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The build up and electrochemical characterization of interfacial composite nanostructures containing a cationic
polyelectrolyte and negatively charged mercaptosuccinic acid stabilized gold nanoparticles (AuNPSs) is reported.
The nanostructures were formed at the interface between two immiscible electrolyte solutions in which the
organic phase is an immobilized 2-nitrophenyl octyl ether/PVC gel. The growth of the multilayer was verified
with UV —vis spectra, and approximately a linear increase in-W\¢ absorbance with increasing number of
layers was observed. The interfacial capacitance of the multilayers was measured as a function of the potential
and a theoretical model was developed to explain the results. The excellent agreement between theoretical
and experimental capacitance curves allows us to conclude that nanocomposites behave similarly to
polyelectrolyte multilayers, with the outmost layer determining the alternating sign of the outer surface charge
density. Cyclic voltammograms were used to evaluate the transfer rate constant across the multilayers of a
model drug, metoprolol, and the standard probe tetraethylammonium cation. The apparent rate constants were
slightly larger than in other studies in the literature and decrease with the increasing number of layers.

Introduction without further aggregation, which represents an advantage
Nanoparticle assemblies are of great interest because of theircompared with other aqueous gold colloids that suffer from easy

potential applications in different fields such as semiconductors, aggregatiort™¢
molecular electronics, photovoltaic cells, chemical and biological ~ The interaction of macromolecules of biological interest with
sensing, and catalysig. In particular, the research on poly- lipid membranes is important in various areas such as membrane
electrolyte/metal nanoparticles self-assembled multildreas  biophysicd’ 19 and drug formulations. Many studies on lipid
increased significantl§;1° as they can be used, among other monolayers at the airliquid?°>-2* interface and at the interface
things, to fabricate nanocomposites and nanopatterning materialdetween two immiscible electrolytes soluti8h§ TIES) have
fundamental for delivery devices. For example, microcapsules been reported to obtain information about®#f 28 and drug
can be fabricated by layer-by-layer (LbL) technique by alter- transfe?22%3! across a single monolayer or across hybrid
natively adsorbing oppositely charged polyelectrolytes on metal systems containing also different polyelectrolyte layers.
nanoparticles, containing in their interior materials such as |n this work, we study composite multilayers containing a
polymers, enzymes, drugs, etc., making them very suitable ascationic polyelectrolyte and negatively charged mercaptosuccinic
potential delivery vesicles. Therefore, a system made of com- acid stabilized AuNPs at a biomimetic lipid membrane. In
plexed biomimetic thin films (lipidt biopolymer+ polyelec-  particular, a monolayer of the positively charged phospholipid
trolyte + nanoparticles) could be used for the construction of a N.[1-(2,3-dioleoyloxy)-propyl]N,N,N-trimethylammonium chlo-
biosensor forthg monitoring, for examlple,.of cqntrolled—release ride (DOTAP) at an ITIES was used as a model membrane,
and targeting sites of such capsules in biological cells. ~and negatively charged dextran sulfate (DS) was used as the
_A fu_ndamen_tal prerequisite for the use of nanopgrtlcles_ N model for glycosaminoglycans (GAG):23 GAGs, consisting
p|olog|cal applications is that they ghoulql be easily dlsper5|blg of highly sulfated and negatively charged polysaccharides, are
in water because they must combine with macromolecules in y,e major components in the extracellular matrixes of many
aqueous solutioh: Using the method of Chen and Kimur&,  yis5165 and they can also be found inside the cells. DS is a

n(_a%atir:/ ely_ Ch":‘jf.ge‘_’ba”_d wzuer—soluble gcgdgnanopartigles l()AU.NPj)good model for the GAGs because of their structural similarity,
with the size distribution between 1 and 3 nm can be obtained. 5, i, addition, it has been found that DS might carry out an

Also, these AuNPs can be precipitated and redispersed in Waterimportant role as an anti-atherosclerotic dfganti-HIV

; ) . ) .
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Figure 1. Schematic representation of a DOTAP/DS/PAH/AUNPs Co The composite PAH/AUNPs multilayer is modeled as a
interfacial composite nanostructure. single phase that occupies the region & < d, and has relative

permittivity em. Again, partitioning effects are important, and
the effective concentration of the aqueous base electrolyte in

compression isotherms. The hybrid layer is then transferred atthis region iscf’n _ ch\?w whereKo is their chemical partition

a surface pressure of 32 mN/m by using the LangmBlodgett fficient

(LB) techniqué” 4! onto the organic gel. The growth of the coetnicient. o )

polyelectrolyte/AuNPs is achieved by immersing the gel/hybrid ~ The charges bound to this interfacial nanostructure are

layer assembly alternatively in aqueous solutions of cationic Modeled as two plane distributionsat= 0 andx = dn (see

poly(allylamine hydrochloride) (PAH) and anionic AuNPs and Figure 2). The respective electrical charge densitiesrgend

is followed by UV-vis spectroscopy. The nanoparticle con- ©m OF, in dimensionless units, = Aog/e andy = Ao/e where

centration in the solution is 0.06 mg/mL, and two different size €18 the elementary charge aAds the mean molecular area of

distributions, with average diameters of 1.7 and 2.9 nm, are the phospholipids in the monolayer.

