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ABSTRACT: Multilayer films of metal-peptide den-
drimers having a ferrocene core were constructed on
gold surfaces functionalized with mercaptoundecanoic
acid using a layer-by-layer approach for film construc-
tion. Cyclic voltammetry (CV) and differential pulse vol-
tammetry (DPV) were used to monitor the redox activity
and stability of these films. The multilayer films showed
good stability and exhibited direct electron transfer with

the underlying electrode. The specific active surface con-
centration can be varied by the number of layers, the na-
ture of the dendrimer, and the nature of metal ions used.
© 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 111: 709-723,
2009
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INTRODUCTION

The layer-by-layer (LbL) self-assembly technique for
fabricating ultrathin films was pioneered by Iler'
with rigid colloidal particles, and popularized by
Decher exploiting the electrostatic attraction between
cationic and anionic polyelectrolytes.>® Because of the
simplicity of this technique, it has been used for
the preparation of a series of layered materials com-
posed of conductive polymers,* proteins,”® DNA,”®
dendrimers,”'? polysaccharides,'® organic-metal com-
plexes,'"** quantum dots,*" nanoparticles,* exploiting
electrostatic interactions, covalent bond formation, and
hydrogen bonding interactions or the formation of
metal complexes. For example, LbL films of poly(L-ly-
sine) (PLL) and poly(L-glutamic acid) (PLGA) were
prepared by carefully controlling the pH of the deposi-
tion solution, which regulates the film composition by
controlling the charge density of the polypeptides.”> >
Recently, Voegel and coworkers studied multilayer
films constructed from PLL solution and a mixed solu-
tion containing PLGA and poly(L-aspartic acid), and
demonstrated that the proportion of B-sheet content
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varied with the composition of the solution.”* In LbL
films containing alternate layers of PLL and poly(ma-
leic acid-co-a-methylstyrene) (PMA-MS) or poly(vinyl
sulfate) (PVS), the o-helicity of the peptide is main-
tained in the presence of NaClO,.”

Cheng and Corn reported the fabrication of ultra-
thin polypeptide multilayers from PLGA and PLL at
gold electrodes functionalized with 11-mercaptoun-
decanoic acid (MUA) and the incorporation of the
[Fe(CN)g]>~/#~ redox couple. 2 In an electrostatically
formed LbL assembly of PLL/carboxylic acid func-
tionalized polyphenylene dendrimers and hybrid
multilayers of L-lysine dendrimers and colloidal
gold nanocrystals, Kim et al. characterized the
permeability of the dendrimer layers by monitoring
the electrochemical response in the presence of
[Fe(CN)e]*~/4~.% In this system, the interfacial resist-
ance, originating from the electrostatic repulsion of
the negatively charged redox probe and the nega-
tively charged interface, increases with the number
of layers. Systems that have a redox mediator as an
integral part of the multilayer were reported for fer-
rocene (Fc)-modified poly(amine)s,”® Os-modified
32 and for biological redox proteins, such
as cyt c.

The use of dendrimers as molecular building
blocks for LBL assemblies is of particular interest
because their size, geometry, and chemical function-
ality can be controlled to obtain well-defined films.
There are only a limited number of examples
reported in which LbL are formed by exploiting the
coordination of metal ions to dendrimers. Watanabe
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and Regen employed repetitive deposition of Pt*"
and PAMAM dendrimers to build multilayers.>> De
Schryver and coworkers assembled multilayers of
carboxylic acid terminal polyphenylene dendrimers
on MUA films exploiting the coordination to Cu*"
and showed by AFM that the strong interaction
between the dendrimers and the Cu®" ions led to a
compression or deformation of the film and also
resulted in a decreased height of the dendrimer.*
Amino acids are important low molecular weight
ligands in biological systems. Aspartate (Asp) and
glutamate (Glu) side chains are among the most
common amino acid ligands that coordinate to cofac-
tors in metalloproteins, where they play various
roles. When incorporated into proteins the side
chain carboxylate groups of the aspartyl and glu-
tamyl residues constitute the metal binding sites,
e.g. in various zinc enzymes such as carboxypepti-
dases A and B and alkaline phosphatase and in iron
proteins such as hemerythrin. The EF-hand proteins
(EF elongation factor), such as calmodulin and Tro-
ponin C, are known to contain Asp/Glu side chains
which are selective for Ca(ll) binding. Furthermore,
the Glu residue in calmodulin binds to Ca(ll) in a
bidentate fashion and is known to lead to a series of
reactions whereas the protein is not active when
coordinated to Mg(Il) thus, demonstrating the selec-
tivity of the proteins.”’ > The apparent similarities
between Ca(ll) and lanthanides, particularly with
regards to ionic radii, ligand exchange rates, and
coordination numbers, have justified their isomor-
phous replacement in biological macromolecules.
For example, it has been shown that Tb(Ill) is able to
displace Ca(ll) in the calcuim binding sites of o- and
B-crystallins (a protein responsible for opacity in eye
lenses).40 In addition, it has been reported that La3t
increases the activity of phosphodiesterase by com-
peting with Ca®" at low concentrations*' and it has
been shown that La®>" improves the capture of light
energy of chlorophyll by replacing Mg”".** Poly-glu-
tamic acid (PGA) and poly-L-aspartate have been
evaluated as potential biosorbent material for use in
the removal of heavy metals from aqueous solution.
Recently, poly-L-aspartate was shown to complex
metals like Eu®", Ce®", La®", Cu?", and Pb**, and to
act as corrosion inhibitors for steel and iron, a prop-
erty that has been ascribed to the carboxylate
side chain of aspartic acid.** r-glutamic acid
[HOOC(CH,),CH(NH,)COOH] is a mono amino
dicarboxylic a-amino acid. Being a monoamino
diacid, glutamic acid also offers a unique AB, archi-
tecture for the construction of dendrimers. However,
the use of glutamic acid as a dendrimer constructs
has received very little attention compared to the ly-
sine-based dendrimers and metal complexes of their
dendrimers is non-existent. Peptide dendrimers con-
taining redox active moiety acts as artificial models
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for biomolecules and can be used to mimic biologi-
cal processes. Multilayer films incorporated with
these biological materials would therefore have
potential applications in enzyme immobilizations
and drug delivery.

