically treated
stainless steel surface in the presence of ADA.

plate electrode after ten scans. The detection of nitrogen in-
dicates successful film deposition because this element is
only contained in the film material. It should be noted that
amines were not detected on a bare stainless steel plate. The
Ny, peak splits into two different nitrogen species at 397.9
and 401.1 eV, which are associated with aliphatic and pro-
tonated amino groups, respectively.’**) Deconvolution of
these peaks gave a ratio of around 3:1 for —NH;" and —
NH,, which implies that there are more protonated species
than free aliphatic amino groups. It should, however, be re-
membered that the electrochemical deposition of the ADA
SAM was carried out in the presence of HCIO,. The ele-
mental ratio between carbon and nitrogen (derived from Cj
and Ny, high resolution spectra, respectively) was around
seven, which is lower than the theoretical value, that is,
larger than twelve (owing to the aliphatic carbon plus the
carbon originating from the stainless steel). This result can
be explained only if it is assumed that an organized mono-
layer has formed in which nitrogen is located on top of the
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layer and carbon is buried inside the film, and therefore, its
intensity is reduced.

The formation of an ADA monolayer was also confirmed
by water contact-angle measurements. The advancing (6,)
and receding (6,) water contact angles of an ADA-modified
stainless steel surface were 52+3° and 31+3°, respectively,
which are in good agreement with previous reports.F:4:47]
These surfaces show relatively large contact angle hystere-
ses, which would be expected for polar and protic surface
functionality.*¥ Similar hysteresis values were published by
Sukenik and Balachander™ and Sieval and co-workers.!*!)
Sukenik and Balachander reported 6, values of 62°+2°
and 42°+3° and 6, values of 42°+4° and 24°+4° for fully
—NH,- and —NH;*-terminated octadecyltrichlorosilane
monolayers, respectively, and Sieval and co-workers report-
ed contact angle values of 6,=63-68° and 6,=42°. From the
contact angle measurements and XPS data obtained we con-
clude that both protonated and unprotonated species are
present in the ADA SAM.

External reflection absorbance Fourier transform infrared
(RA-FTIR) spectroscopy was used to study the packing of
the ADA SAM (Figure 3). The bands for the asymmetric

269 v, -CH,
o 2 2850

Absorbance / 10~ AU

1.6 T T T T
2970 2940 2910 2880 2850 2820

Wavenumber / cm™

Figure 3. RA-FTIR spectrum of the asymmetric (¥,) and symmetric (7)
C—H stretching region of a 316L stainless steel surface modified with
ADA.

and symmetric methylene stretching modes appear at 7=
2918 and 2850 cm™, respectively, and are indicative of a
densely packed, highly ordered SAM. Direct detection of
the amino groups in the ADA SAM is troublesome when
using RA-FTIR spectroscopy owing to hydrogen bonding
with adsorbed water molecules and —OH groups that origi-
nate from the stainless steel oxide. Nonetheless, after sub-
traction of the spectrum of the bare oxide surface from that
of an ADA-modified surface, the NH, stretching mode
could also be detected at #=3191 cm™" (not shown).

All of these findings indicate that an ADA monolayer
forms a rather organized SAM on 316L stainless steel as a
result of applying a sweeping potential to a solution in
CH;CN. This organized assembly is used, as described in the
following section, as a means of electrostatically binding
gold and PLA nanoparticles.
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Immobilization of Au and PLA nanoparticles: Electrostatic
assembly utilizes interactions between the negatively charg-
ed COO™ groups on the gold (citrate adsorbates) and PLA
nanoparticle surfaces and the positively charged amine-func-
tionalized monolayer. Figure 4 shows scanning electron mi-
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Figure 4. SEM images of a bare stainless steel surface (A) and an ADA-
SAM-modified stainless steel surface immersed overnight in gold (16 nm)
nanoparticles (B), and PLA (86% 2 um and 14 % 140 nm) nanoparticle
suspensions at pH 5 (C) and pH 8 (D).