used separately. The electric potential distribution in regian(i = o, hc, m,
The interfacial nanostructures are characterized by AC andw) is described by the PoisseiBoltzmann equatiott

cyclic voltammetry. The capacitance curves measured by AC

voltammetry provide information on the electrical structure of d2¢ 5 .

these interfacial nanocomposites. The capacitance curves are & = k; sinh(p — §0ib) (2)

analyzed with the help of a theoretical model describing the

electrical potential distribution at all stages of the multilayer ) ) ) )

growth. Cyclic voltammetry is used to estimate the rate of Where ¢ = F(¢b - b¢g)/R-|b' is the dimensionless electric

transfer of tetraethylammonium (TEA and the cationic  Potential,gp, = ¢y, ¢pc = ¢, = 0,

pB-blocker, metoprolol, across the multilayers as a function of

the number of layers and nanoparticle size. (2F2c:°)1’2

=

€€oRT

3)
Theory

The interfacial composite nanostructures under study are g ihe Debye parameter in regidp and ¢ is the vacuum

depicted in Figure 1. All nanostructures contain the DOTAP/ |actrical permittivity. Multiplving eq 2 b /dx. it can be
DS hybrid layer and differ in the number of alternating PAH integratedpto y: plying eq 2 by 2gdx,

and AuNPs layers. We usgfor the number of PAH and AuNPs
layers, and therefore, the system in Figure 1 corresponds to b 112
2 . @~ @
’Ki smhz( )+ ]

= 2. We present first a relatively simple theoretical model to dp _ +
evaluate the capacitan€of the interfacial nanostructure. This dx
is defined as

5 )

where the plus and minus signs apply in the domains 0
C= aQ 1) andx > 0, respectively, and; is an integration constant. In the
A bulk phases, the integration constant vanishes becap&ix d
also does.

whereQ is the charge density separated across the ITIES, and The other two constanta,. andam, as well as the potentials
AVp = ¢ — ¢2is the Galvani potential difference between the ®(—dnd, ¢(0), and ¢(dr), are unknowns that have to be
bulk aqueous and organic phases. The interfacial nanostructuredetermined from the boundary conditions for the electric
is described by using a one-dimensional model in which the displacement

ITIES is located at the plane = 0, the organic gel occupies

the regionx < 0, and the aqueous solution the regior 0. . d_qal — d_qo| (5a)

The organic and agueous bulk phases (i.e., the regions outside Odx *=%he  hegy X"

the electrical double layer at the ITIES) have molar concentra- Fo

tions of their respective 1:1 base electroly@sand ¢}, and ¢ d_(p| = d_(/’| 40 (5b)
. . . K hcd x=0 mqg x=0+ RT

relative electrical permittivitieg, ande,, respectively. X X €o

The hydrocarbon chains of the phospholipids occupy the d d Fo

region —dnc < x < 0, which is characterized by a relative € _§0| =€ _§0| o —m (5¢)
e s . e mq x=d wd x=d_+ RT

permittivity enc. The different permittivity of the hydrocarbon X X7TTm &g

region and the organic phase implies that a chemical partition
coefficientKyc needs to be included when describing the spatial and the integrals of eq 4 over the regians hc andi = m
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Once this equation system is solved, the surface charge (¢ o
density separated across the ITIES can be evaluated as \/\/\/\/W)I\o—l
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and the interfacial capacitance is calculated (by numerical CHo=CHg )—CHy
differentiation) from eq 1. CHg CHy——N*—CH,~CHg HsC
Experimental Section CHz-CH, HsC-0

. . . Figure 3. Chemical structures of PAH (a), DS represented in one of
Materials. The chemicals DOTAP (Sigma,99%), methanol the three possible sulfate group forms (b), DOTAP (c), and TE#

(Merck, p.a.), ethanol (ETAX Aa, Finland, 99.4%), 2-nitrophe-  and metoprolol (e) in their cationic form. The asterisk (*) symbolizes
nyl octyl ether 6-NPOE, Fluka, Selectophore), poly(vinyl the chiral center.