We have recently reported the synthesized Fc
based glutamic acid ester dendrimers and prepared
their deposition on MUA functionalized monolayers
on gold electrodes. Additionally, we have reported
the synthesis of cystamine functionalized glutamic
acid dendrimer analogues and demonstrated their
deposition and interaction of metal cations Ca*" and
Tb”" at the gold electrode interfaces.*** The materi-
als display strong intramolecular as well as inter-
molecular Hydrogen bonding with carboxylate
interfaces and that the redox properties of the core
are attenuated by the increase in the peptide dendri-
tic sphere and metal ion interactions. In this study,
we explore the use of these metal ions to assemble
LbL films of peptide dendrimers. These metal ions
prefer coordination to the carboxylic acid site over
peptide backbone coordination,”* and should be
ideally suited for the controlled formation of LbL
films involving peptide dendrimers. The choice of
glutamic acid over aspartic acid is because the latter
is pruned to cyclization during base hydrolysis, the
method of choice in the preparation of the free acid
terminal from the ester analogues. The glutamic
acid-based dendrimer possesses a Fc core (a well-
defined one-step redox moiety) allowing the quanti-
fication of the redox label by voltammetric methods
and thereby of the Fc-dendrimer within each given
layer.

EXPERIMENTAL
General procedure

All synthesis were carried out in air unless other-
wise indicated. CH,Cl, and CHCI; (BDH; ACS
grade) used for synthesis, FT-IR and electrochemis-
try were dried (CaHj,), and distilled under N, prior
to use. Acetone, MeOH, diethyl ether (BDH; ACS
grade), hexanes (Fisher; HPLC grade), CHCl;, and
CH,CI, used for the purpose of purification were
used as received. CDCl; and CD;CN (Aldrich) were
dried by, and stored over molecular sieves (8-12
mesh; 4 A effective pore size; Fisher) before use.
EDC, HOBt, H-Glu-OEtHCl (Aldrich), NaySO,,
NaHCO; (VWR), and FcCOOH (Strem) were used as
received. Etz;N (BDH; ACS grade) used in Fc-amino
acid couplings was dried by molecular sieves when
used in stoichiometric quantities. For column chro-
matography, a column with a width of 2.7 cm (ID)
and a length of 45 cm was packed 18-22 cm high
with 230-400 mesh silica gel (VWR). For TLC, alumi-
num plates coated with silica gel 60 Fss (EM
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Science) were used. NMR spectra were recorded on
either a Bruker AMX-300 spectrometer operating at
300.135 MHz (*H) and 75.478 MHz (**C{'H}), or on a
Bruker AMX-500 spectrometer operating at 500 MHz
(*H) and 125 MHz (**C{'H}). Peak positions in both
'H and °C spectra are reported in ppm relative to
TMS. 'H NMR spectra of Fc-peptides are referenced
to the DMSQq, resonance (6 2.50 ppm) of an external
standard (CDCl;/CH,Cl,). All "*C{'H} spectra are
referenced to the CDCl; signal at & 77.23 ppm. The
synthesis of glutamic-acid dendrimer esters (G10Et-
G50Et) was carried out according to the literature
procedure.*® Scheme 1 shows the sketch of the syn-
thesis of carboxylate terminal dendrimer G4OH
from its G4OEt analogue and position of the Fc
moiety with respect to the general dendrimer
architecture.

Preparation and characterization of GIOH

Compound G1OEt (1.1 g, 3.0 mM) was dissolved in
40 mL MeOH and NaOH (100 mg, 2.4 mM) was
added and the reaction mixture was stirred at room
temperature for 3 h. The disappearance of the start-
ing material was followed by TLC. The HCl (1N)
was added to neutralize the solution. The solvent
was removed and the residue was purified by col-
umn chromatography (R = 0.32 AcOH/MeOH/
CHCl;3 1 : 2 : 17) giving an orange solid. Similar pro-
cedure was used for the preparation of G20H to
G50H.