croscopy (SEM) images of a bare stainless steel surface and
an electrochemically induced ADA-SAM-modified stainless
steel surface after immersion in Au and in PLA suspensions
(pH 5 and pH 8) for 24 h. Evidently, a densely packed nano-
particle film is deposited on the modified surfaces at pH 5,
whereas deposition of nanoparticles at the bare electrode is
not observed. As binding between the nanoparticles and the
modified surface is electrostatically driven, it is expected
that the pH will play a major role in controlling the particle
density on the surface. The nanoparticles, which are stabi-
lized by carboxylic acid moieties, are negatively charged at
pH > ~4.5. On the other hand, the amino-terminated mono-
layer is positively charged at pH values that are well below
the pK of the aliphatic amines outside the monolayer. Knoll
et al.***! have shown that protonation of amino-terminated
monolayers on Au commences below pH=~ 6. Therefore, for
the pH values used, one can systematically vary the charge
on the amine molecules while the carboxylic acid groups on
the nanoparticles remain fully ionized, thereby altering the
strength of the electrostatic interactions. At pH 4 to 5, the
surface charge density on the amine-terminated monolayer
is expected to attain its maximum charge, whereas at pH 8,
the monolayer is completely unprotonated, which leads to a
lower surface coverage. Furthermore, owing to the negative
charge of the nanoparticles, a repulsive force between the
particles in solution and those immobilized on the substrate
prevents the nanoparticles from aggregating on the ADA
SAM.
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Additional support for electrostatic binding between the
nanoparticles and the monolayer can be found from the fact
that desorption of the nanoparticles occurs upon immersion
of the steel in the solution at pH >8, whereby the amine is
deprotonated, and at pH <4, whereby the carboxyl is pro-
tonated (Figure 5). Indeed, we found that gold nanoparticles
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Figure 5. SEM images of 316L stainless steel surfaces that were modified
in a solution of ADA (0.1 mm), TBATFB (0.1m), and HCIO, (0.1m,
50 uL) in CH5CN for 10 cycles, by applying a scan rate of 100 mVs™' and
then immersing the surface overnight in a suspension of PLA nanoparti-
cles (88 nm) at pH 4, 6, 7, and 8, respectively (A-D).

desorbed at 8 <pH < 4. On the other hand, the PLA nano-
particles desorbed at pH >8, however, their surface cover-
age increased as pH decreased, even below pH 4. Moreover,
our preliminary experiments show surprising morphological
changes in the PLA nanoparticle (88 nm) films (Figure 6).1!
These changes will be discussed in a future manuscript.

The effect of the number of potential scans under which
the ADA SAM is formed on the surface density of the PLA
nanoparticles is shown in Figure 7. It is clear that the PLA
film density increases with the number of potential scans.
No further improvement in the nanoparticle film density is
observed when more than ten potential scan cycles are per-
formed. This trend is in agreement with the cyclic voltam-
metry, which implies that the monolayer becomes denser
with increasing the number of potential scans, presumably,
by creating more interaction sites for the PLA binding.

The effect of immersion time on the surface density of the
nanoparticles is shown in Figure 7. The stainless steel surfa-
ces were exposed to ten cycles in a solution of tetrabutylam-
monium tetrafluoroborate (TBATFB, 0.1m), HCIO, (0.1Mm,
50 uL), and ADA (0.1 mm) in CH;CN. Subsequently, the
electrodes were washed and immersed in a suspension of
PLA nanoparticles (100 nm) at pH 5 for 1.5, 6, and 24 h. It
is clear that as the immersion time increases, the density of
the nanoparticles also increases. We did not observe a fur-
ther increase in film density when immersing the modified
electrodes for more than 24 h, which suggests that the layer
had reached its final organization.
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Figure 6. SEM images of 316L stainless steel surfaces that were modified in a solution of ADA (0.1 mm), TBATFB (0.1M), and HCIO, (0.1M, 50 pL) in
CH,CN for 1 (A), 5 (B), and 10 (C) cycles by applying a scan rate of 100 mVs~' and then immersing the surface overnight in a suspension that contained

PLA (86 % 2 pm and 14 % 140 nm) nanoparticles at pH 5.
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Figure 7. SEM images of an ADA-SAM-modified stainless steel surface immersed in a suspension of PLA nanoparticles in CH;CN at pH 5, for 1.5 (A),

6 (B), and 24 h (C).

Conclusion

The electrostatically driven assembly of organic nanoparti-
cles based on poly(lactic acid) and a positively charged mon-
olayer on 316L stainless steel has been demonstrated. In a
mildly alkaline solution (pH 8), in which the amino groups
were not protonated, PLA nanoparticles could not be ad-
sorbed onto the substrate, whereas under acidic conditions
protonation makes the amino groups positively charged and
adsorption of nanoparticles occurs. The density of the parti-
cles on the surface, which depends on the degree of interac-
tion, could be controlled by varying the surface charge den-
sity of the monolayer (number of CV scans), immersion
time, and by changing the pH of the nanoparticle solution.
Finally, the approach presented here allows, in principle, the
amount of drug accommodated in biodegradable nanoparti-
cles to be controlled and to be attached onto an implantable
medical device.