chloride) (PVC) (Sigma, very high molecular weight), chloro-

form (Merck, p.a.), tetraphenylarsonium chloride hydrate 97% diameter. Briefly, 0.5 mmol of HAuGldissolved as 5% (w/v)
(TPASCI, Sigma, p.a.), potassium tetrakis-4-chlorophenylborate aqueous solution was mixed with 1.25 mmol of MSA dissolved
(KTPBCI, Aldrich, p.a.), sodium chloride (NaCl, Merck, p.a.), in 100 mL of methanol, resulting in a yellow transparent

tetraethylammonium chloride hydrate (TEABO, Aldrich, solution. Then, 0.2 M aqueous NaBkblution was added under
p.a.), metaprolol tartrate (metoprolol, Sigma, reagent grade), vigorous stirring at the rate of 5 mL/min. The solution turned
hydrogen tetrachloroaurate tetrahydrate (HAedH,O, Sigma- dark brown immediately, and further addition of the reductant
Aldrich, 99.9+%), mercaptosuccinic acid (MSA, Aldrich, 97%), led to the formation of a flocculent dark-brown precipitate. After
sodium borohydride (NaBkl Merck, for synthesis), dimethyl-  stirring for ca. 1 h, the solvent was decanted. To remove
dichlorosilane (GHesCl,Si, Fluka, puriss>99.5%), PAH (Ald- impurities, the remaining precipitate was centrifuged (Heraeus

rich, molecular weight 70 kDa), and DS sodium salt from Sepatech Labofuge 200) five times for 15 min at 4500 rpm in
Leuconostoc ssp. (DS 500, Fluka, molecular mass 500 kDa), the 20% (v/v) water/methanol solution and sonicated. Then the
were all used as received without further purification. The buffer particles were washed, centrifuged, and sonicated in pure
chemicals were potassium dihydrogen phosphate (J. T. Baker)methanol to remove unbound MSA or AMSA complexes.
and disodium hydrogen phosphate (Riedel-dérilpea.). Milli- Finally, the precipitate was suspended in ethanol and dried in a
pore water (resistivity> 18 MQ cm) was used to prepare all rotavapor afT < 40 °C. The size distribution of the AuNPs
aqueous solutions and for rinsing. Figure 3 shows the chemicalwas confirmed using a TEM (Tecnai G2), operating at 120 kV
structure of PAH, DS, DOTAP, TEA and metoprolol. with a point resolution of 0.5 nm. The samples were prepared
Langmuir —Blodgett Films. DOTAP dissolved in chloroform by adding droplets of the NP-containing aqueous solution on
was used as a spreading solution. The typical solution concen-the coppef-carbon grids and allowing them to dry in a drybox

tration was 0.5 mg/mL. Surface presstraolecular areaf— for ca. 24 h. The size distribution was estimated using free
A) isotherms were measured with the computer-interfaced software, Image J.
Langmuir trough (60 mmx 216 mm, KSV Instruments Ltd., As a result of the a1 and K,z values of succinic acit?

Helsinki) in an earthed Faraday cage. The surface pressure wa%.19 and 5.64, respectively, higher pH ensures the change of
controlled with the platinum Wilhelmy plate, and the subphase the carboxylic acid to its carboxylate ion form. Thus, the pH of
was thermostated at 2040.1°C. Lipid solutions were spread  the solution used in this work was about 6, which is the most
onto a sodium chloride aqueous subphase containing DS, dropappropriate to use for the electrostatic adsorption of the AUNPs
by drop, with a Hamilton microliter syringe. After 30 min in order to build up the multilayers. The pH range of-560
evaporation time, the isotherms were recorded at the compres-coincides with the ionization range of the mercaptosuccinic acid
sion speed of 5.0 mm/min. LB films were transferred by dipping bound to gold as established by some autfdfurthermore,
the electrochemical cell perpendicularly through the lipid the K, of PAH is about 10, and hence, for pH 6, PAH is
monolayer at the speed of 2.0 mm/min. The pressure equivalentpositively charged. All these parameters allow the easy con-
to a bilayer is reported to be about-385 mN/m?21.23Therefore, struction of the multilayers and ensure their stability.
the monolayer experiments in this work were carried out at the  Buildup of Multilayers. PAH/AuNPs multilayers were built
surface pressure of 32 mN/m. The success of the transfer wasup by modifying slightly the method in ref 24. The electro-
determined both from the electrochemical measurements andchemical cell containing the organic gel was used as a substrate.
the so-called transfer ratio with values close to unit. No changes After the transfer of the lipietDS film on the substrate, the
in the monolayers properties were observed over several hourscell was kept in the well of the Langmuir trough. The volume
even after being deposited at a liquiliquid interface. of the aqueous solution was ca. 14 mL. The solution present
AuNPs Preparation and Characterization. Mercaptosuc- inside the well was exchanged by pumping the 1 mg/mL PAH
cinic acid stabilized AuNPs were synthesized as described insolution at the rate of 1.5 mL/min. The procedure was then
ref 12 using two different molar ratios, S/A«1.25 for particles repeated with 0.06 mg/mL AuNPs solution. To remove unbound
of 1.7 nm, and S/Au= 0.5 for particles of 2.9 nm in average  AuNPs from the aqueous phase, the well was washed with the
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SCHEME 1
10 mM TPASTPBCI 15 mM NaCl
Ag | AgCl| 5mM TPAsCI 5 w-% PVC +1mg/mlDS 500, X | AgCl | Ag’
(W) (0-NPOE) (w)