Yield: 0.62 g, 77%. FAB-MS: m/e calculated for
C16H17NOsFe = 360.0534 [M+1]", found: 360.0766.
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'"H NMR (8 in ppm, DMSO-dg): 12.40 (2H, m, OH),
7.84 (1H, d, ] = 8.0 Hz , NH), 4.02 (1H, m, CH>-
Glu), 487 (1H, s, H° Cp), 4.82 (1H, s, H° Cp), 443
(4H, s, H™ Cp), 4.21 (5H, s, Cp), 2.30 (2H, m, CH,'-
Glu), 2.16 (1H, m, CH,"-Glu), 1.97 (1H, m, CH!-Glu).
1*C NMR (8 in ppm, DMSO-de): 174.7, 174.5, 170.7
(C-carbonyl), 76.7 (quaternary C-substituted Cp),
70.9 (C°-Cp), 70.2 (C-unsubstituted Cp), 69.2 (C™-
Cp), 52.1 (CH*-Glu), 31.2 (CHE—Glu), 26.7 (CH}-Glu).
IR (KBr, cm '): 3322 (NH), 3350-3100 (w, br, vOH),
1733, 1717 (s, v C=0), 1616 (s, v C=0 amide I),
1539 (s, onug amide II). UV (CH30H): Apax = 446
nm, ¢ =401 ecm ' ML

Preparation and characterization of G20OH

G20Et (0.65 g, 1.2 mM), NaOH (500 mg, 6 mM), (R¢
= 0.20 AcOH/MeOH/CHCI; 1 : 2 : 17 giving an or-
ange solid. Yield: 0.33 g, 52%. FAB-MS: MW calcu-
lated for C26H31N3011Fe = 618.1386 [M+1]+, found:
619.1398. '"H NMR (8 in ppm DMSO-dq): 12.58-12.10
(4H, m, OH), 8.17 (2H, d, ] = 4.0 Hz, NH), 7.84 (1H,
d, ] = 13.0 Hz, NH), 4.26, 422 (3H, m, CH*Glu.),
490 (1H, s, H® Cp), 4.81 (1H, s, H® Cp), 4.35 (2H, s,
H™ Cp), 424 (5H, s, Cp), 2.23-2.33 (6H, m, CH}-
Glu), 2.00-1.91 (6H, m, CHE-Glu). ®C NMR (8 in
ppm, DMSO-d,): 174.7-170.1 (C-carbonyl), 76.8 (qua-
ternary C-substituted Cp), 709 (C°-Cp), 70.3 (C-
unsubstituted Cp), 69.3 (C™-Cp), 53.3, 52.0, 49.5
(CH"-Glu), 32.7-27.2 (CH,-Glu). IR (KBr, cm™'): 3322
(NH), 3350-3100 (w, br, vOH), 1716 (s, v C=0), 1633
(s, v C=0 amide I), 1530 (s, SNH amide II). UV
(CH;0H): Amax = 442 nm, € = 350 cm ' M~ %,
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Scheme 1 Sketch of the synthesis of carboxylate terminal dendrimer G4OH from its G4OEt analogue and position of the

Fc moiety with respect to the general dendrimer architecture.
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Preparation and characterization of G30H

Compound G3OEt (1.1g, 3.0 mM), NaOH (100 mg,
24 mM), (Rf = 0.20 AcOH/MeOH/CHCl3 1 : 2 : 17,
orange solid. Yield: 75%. FAB-MS: MW calculated
for C46H60N7023Fe = 1134.3090 [M+1]+, found:
1134.3107. '"H NMR (§ in ppm, DMSO-d): 13.89-
11.80 (broad peak, OH), 8.77-7.91 (7 H, NH), 4.15,
471 (7H, m, CH*-Glu.), 491 (2H, H° Cp), 4.95 (2H,
H™ Cp), 4.25 (5H, Cp), 2.50-1.36 (32H, CH,-Glu). °C
NMR (8 in ppm, DMSO-d¢): 175.2-170.4 (C-car-
bonyl), 76.6 (quaternary C-substituted Cp), 70.9 (C°-
Cp), 89.5 (C-unsubstituted Cp), 69.3 (C™"-Cp), 54.3—-
52.2 (CH*-Glu), 32.6-23.3 (CH}-Glu). IR (KBr, cm):
3322 (NH), 3350-3100 (w, br, vOH), 1721, (s, v
C=0), 1659 (s, v C=0 amide I), 1536 (s, SNH amide
I). UV (CH30H): Apax = 449 nm, & = 170 cm ™' M.

Preparation and characterization of G4OH

Compound G4OEt (1.8 g, 0.7 mM), NaOH (450 mg,
11.32 mM); yield: 26%. FAB-MS: MW calculated for
C86H116N15O47Fe = 2167.6576 [M+1]+, found:
2167.4831. '"H NMR: (§ in ppm, DMSO-dg): 12.40—
11.30 (broad, OH), 8.59-7.78 (15 H, NH), 4.71-4.13
(15H, m, CH*-Glu.), 4.33 (2H, H® Cp), 4.88, 4.67 (2H,
H™ Cp), 4.18 (5H, Cp), 2.36-1.36 (64H, CH,-Glu). **C
NMR (8 in ppm, DMSO-dy): 174.5-169.7 (C-car-
bonyl), 76.7-70.2 (C-Cp), 69.2 (C™-Cp), 62.4-51.2
(CH*-Glu), 35.1-25.4 (CH,-Glu). IR (KBr, cm ™ ): 3322
(NH), 3350-3100 (w, br, vOH), 1738 (s, v C=0), 1656
(s, v C=0 amide I), 1536 (s, SNH amide II). UV
(CH3OH): hnax = 416 nm, € =255 cm™ ' M.