Experimental Section

Materials: ADA (95 %), TBATFB (99 %), and Fc (98 %) were purchased
from Aldrich. Acetonitrile (>99.8%) was obtained from J.T. Baker.
Poly(pL-lactic acid) (My=112000) was synthesized in our laboratories.
Dichloromethane and acetone (HPLC grade) were obtained from Biolab
Jerusalem. Pluronic F-68 was obtained from Sigma. 316L Stainless steel
plates and rods were obtained from Mashaf. The stainless steel plates
(9%x40 mm) were used for RA-FTIR, XPS, and contact angle measure-
ments, whereas the rods were applied for electrochemical measurements
(cyclic voltammetry). The stainless steel rod (3 mm diameter) was em-
bedded in a Teflon sheath to expose only a disc, which served as the elec-
trode surface.

Instrumentation: Electrochemical measurements were conducted with an
AUTOLAB PGSTATI10 potentiostat (EcoChemie) and a BAS-100B/W
electrochemical analyzer (Bioanalytical Systems), by using a single-com-
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partment three-electrode glass cell. The reference electrode was an Ag/
AgBr wire, which was prepared as previously described.™! This reference
electrode (0.45V vs. ferrocene—ferroceniumP!) is considerably more
stable in the organic media than the commonly used Ag/AgCl wire. A
graphite rod (6 mm diameter) was used as an auxiliary electrode.

RA-FTIR spectra were recorded by using a Bruker Equinox 55 spec-
trometer at a resolution of 2 cm™, which was equipped with a nitrogen-
cooled mercury—cadmium-telluride detector. The spectra were acquired
with a grazing-angle accessory that had an incident angle of 800 to the
normal and a p-polarized beam. Normally, 1000 scans of the sample were
collected versus a reference, which was a bare, freshly polished stainless
steel surface.

XPS spectra were recorded by using a Kratos Axis Ultra spectrometer
and Mg, radiation of 1486.71 eV. Data were collected and analyzed by
using the vision processing program. Deconvolution of the peaks was
conducted by using CasaXPS processing software (Casa Software, UK).
Contact angles were measured with a Ramé-Hart model 100 contact
angle goniometer. Advancing and receding contact angles were deter-
mined by adding and withdrawing fixed amounts of deionized water to
and from the drop, respectively. This measurement was repeated three
times for each sample and the average values are reported. All aqueous
solutions were prepared from deionized water (Barnstead Easypure UV
system).

A high-performance particle sizer (HPPS, ALV-GmBH) was used to de-
termine the size and distribution of the nanoparticles.

Electrochemical procedures: The stainless steel disk electrodes were
treated as previously described.'” The plates were received, polished,
and only treated with 1200 grit emery paper. The electrodes were then
washed with CH;CN and dried with a stream of nitrogen at room temper-
ature prior to modification. The clean electrodes were immersed into a
modification solution that contained ADA (0.1 mm), perchloric acid
(50 uL, 0.1m), and TBATFB (0.1M) in CH;CN at room temperature. A
potential sweep between —0.8 to 1.2 V versus Ag/AgBr was typically ap-
plied (ten cycles unless otherwise stated). The modified surfaces were
rinsed with pure CH;CN and dried with a gentle stream of nitrogen. All
measurements were performed at room temperature (21 £2°C).

Formation and characterization of nanoparticles: Aqueous PLA nanopar-
ticles that had an average particle size of ~100+10 nm, ~140+10 nm,
and 2 um +200 nm (confirmed by HPPS) were synthesized by employing
a solvent extraction/evaporation method (single emulsion). A solution of

Chem. Eur. J. 2007, 13, 6402 - 6407
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the polymer (100 mg) in dichloromethane (0.5 mL) and acetone (15 mL)
was rapidly poured into an aqueous solution (40 mL) of Pluronic F-68
(80 mg) and stirred for a few minutes at room temperature. The solvents
were evaporated under vacuum and the resulting oil-in-water emulsion
was concentrated to about 10 mL. The size of the nanoparticles formed
was determined by using ALV-NIBS/HPPS after dilution with water at
25°C. The pH of the colloidal suspensions was about 5.

The gold nanoparticles (16 nm size, determined by nanosizer) were syn-
thesized by following the method reported by Frens.*) The zeta potential
(—34.5 mV) measured by Zetasizer (Malvern Instruments) indicated that
the nanoparticles were negatively charged in the solution (pHS5). The
same solution was used for the gold nanoparticle assembly.

Specifically, PLA nanoparticles were assembled on an ADA-modified
316L stainless steel surface by immersing the modified substrate into an
aqueous PLA suspension overnight. Then, the stainless steel was thor-
oughly rinsed with water and dried under ambient conditions.
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