15 mM NacCl solution. Thus, alternating layers of cationic PAH line), (B) 15 mM NaCl+ 0.06 mg/mL MSA-AuNPs (dashed

and anionic AuNPs were deposited up to a maximunm ef line), and (C) 15 mM NaCH 1.00 mg/mL DS (dotted line) at
14 layers. Multilayers with odd number of layers are T = 20.0+ 0.1 °C. From the isotherms recorded at the-air
terminated with a PAH layer, while those with evenare liquid interface, the surface compressibility modulGs;, can
terminated with a layer of AuNPs. be calculated as

Electrochemical MeasurementsAC impedance/voltamme-
try and cyclic voltammetry measurements were carried out with cl=— A(‘E (8)
the Autolab 100 four-terminal potentiostat (EcoChemie B. V., S AT

Netherlands). The details of the cell construction and setup can
be found elsewher&:*Briefly, the organic gel phase, a mixture
of 5 wt % PVC ando-NPOE containing the base electrolyte,

was heated at least to 12C, and the resulting hot gel was its compressibility modulus at 32 mN/m is 58 3 mN/m.

cast into the cell. _Typ|cally, the solidification of the gel was Especially at higher surface pressures, the DOTAP isotherms
carried out overnight. NaCl was used as the aqueous base

electrolyte and TPASCI as the organic reference electrolyte. As in the presence of AuNPs and DS are shifted toward larger areas

) . . . per molecule. That is, for a given value of the surface pressure,
described in detail els_ewhe‘fé,the organic base eIectr_onte the presence of AuNPs in the subphase makes the DOTAP
TPASTPBCI was obtained by precipitation from equimolar

solutions of TPAsCI and KTPBCI. Ag/AgCl wires were used mo_nolayer_ more expanded, and this effect is even more
: i noticeable in the presence of DS in the subphase. In the presence
as reference electrodes and Pt wires as auxiliary electrodes for o
. of AuNPs and DS, the compressibility modulus at 32 mN/m
the electrochemical measurements.

The electrochemical cell used can be represented in Schemé'¢ 62+ 2 and 118t 3 mN/m, respectively, indicating a lower

S . compressibility that than of a pure DOTAP monolayer.
1, whereX is either TEA" or metoprolol at the concentration .
of about 50uM. For the measurement of ion transfer, NaCl The negatively charged AuNPs and DS strands are electro

solutions were pumped into the cell after the washing stage, statically attached to the cationic lipid molecules. If the adsorbed

and hence, the AC voltammetric signal for each layer was negative charge is lower than the positive charge on the
recorded in’ NaCl solutio®t phospholipids, it should be expected that the DOTAP monolayer

The cell interface with an area of 0.28 &mwas placed exhibits a lower molecular area.(at fixed surface pressure) in
between two Luggin capillaries to miniﬁize the ohmic drop the presence of Al.JNPS an_d DS in the subphase_because of the
All electrochemical experiments were carried out at 20.0.1 - weaker electrostatlg repuIS|o_n among phospholl_pld hea_dgroups.
°C in a Faraday cage. Cyclic voltammograms were n;e.asuredBecause. f[he opposite .effect is observed, this might |nd|ca'§e that

; the positive charge is overcompensated and that adjacent
at the sweep rate of 10, 25, 50, 75, and 100 mVjs. AC adsorbed AuNPs and DS strands repel each other and lead to a
voltammetry was measured at the frequency of 5, 10, 20, 25,

and 30 Hz, using the sweep rate of 1 mV/s, an amplitude of 5 more expanded monolayer. Finally, the results also suggest that

mV root-mean-square, with a modulation and interval time of the adsorbed AUNPs and DS do not penetrate the lipid
quare, . monolayet? because no increase in the surface pressure at large
0.4 and 1 s, respectively. All measurements were carried out

ina 15 mM of NaCl th luti d a DS molecular area was observed.
using mil o1 Mat.l as the aqueous Soition "’t{é a Size Distribution of the AUNPs.The AuNPs were character-
concentration of 1 mg/mL, as described elsewRére:

- . ized by using UV-vis and FT-IR spectrosco results not
Spectroscopic MeasurementsThe multilayer growth was y 9 P Py (

The isotherm of the DOTAP monolayer (curve A in Figure
4) in the absence of AUNPs and DS is characteristic for one
single phase (a homogeneous liquid expanded fluid phase) and

followed by UV—vis spectroscopy (HP 8452A diode array 9V 50

vis spectrophotometry). Prior to multilayer assembly, the quartz 451

slides were cleaned with the procedure described elsé\ere.