Preparation and characterization of GSOH

Compound G50Et (0.3 g, 0.07 mM), NaOH (83 mg,
2.08 mM), yield: 62 % FAB-MS: MW calculated for
C166H227N31063F€ = 3719.4895 [M+1]+, found:
3719.6889. '"H NMR (5 in ppm, DMSO-ds): 12.40
(broad, OH), 8.18-7.84 (31H, m, NH), 4.81-4.24, 386~
3.33 (31H, m, CH-Glu.), 4.87, 4.83 (Cp), 4.18 (5H,
Cp), 2.30-2.06 (124H, m, CH,-Glu). >*C NMR (5 in
ppm, DMSO-de): 174.0-172.3 (C-carbonyl), 69.9-68.0
(C-Cp), 52.7-51.1 (CH*-Glu), 32.1-26.5 (CH}-Glu). IR
(KBr, cm™Y): 3322 (NH), 3350-3100 (w, br, vOH),
1738 (s, v C=0), 1650 (s, v C=0 amide I), 1533 (s,
ONH amide II). UV (CH30H): Apax = 413 nm, & =
225cm ' M.

LbL multilayer assembly

Films of 11-mercaptoundecanoic acid (MUA) were
prepared by placing a Au electrode (BAS, area 0.02
cm?) in 5.0 mM MUA in ethanol for 48 h, followed
by thorough rinsing with ethanol and water. The
freshly prepared MUA film was then immersed in a

Journal of Applied Polymer Science DOI 10.1002/app
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2.0M NaClOy solution (pH = 6.8) for 15 min, fol-
lowed by rinsing with deionized water. The film-
modified electrodes were then immersed in aqueous
5.0 mM metal ion solution for 20 min. After rinsing
with water, ethanol and drying with N, gas, the
metal functionalized film was immersed in 1.0 mM
aqueous solution of the Fc-dendrimer G(n)OH for 20
min. The process was repeated each time as outlined
in Scheme 2.

RESULTS AND DISCUSSIONS

Prior to LbL deposition, MUA films on gold, serving
as a sublayer, were characterized by cyclic voltam-
metry (CV) using with [Fe(CN)¢]’>7*~ as a solution
redox probe at pH 6.8.°°% Figure 1 shows a typical
CV of the gold surface before and after MUA modi-
fication. At the bare gold surface, the cathodic and
anodic peaks, assigned to the reduction and oxida-
tion of the [Fe(CN)ﬁ]gf/ 4 couple were observed at a
Eyi/; = 190 mV (vs. Ag/AgCl), with a peak separa-
tion AE = 95 mV and peak current ratio ip,/ip. of
unity. The values of AE and i,,/ip. indicate a quasi-
reversible redox behavior. In contrast, the MUA film
shows a significantly reduced Faradaic current, indi-
cating a lack of permeability of the film towards the
redox probe. This is readily rationalized considering
the electrostatic re;gulsion between the probe and the
surface at pH 6.8.7°°

Multilayer metal-dendrimers formation

Alternating layers of metal ions and dendrimer acids
G10OH-G50H were deposited onto the MUA sub-
layer at pH 6.8 as illustrated in Scheme 2. CVs and
DPVs were recorded for metal-terminated and den-
drimer-terminated layers after each “dip and wash
cycle” at scan rate of 100 mV s ' in 2.0M NaClO,
and used to monitor and evaluate the electrochemi-
cal response of the film. At this pH, the metal ions
are expected to coordinate to the MUA carboxylate
group. Prior work by Ulman showed that a number
of cations (Cd*", Pb*", Ba*", and Ca*") form dense
ionic overlayers on MUA films.”” The construction
of bilayers of [M""/G(n)OH]n films on MUA-Au
electrodes was monitored by CV. When the first
bilayer of MUA/M"" was immersed in a solution of
the dendrimers G(n)OH at pH 6.8, a pair of well
defined and quasi-reversible characteristic of one
electron transfer of Fc/Fc™ redox couple was
observed with formal potential in the range from
419 mV to 472 mV which is typical of peptide mono-
substituted substituted ferrocene monolayers.***
Figure 2 shows a CV stack plot of [Tb/G20OH]n and
[Ca/G20H]n for six layers each of Tb®>" and Ca**
ions and G20H. Although the first Tb*"/Ca*" on
MUA-Au electrode exhibited no redox activity in the
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Bidentate carboxylate
Coordination of
metal ions

Scheme 2 Schematic view the preparation of the LbL film involving alternating layers of dendrimer and metal ions on a

11-mercaptoundecanoic acid sublayer.

experimental potential window, the coordination of
the metal ions with the carboxylate group of the
dendrimers forming an Au-MUA/Tb’'or Ca®'/
G20H film resulted in observance of the Fc/Fc™ re-
dox peak. The addition of a second layer of Tb>"/
Ca®" results in a decrease in the peak current of the

i/uA
(o]

S5 F

0.2 0.0 0.2 0.4 0.6 0.8

E/v

Figure 1 (A) CV of the bare gold and (B) MUA SAM in
the presence of [Fe(CN)s]>~/*" versus Ag/AgCl in 2.0M
NaClO, at pH 6.8.