The quartz slides were then hydrophobized with dimethyldi- 401

chlorosilane as follow$The substrates were dipped for 5 min 350

each in a sequence of methanol, methanol/chloroform (volume  _ 0k

ratio 2:1), and chloroform solutions, respectively, under ultra- §

sonication. Then they were kept for.cah at 36-40 °C in a B

solution of chloroform and dimethyldichlorosilane (volume ratio & 20¢

2:1). Finally, the substrates were washed with chloroform and 151

methanol/chloroform solutions (volume ratio 2:1). The DOTAP/

DS monolayer was deposited onto the substrate via the LB 1o

technique. Finally, PAH/AuNPs layers were assembled by 5t

immersing the slide for 20 min in PAH (1 mg/mL) and AuNPs \ . \ e

(0.06 mg/mL) solutions alternatively. % 40 60 80 100 120 140
A(/&zlmolec)

Results and Discussion Figure 4. Isotherms of DOTAP spread on 15 mM NaCl (A, solid

) ) line), (B) 15 mM NaCl+ 0.06 mg/mL MSA-AuNPs (B, dashed line),
Isotherms. Figure 4 shows ther—A isotherms of DOTAP and 15 mM NaCH 1.00 mg/mL DS (C, dotted line) & = 20.0+

spread on different aqueous subphases: (A) 15 mM NaCl (solid0.1 °C.
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Figure 5. TEM image (left), and size distribution histogram (right) and s spectrum (inset) of AUNPs prepared with the molar ratio S/Au
=25.
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Figure 6. TEM image (left) and size distribution histogram (right) and &W%s spectrum (inset) of AUNPs prepared with the molar ratio SFAu
0.5.

shown), as well as TEM. Information about the size distribution assembling and is in good agreement with the literattifidnis
and morphology of the AUNPs can be extracted from the TEM suggests that the multilayers are assembled uniformly, with each
images. Figures 5 and 6 show the images (a), the sizelayer of AUNPs containing approximately the same amount of
distribution histogram (b), and the UWis spectrum (inset) of ~ them. As expected, the AuNPs-terminated (Figure 7b) multi-
AuNPs prepared at molar ratios (S/Au) of 2.5 and 0.5, layers have a higher UVvis absorbance. Similar results were
respectively. The average diameters of the particles preparedobtained for the 1.7 nm AuNPs (results not shown), although
with S/Au= 2.5 and 0.5, were 1.7 and 2.9 nm, respectively. in this case, the absorbance was lower and a less pronounced
The UV—vis spectra show typically no absorption peak for small band at 510 nm was observed. Those results were also consistent
AuNPs of an average size of 1.7 nm (orange-brown solutions with the previously cited studies.
were observed), and a broad surface plasmon band of about Capacitance StudiesThe interfacial capacitanc€, of the
510 nm for bigger NPs with average size of 2.9 nm. It is also composite interfacial nanostructure was measured by using AC
observable that there is an increasing background in the opticalvoltammetry. Because the kinetics of ion transfer across the
spectra of the AUNPs in aqueous solution toward higher energyinterfacial nanostructure is rather fast, its equivalent circuit can
because of the Mie scattering from the particle suspersigte be given as the parallel combination of a capacitor and the
All these results are in good agreement with those observedWarburg impedance. Hence, the admittance of the interface is
elsewheré?

It is known that the larger AuUNPs are more stable in relation Y= @ +jwC (9)
to TEM observatiort? The particles with smaller diameter are Ow
difficult to observe, even under very weak electron beam
radiation, and tend to aggregate. This structural instability can Wherew is the angular frequency of the applied ac signal and

be due to the electron beam irradiatién. ow is the coefficient of the Warburg impedance. Thus, the
Spectroscopic MeasurementsThe multilayer growth was ~ capacitance can be calculated frim
followed by UV—vis absorption. The spectra of the multilayers wC=Y'—Y (10)

at 510 nm are shown in Figure 7a and b as a function of the
number of layers. The absorbance increases almost linearly withwhereY" andY' are the imaginary and the real components of
the number of layers, which indicates an excellent LbL the admittance, respectively.
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Figure 7. UV—vis spectra of PAH-terminated multilayers (3, 5, 7, 9, 11, and 13 layers from bottom to top) (a), and 2.9 nm AuNPs-terminated
multilayers (2, 4, 6, 8, 10, 12, and 14 layers from bottom to top) (b). Insets: absorbance at 510 nm versus the number of layerssifNo UV
absorbance was observed from the DOTAP/DS and DOTAP/DS/PAH complexes.
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Figure 8. Experimental capacitance curves of multilayers containing Figure 9. Calculated capacitance curves of multilayers containing 1.7
1.7 nm (a and b) and 2.9 nm AuNPs (c and d): ifaF 1 (dashed ~ NM (@andb) and 2.9 nm AuNPs (c and d): if&y 1 (dashed line), 3,
line), 3, 5, 7,9, 11, and 13 layers (solid lines from top to bottom); (b) > 7+ 9, 11, and 13 layers (solid lines from top to bottom); (b) DOTAP/
DOTAP/DS monolayer (dashed line) and multilayers witis 2, 4, 6, DS monolayer (dashed line) and multilayers witk= 2, 4, 6, 8, 10,