Fc/Fc'redox peak while addition of second layer of
G20H not only restored the peak but also an addi-
tion increase in the current was observed. The
results after six layers of Tb’'/Ca®" and G20H
layers reveal a dependence of the reduction peak
current on the nature of the outermost layer. The
results showed that when the bilayers of [M""/
G(n)OH], films had a M"" outermost layer the peak
current decreased drastically compared to the origi-
nal film. However in the next G20H adsorption
step, the peak current increased than the previous
films. Thus, the reduction peak current of the films
switched between higher and lower levels depend-
ing on the component of the outer layer and demon-
strate a general trend of increase in peak current
with number of adsorption layers. Similar trends
were observed with other dendrimers generations
and with a change in metal content. However, the
magnitude of the peak current was dendrimer gen-
eration dependent as well as nature of interlocking
metal ion dependant. Generally films with Tb>* ion
showed higher peak currents compared to films
with Ca*" ion (Fig. 2) while in terms of dendrimer
generations the sequence G20H > G30OH > G10OH
> G40OH > G50H was observed.

Generally coordination numbers is 8-12 and 6-8
for lanthanide-carboxylate complexes and alkaline
earth metals, respectively. This difference should
have significant influence on the number of mole-
cules of Fc dendrimers adsorbed per layer. The

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 CVs stack plots of G2OH-Tb multilayer with the Fc as outermost layers (A), with the Tb>" as outermost layers
(B); and CVs stack plots of G20OH-Ca multilayer with the Fc as outermost layers (C), with the Ca®" as outermost layers

(D) in 2.0M NaClO, at pH 6.8 versus Ag/AgCl.

change in peak current is better represented by DPV
scans of the multilayers as represented for GIOH-Tb
system in Figure 3. The formal potential of
M""G(n)OH bilayer shifts slightly anodically as the
number of generation increases. For example, a com-
parison of the first layers of the Tb*" and Ca*" with
Fc outermost layer becomes more positive as we
increase the generation size of the dendrimer (Table
I). For a given multilayer sequence, the formal
potential also increased slightly with each additional
layer, a situation that has been observed for ferro-
cene-tethered polyamidamine dendrimer and polyal-
lyamine ferrocene-glicose oxidase multilayers.'%*
The increases were more pronounced in higher
generations as compared to lower generations. The
peak-to-peak separation AE were small and less than
90 mV (at 100 mV s~ ') which shows a fast electron
transfer kinetics across the length of the multilayer
by electron hopping between adjacent redox centers
of the multilayer matrix. Full width at half maxi-
mum (Egenm) expected for an ideal one electron
Nernstian redox system is 90.6 mV for the case of a

Journal of Applied Polymer Science DOI 10.1002/app

non-interactions between adsorbates. The observed
values in the range of 120-136 mV for lower genera-
tions are indicative of non-uniform packing and the
existence of repulsive interactions between the redox
sites. This is however not unexpected because the
3D packing of the adsorbates would lead to more
interactions between the Fc redox centers more espe-
cially with the lower generations. For higher genera-
tions however, the values are as expected and show
that the Fc redox centers are uniformly packed and
show no interactions between redox centers. Higher
generations of redox core dendrimers has been
shown to adopt globular conformations, encapsulat-
ing the probe and thus prevents interactions of adja-
cent redox core in the multilayers.

To investigate the charge transport within the
multilayered metal glutamic acid dendrimers on var-
ious films, we measured the plots of anodic and ca-
thodic peak current (i,) as the scan rate increased
(Fig. 4). The results show that i, increased with scan
rate which is consistent with surface adsorbed elec-
troactive systems and indicative of the formation of
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Figure 3 DPVs stack plots of GIOH-Tb multilayer with the Fc as outermost layers (A), with the Tb>* as outermost layers
(B); and DPVs stack plots of G3OH-Tb multilayer with the Fc as outermost layers (C), with the Tb>* as outermost layers

(D) in 2.0M NaClO, at pH 6.8 versus Ag/AgCl.

very stable layers that did not involve diffusion-like
transfer to the electrode. There is almost no change
in AE with change in scan rate, implying that the
electron transfer between the Fc redox sites and the
electrode is fast. Significantly, the six layered films

were as stable as the monolayered films of the den-
drimers on the Au-MUA films. The faradaic charge
associated with ferrocene-ferrocenium electron trans-
fer process was determined by integrating the area
under the peak of the CVs from which the surface

TABLE I
Electrochemical Data from CV of MUA/(G(n)OH-M""),, for First and Last Layer Films Assembled on MUA Electrode
with Fc-as Terminal Layers at 100 mV s~ in 2.0M NaClO, at pH 6.8 versus Ag/AgCl

MUA /Tb*>* MUA/Ca?*

E° AE AEpwim E° AE AErwim
(GIOH-M™), 436 + 8 44 + 15 128 + 5 419 + 18 39 + 12 129 + 6
(G1OH-M™")g 439 4+ 12 52 + 10 137 £ 8 435 + 15 52+ 8 125+5
(G20H-M""), 425 + 10 34 4+ 10 140 + 4 424 + 12 40 + 14 120 + 8
(G20H-M""), 438 + 12 55 4+ 12 157 + 4 429 + 14 38 + 12 139 + 6
(G3OH-M""), 428 + 14 66 =+ 10 120 £ 6 424 + 16 51 + 14 121+9
(G3OH-M"")¢ 451 + 14 55 + 12 136 + 5 448 + 10 81 + 18 131 + 6
(G4OH-M""), 465 + 10 26 + 14 101 £ 8 458 + 14 45 + 15 99 + 5
(G4OH-M™")4 479 + 15 30 + 16 103 + 4 469 + 13 55 + 14 106 + 8
(G5OH-M""), 477 + 13 31410 9 + 6 472 + 13 67 + 17 95 + 6
(G50H-M™")g 479 + 12 28 + 10 101 £ 3 480 + 15 77 + 18 102 £ 6
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coverage of active ferrocene derived. The surface
coverage I is given by,

I = Q/nFA

where Q is the charge associated with the redox
activity, n is the number of electrons (in this case
n = 1), F the Faraday’s constant, and A is the area of
the electrode.

The estimated average surface concentration of
active Fc as shown in Figure 5 oscillated as a func-
tion of the number of alternate layers of the metal
ion and dendrimers for all generations. The decrease
in redox charge as one changes from a Fc-dendrimer
terminal to metal ion terminal may be due to some
Fc being desorbed from the surface into the electro-
lyte or to some hindrance of a fraction of the Fc sites
from oxidizing and reducing. Similar trends have
been observed for LbL of cationic poly(allamine)
modified with Os and anionic poly(styrene)sulfor-
nate (PSS) or poly(vinyl)sulfornates) PVS,*' charged
enzymes or proteins over oppositely charged poly-
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mers.” Wang and Schlenoff have shown for viologen
systems with radiolabeled polyelectrolytes that there
was no desorption of polymers from the surface
when immersing the electrodes in solution of the
oppositely charged polyelectrolytes.”® The oscillating
coverage with layers of terminal Fc and metal is also
consistent with the ion pair effect originally pro-
posed separately by Creager and Uosaki who noted
that the redox process of surface attached ferrocene
group is significantly affected by the interaction of
the counterion and the ferrocene moiety.””*® For
most of the systems studied, when the number of
layers exceeded 4, little increase in peak current and
I' was observed (Tables II and III), indicating that
some of Fc in the bilayers beyond this limit were not
electroactive. The I" value increased nonlinearly with
increase in layers up to the 6th bilayer. Assuming the
first bilayer is assigned arbitrarily as 100% electroac-
tive species, and taking the results for G2ZOH as a hy-
pothetical case, one would expect that the five bilayer
would increase considerably, but the fraction of elec-
troactive Fc added to all the film systems drastically
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Figure 5 Plots of oscillation trend surface coverage of active Fc for alternating layers of GIOH (A), G20H (B), G3OH
(C), G4OH (D), G50H (E) with Tb. Metal terminated layers (@) and dendrimer terminated (O).

reduced with each added bilayer. This is may be in-
dicative of the fact that the distance between the Fc
moiety in the films and the electrode is a necessary
factor in electron transfer through these systems,®~**
or that the orientation of molecules of subsequent
layers do not allow for sufficient electron transfer
between the redox Fc and the electrode.

A comparison of increase in surface concentration
of active Fc for the dendrimers with the two metals
indicated the G20OH > G30OH > G1OH > G40H >
G50H as observed for peak currents. This trend
though surprising can arise from a variety of rea-
sons; theoretical and experimental studies of den-
drimers have been shown to have the tendency to
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flatten and spread out on substrates when interfacial
interactions are strong.®>®® They prefer to adopt con-
formations that balances the entropy factor that
favor spherical shape and the enthalpy factor that
tends to maximize the interactions with the sub-
strates and thus compresses the molecule.”

Film deposition of dendrimers deform and adopt
to shape of the electrode as reported in the case
of surface adsorption of poly(amido)amine den-
drimers.®** Micelle-mimetic behavior of dendrimers
has been observed in recent molecular dynamic
studies. Depending on the conditions of the bulk so-
lution, i.e., its polarity, ionic strength, and pH, den-
drimers adopt conformations of different shape and
density. As a result of these interactions, polar den-
drimers will have a higher density at the core in
poor (apolar) solvents and a higher density at the
surface in good (polar) solvents.”” For this reason,
higher generations G4OH and G50H may be denser
at their surfaces thereby encapsulating the redox
core to a greater degree and cutting off the interac-
tion with the electrode. Electron transfer also
involves tunneling of electrons across the dendritic
sheath. Because the rate of electron transfer is
related to the donor-acceptor distance, it can be
expected that increasing dendrimer size will influ-
ence the kinetics of electron transfer process and
thus the observed lower surface activity of the
higher generations. The greater activity of G20H,
G30H compared to G1IOH may be a result of their
orientation on the layers such that they have more
terminal ligands that are available for coordination
with the upper metal layers than that of the lower
G10OH thus favoring easy electron transfer with the
electrode beneath. The electron transfer in the lower
generation G1IOH may also be a result of low pack-
ing densities in the polymer.'