8, 10, 12, and 14 layers (solid lines from top to bottom); rfcy 1 12, and 14 layers (solid lines from top to bottom); (cy= 1 (dashed
(dashed line), 3, 5, 7, 9, and 11 layers (solid lines from top to bottomy; in€), 3,5, 7, 9, and 11 layers (solid lines from top to bottom); and (d)
and (d) DOTAP/DS monolayer (dashed line) and multilayers with DOTAP/DS monolayer (dashed line) and multilayers wit 2, 4, 6,

2, 4, 6, 8, 10, and 12 layers (solid lines from top to bottom). A clean 8 10, and 12 layers (solid lines from top to bottom). A clean interface
interface (dotted line) is also shown in all cases for comparison. (dotted line) is also shown in all cases for comparison.

First, the capacitance-potential curves were measured for theféduction in capacitance. In general, for a given termination
clean and for the DOTAP/DS-covered interface. Then, alternate P, the capacitance decreases as the number of layers increases.
layers of PAH and AuNPs were deposited as described above, Similar results obtained with 2.9 nm AuNPs are presented
and the AC voltammetric response was recorded. in Figure 8c and d. In this case, only 12 layers were deposited,

Figure 8a shows the capacitance curves corresponding tob_ecgqse further incrgase in the ngmber of layers did not led to
PAH-terminated multilayers as well as that of the clean interface Significant changes in the capacitance curves of the AuNPs-
for comparison. The curves for 1.7 nm AuNPs-terminated terminated multilayers. On the other hand, the PAH-terminated
multilayers are shown in Figure 8b. The shift of the potential multilayers s_how a <_1|ifferent behavior. The overall capacitance
of minimum capacitance in the curve for the DOTAP/DS Values are slightly higher compared to those in Figure 8a. More
monolayer with respect to that of the clean interface may be interestingly, another minimum in the capacitance curves is
attributed to the dipole moment of the phospholipid mol- observed at ca. 0.1 V.
ecules?43149n the case of multilayers, a shift in the capacitance ~ Similar capacitance curves are calculated using the above
curves either to more negative (PAH-terminated) or positive theoretical model. In all calculations, the relative permittivities
potentials (AuNPs-terminated multilayers) was observed. Similar of the aqueous and organic solutions’aeg, = 78.54 ands, =
results were obtained by Slevin et?dlusing PAH and PSS as  24.2, respectively, and that of the multilayer has been estimated
cationic and anionic polyelectrolytes, respectively. After the as* ey = 45. The ratioend/dnc has been fixed to 1 nnd. Forn
deposition of the first PAH layer, a small decrease of the > 1, the thickness of the multilayer has been evaluated,as
capacitance (with respect to that of the DOTAP/DS monolayer) = ndy, wheren is the number of layers. The average value for
is observed. The deposition of the first AUNPs layer increases the layer thickness idy = 0.74 nm when 1.7 nm AuNPs are
the capacitance, and the next PAH layer causes a much largeused, and 1.10 nm in the case of 2.9 nm AuNPs.
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TABLE 1: Values of the Theoretical Parameters for the 0.4
DOTAP/DS Monolayer without and with the First PAH
Layer (n = 1)2 0.3f
O (NM) Km o 4 02k N " " " s .
DOTAP/DS 2.2 0.864 0.01 -3.0 1S S | N S
DOTAP/DS/PAH 0.75 0.1 -0.04 0.07 0.1f ®RoOR ROR R i

aKpe = 1.0 in both cases.

TABLE 2: Values of the Theoretical Parameters for the
PAH-Terminated (n Odd) and the AuNPs-terminated
Even) Multilayers

02
1.7 nm average size 2.9 nm average size oal ¥ i ¥ ¥ y i
n th Km (08 th Km o
2 1.0 0.75 0.01 1.0 0.75 0.02 -0.4
3 04 100 00l 10 040 004 S
4 0.3 0.77 0.01 0.8 0.38 0.02 ) . ) . )
5 0.3 0.92 0.02 0.7 0.36 0.04 Figure 10. Dimensionless surface charge densitgmployed in the
6 0.2 0.70 0.01 0.6 0.34 0.02 calculations as a function of the number of layesfér 1.7 nm (circles)
7 0.2 0.84 0.02 0.6 0.32 0.04 and 2.9 nm AuNPs (triangles). Lines are guides for the eye. The
8 0.2 0.64 0.01 0.5 0.30 0.02 DOTAP/DS monolayer (not shown) has= —3.0.
9 0.1 0.76 0.02 0.5 0.28 0.04
10 0.58 0.01 0.4 0.26 0.02 2 03 04
11 -