Contribution of hydrogen bonding to multilayer
metal-dendrimers formation

Peptide dendrimers contain both carboxylate and
amide linkages which are known to enable hydrogen
bonding interactions. In polymeric frameworks of
solid-state X-ray structure of calcium-carboxylate
coordination polymers strong hydrogen-bonding
interactions between the coordination polymers
forming a network have been reported. The calcium
layer is held together by strong interlayer hydrogen
bonds between carboxylate and aqua ligands to
yield a tightly held stabilized three-dimensional
structure. Such networks include the complexes of
carboxyphenyl-porphyrin, the terephthalate, succi-
nate napthalenetetracarboxylate, phthalate, glycerate,
glutamate, and 1,3,5—benzenet1‘iceu‘b0xyla’ce7l_78 ions.
The question therefore arises as to the contribution
of hydrogen bonding to the formation of multilayers

Journal of Applied Polymer Science DOI 10.1002/app
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at the prevailing experimental condition in the ab-
sence of the intervening metal ions.

To address this concerns, we have also investi-
gated the formation of multilayers in the absence of
the interspaced metal ions using the G20H system.
Figure 6 shows the CVs of carboxylate-terminated
Au electrode, modified by G20H at pH 6.8 carried
out by the dip and dry sequence without the inter-
spacing metal layers. The redox formal potential was
425 mV and 440 mV for the first and sixth layer,
respectively, which is similar to that observed for
the Tb>" and Ca®" assisted systems. This indicates
that the presence of the metal ions had very little
effect on the electrode formal potential on surface
immobilized Fc peptide in contrast to the situation
in solution-based ion interactions.””® In the latter
situation, the M"" experiences a repulsion in the
presence of the oxidized Fc' species whereas in the
immobilized state such effects are not uncounted in
view of the formation of the Fc™/ClO; ™" ion pair.

Scanning at various scan rates at the sixth layer
shows that the anodic and cathodic peak currents
are proportional to the scan rate for scan velocities
up to 500 mV s~'. The proportionality between cur-
rent and the scan rate reflects the reversibility of the
redox probe and as before a surface confined stable
multilayer is formed in the presence of hydrogen
bonding. The peak potential difference AE is 81 mV
and remained constant during the variation in the
scan rate indicating a fast electron transfer. As
shown in Figure 6, the CV’s shows a much reduced
peak current for the first three layers followed by a
shape increase in the peak current after the fourth
layer. As the two —COOH groups of the parent glu-
tamic acid have pK, values of 2.19 and 4.33, while
that for polyglutamic acid is 5.41%" and MUA mono-
layer pK, is 5.2-6.4, all of the COOH termini of the
MUA and G20H are expected to be deprotonated at
pH 6.8 to afford a surface negative charge. It is
therefore understandable to expect small adsorption
of the first few layers as compared to the systems
have interlocking metal because of repulsion
between the dendrimer and the MUA interface the
former and charge neutralization in the metal multi-
layer cases. After the 4th layer, however, the signifi-
cant contribution of hydrogen bonding possibly
from the amide-carbonyl interaction becomes more
predominant leading to highly stable multilayer sys-
tem as shown by perfect reversible the CV of the 6th
layer with its linear plot of scan rate.

Although the pK, values of the carboxyl group of
the Glu are different in the dendritic chain, they are
all in the range of 2-5. Thus at pH 6.8, the surface
are negatively charged but the amide NH and C—O
groups may be involved in the hydrogen bonding.
Multilayer of amine terminated PAMAM den-
drimers with Pt*" % have been shown not to be
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possible when the metal activation cycle was elimi-
nated. Rubinstein and coworkers have demonstrated
the binding of chromophore protoporphyrin layers
on MUA monolayers with or without binding Cu*"
to the MUA monolayer. They showed that layers
were better organized and coverage was higher with
the use of Cu”" as the intervening layer.** Calcula-
tion of the surface concentration of the active ferro-
cene derived from the CVs indicates an initial lack
of growth for the first few layers followed by a sud-
den rise (Fig. 6B). This may be explained in terms of
the lack of effective buildup because of the negative
charge on the carboxylates moiety. Comparison to
that of the metal assisted multilayer formation
clearly shows that at higher layers the positive con-
tributory role of hydrogen bonding in the formation
of multilayers cannot be ruled out. The lack of initial
contribution might stem from the negatively charged
MUA interface which at pH 6.8 is expected to be
negatively charged which should then repel the neg-
atively charge carboxylate terminals of the redox
active dendrimer. Because no increase in redox
response was observed if the dipping solution con-

tained no metal ions, at least for the first few layers,
it may demonstrated that electrostatic interactions
was essential for the construction of well-defined
multilayers of dendrimers. Moreover, metal multi-
layers with 1,3,5-tricarboxylic benzoic acid (trimesic
acid, TMA), 1,4-benzenedicarboxylic acid (tereph-
thalic acid, TPA), 1,2,4-benzenetricarboxylic acid
molecules (trimellitic acid, TMLA), and 4,1’,4’,1"-ter-
phenyl-1,4"-dicarboxylic acid (TDA). TMA, TPA,
and TMLA have an aromatic ring (three aromatic
rings for TDA) as backbone and all four have car-
boxylic groups as functional end groups chains
anchored by the metal ions are stable at room tem-
perature, which reflects the appreciable strength of
metal-ligand interactions that exceed hydrogen-
bonding interactions of their polymers.*®*