0.45 0.01

The model also includes the parametirs, Ky, o, andy,
which have been varied in the calculations. The chemical
partition coefficientKn. andKy, account for the differences in
electrical permittivities, as well as any other nonidealities such
as finite size effects of the ions (volume exclusion). The
dimensionless surface charge densities=at0 andx = dn, are
simplified representations of the complex distribution of bound
charges in the composite multilayer. Because DOTAP is a
positively charged phospholipid, the charge dengigtx = 0
is expected to be positive. This is an effective value that
somehow takes into account the presence of the negative DS 02 03 04 05pgq 03 04 05
chains bound to the phospholipids headgroups, and therefore Figure 11. CVs of metoprolol transfer at the scan rate of 50 mV/s:
the value ofoc is much lower than 1. The dimensionless surface with n=1 (dashed line), 3, 5, 7, 9 and 11 PAH-terminated layers from
charge density atx = dy, is influenced by the DS layer and th.e top to the bottqm (@) and (c) (1.7 and 2.9 nm AuNPs, r.espectlvely);
the different PAH and AUNPs layers. It should be positive for With DS (dashed line), 2, 4, 6, 8, 10, and 12 AuNPs-terminated layers
PAH-terminated multilayers (i.e.n odd) and negative for from the top to the bottom (b) and (d) (1.7 and 2.9 nm AUNPs,

! y ( en ) g respectively). In (a), the CV for a DOTAP/DS layer (dotted line) is
AuNPs-terminated multilayers (i.ea,even). Thus, in the case

also shown.
of 1.7 nm AuNPs, we have used= 0.1 for PAH-terminated
multilayers andy = —0.1 for AuNPs-terminated ones. In the
case of 2.9 nm AuNPs, the corresponding values are 0.2 andDOTAP/DS monolayer. DS binds then more effectively to
—0.23. DOTAP, and the effective surface charge densitat x = 0
The cases of an uncovered DOTAP/DS monolayer s becomes negative in this case.»¢ dm, the surface charge

1, when a single PAH layer is deposited, require special is positive, however, allowing for the deposition of the following
consideration. DS binds strongly to DOTAP, but there are hegative AuNPs layer.

unbounded loose chains and the structure is not compact. This Figure 9 shows the calculated capacitance curves. The values
is reflected both on the thickness of the layer and the high value for the theoretical parameters are given in Tables 1 and 2. The
for the partition coefficieniK,,. The latter is consistent with ~ value of the surface charge densjtyis plotted in Figure 10.
previous attenuated total reflection measurentérits which The shift of the minimum in the capacitance curves to more
binding of DS to other phospholipids headgroups was consid- negative or positive potentials is governed by the more positive
ered. It was then found that the layer of the absorbed DS or negative values of, respectively, consistent with the previous
contained a significant amount of water, and hence, a significantfindings by Slevin et at* However, here, the surface charge
concentration of small mobile ions coming from the aqueous densitya also contributes. The positive valuescotontrol the
phase is also expected. The unbounded DS chains contributeposition of the minimum at negative potentials in the case of
to lower the value of. In light of theoretical simulation of the =~ PAH-terminated layers. The effect of is noticed also in the
capacitance curves, when the first PAH layer is deposited, the gradual shift of the minimum to more negative values observed
thickness of the DOTAP/DS/PAH nanostructure seems to for AuNPs-terminated multilayers asincreases. Moreoveg,
decrease compared to that of the DOTAP/DS monolayer. This is responsible for the great change in the capacitance observed
is also reflected in a lower value fé&,, which can be related  after the first PAH layer is deposited because it then becomes
to volume exclusion of the base electrolyte ions. Adding the positive (maybe because some DS chains are released) and shifts
PAH layer thus has an effect similar to compression of the the minimum to more negative potentials.
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the charge of the last layer. This probably reflects certain degree
of stratification of the multilayer. This structuration is consistent

with the discussion given above concerning the changes of
for these multilayers.

The relative minimum observed in the experiments at about
0.1 V is reproduced by the calculations slightly displaced to
ca. 0.13 V (see Figure 9c). The relative minimum at these
positive potentials is due to the lower valuesky and the
higher absolute values of andy that exhibit the multilayers
containing 2.9 nm AuNPs compared to those of 1.7 nm. For
lower K, the concentration of ions coming from the aqueous
phase is also lower, and this tends to make the contribution of
the surface charge excessxat d, more important. Further-

° - y - : I : y more, because this plane now has a higher absolute value for
the charge, its contribution to the capacitance is still higher.
Figure 12. Peak current vs number of layens) for the ion transfer ~ Thjs |eads to a better distinction of the contributions due to the
across the PAH/AuNPs assemblies; NPs of 1.7 nm (solid line) and 2.9

A
(%]

nm (dashed line), TEA (W, 0) and metoprolol $, ). multllayer (p05|t|ye potentials) and to the hydrocarbon chains
(negative potentials).
It should be noted that is usually higher for PAH-terminated Finally, it should be noted that our model tends to overesti-

multilayers. This is due to the fact that the deposition of the Mate the capacitance close to the positive edge of the potential
outer positive PAH layer leads to a release of some negative Window. This is clearly seen in the case of a clean interface.
charges from the plane = 0: the complexation affects the For an interfacial potential of 0.15 V, the model predicts a
whole structure of the multilayer, and a change in the outer capacitance of 2xF cn2, which is higher than the experi-
layers propagates to the previously deposited ones. The changenental value of about 1ZF cn2. Still, the model reproduces

of a is more significant for multilayers containing 2.9 nm the essential trends of the capacitance curves.

AUNPs, suggesting that these multilayers are more fuzzy. The |on Transfer Studies. To study ion transfer across the
values ofa are also generally higher in this case, suggesting a interfacial nanostructures, cyclic voltammograms (CVs) were

slightly weaker absorption, as observed in the experimental measured with TEA and the cationic drug, metoprolol, as the
curves.

. . . transferring probe ions. Figure 11 shows the CVs for the ion
_ The capacitance decreases as the thickness of the multilayeg,gnsfer of metoprolol across the DOTAP/DS monolayer,
INCreases. Roughly, the f_eatures of the hydrpcarbon Iaye_r .anddeposited at surface pressure of 32 mN/m, in the absence and
the multilayer become important at negative and positive j, b presence of PAH/AUNPS multilayers. The nanoparticle
photent|als,. respectlvelyl.'The decrgasem]ftends to decrease size influences significantly the CV response, as we can see by
the capacitance at posmve_potennals, and lower \_/alueKrfpr_ comparison of Figure 11a and b (1.7 nm) and Figure 11c and
are related to lower capacitance values at negative potentials.

L . . - d (2.9 nm).
Kne decreases with increasimg which means that there is a . o
higher exclusion of ions from the organic phase in the The p(_aak currents are summanzed_m Figure 12. In gent_aral,
hydrocarbon layer. This can be due to a change in the tilt angle the multilayers were very stable during the electrochemical
of the hydrophobic tails as a consequence of the nature of themeasurements, i.e., the anodic and cathodic peak currents were
binding to the multilayer, leading to a more dense structure with unchanged during repeated cycling even over 24 h. As can be
lower free volume available for ions from the organic phase. seen, the peak separation increases with the number of layers,
Km decreases monotonically for multilayers with 2.9 nm AuNPs, and the peak separation is greater in the presence of 2.9 nm
reflecting ion exclusion due to an increasingly and homoge- AUNPs. In general, the peak current decreases with increasing
neously compact structure. For multilayers with 1.7 nm, AuNPs n, which is plausible, as the layers must present a transfer barrier.
Km also decreases withbut its value oscillates depending on  The effect seems to be higher in the presence of metoprolol

10" 10
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n
Figure 13. Apparent rate constants of TEAN, €) and metoprolol [, <) transfer across the interfacial composite nanostructures as a function
of the number of layersnj for 1.7 nm (a) and 2.9 nm AuNPs (b).
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than TEA'. In some cases, the change on the CV peaks canwhile the contrary is observed for AUNPs-terminated ones. The
also be explained due to the nonuniform size distribution of excellent agreement between theoretical and experimental
the NPs. capacitance curves allows us to conclude that these nanocom-
Before each ion transfer measurement, voltammograms wereposites behave similarly to polyelectrolyte multilayers, with the
corrected by subtracting the current due to the base electrolytesoutmost layer determining the alternating sign of the outer
only. The peak currents for the transfer for both cations across surface charge density. The absolute value of this outer charge
the DOTAP/DS monolayer in the absence and in the presencedensity is much larger than that close to the cationic phospho-
of PAH/AUNPs multilayers were approximately proportional to lipids and is observed to increase with the size (and charge) of
the square root of the scan rate (results not shown). Hence, itthe AuNPs. Finally, the CVs are used to evaluate the transfer
can be concluded that the ion transfer is under mixed kinetic rate constant across the multilayers of a model cationic drug,
and diffusion control and the kinetic parameters can then be metoprolol, and the standard probe tetraethylammonium ion.
determined by using Nicholson’s method, i.e., by applying the The observed rate constants are slightly larger than in other
following equatioR® studies using polyelectrolyte multilayers and decrease with an
increasing number of layers.
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