Effect of non-redox intervening dendrimer layers
on electron transfer

Schlenoff et al. have shown that electron transfer
through multilayer films was via electron hopping
between neighboring sites which is facilitated by

Journal of Applied Polymer Science DOI 10.1002/app
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interpenetrating of alternate layers.*>®® According to
Schlenoff, upon reduction a negative charge is intro-
duced into the multilayer and this is compensated by
the intake of positive ions which they proved with
the use of **Ca*" in solution.”” Studies by Uosaki and
coworkers on multilayer of gold nanoclusters (MG),
ferrocenylhexanthiol-gold nanocluster (MGF), and
polycation polyallylamine on MUA-Au electrode or
Cu”" ion have shown that a quasi reversible redox
peak with a constant charge corresponding to the re-
dox reaction of the ferrocene was observed whether
the MGF was placed closest to the electrode (first
layer) or on the outermost layer.®*° They conclude
that this happens because electrons are transferred
between the ferrocene moiety and the electrode
whereas the perchlorate ions are transferred between
the electrolyte solution and the ferrocene moiety
through the multilayer by ion-pair formation.

To have an idea of the distance requirement for
the observation of redox activity, we used the ferro-
cene functionalized G30H (because it is the largest
dendrimer that exhibited significant I') and the Boc
protected analogue Boc-G30H together with Tb*"
ion on MUA-Au electrode as illustrated in Scheme 3
((A)  Au-MUA-Tb*"-G30H, (B) Au-MUA-Tb>*-
G30H-(Tb>"-Boc-G30H)s, (C) Au-MUA-Tb>"-G30H-
(Tb>"-Boc-G30H),-Tb>™-G30H, (D)Au-MUA-(Tb**-
Boc-G30H)s-Tb*"-G30H). Figure 7(A-D) shows the
CV scans at a rate of 100 mV s~ measured in 2.0M
NaClO4 at pH 6.8 versus Ag/AgCl for the system
illustrated in Scheme 3. From comparing CV (A) to
CV (B), we observed no redox activity in the latter
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indicating no activity beyond the second Boc layer
contrail to the observations by Uosaki group. Replac-
ing the topmost Boc layer by a Fc layer (C) shows
that the peak is not only restored but also increased
in peak current as observed for the multiple G3OH
layers. This may suggest an interpenetrating layer in
the presence of the two layers or a distance sufficient
enough for electron hopping between the two Fc
layers. In the case of (D) the peak current is not too dif-
ferent compared to (A) as can be observed from both
the CV and the DPV scans. There is however a signifi-
cant difference in the charging current which relates to
the double layer between the electrode and the redox
moiety. Schlenoff showed that for topmost poly(styre-
nesulfonate) and poly(butanylviologen) (PBV/PSS)
layer, interspersed by PAH (non-electroactive) /PSS on
Au functionalized with 3-mercapto-1-propanesul-
phonic acid, redox signals was not observed with four
PAH/PSS layer pairs but a redox peak was observed

TABLE II
Surface Concentration of Fc Derived from CV of
MUA/(G(n)OH-Tb?*),, for First and Last Layer Films
Assembled on MUA Electrode with Fc-as
Terminal Layers I'/10~"° mol cm ™2

GIOH G20H G30OH G40OH G50H

(GM)OH-Tb>"); 234  19.1 1267 036 015
(GMm)OH-Tb*"),  3.00 2523 1824 037 0.7
(Gm)OH-Tb>"); 423 3079 1845 039  0.19
(Gn)OH-Tb>"), 508 3091 1996 031 0.18
(Gm)OH-Tb*")s 773 3309 2169 042  0.19
(G)OH-Tb*")y 774 3854 2187 043 021
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for three interspersed PAH/PSS layer (about 180 A
thickness).**®” The authors argue that though inter-
penetration has been observed in other multilayers, the
degree of interpenetration is high and implies a certain

amount of mobility may account for this phenomenon.
Taking the thickness of MUA (10-13 A)’*** Tb (1.2

TABLE III
Surface Concentration of Fc Derived from CV of
MUA/(G(n)OH-Ca®*), for First and Last Layer
Films Assembled on MUA Electrode with Fc-as
Terminal Layers I'/10™"° mol cm ™2

GIOH G20H G30OH G4OH G50H

(G(n)OH-Ca>"); 845 1142 657 032  0.19
(G)OH-Ca?"), 849 1425 925 041 0.21
(Gn)OH-Ca®"); 932 1834 1047 049 023
(G(n)OH-Ca?"), 1071 1882 1074 051 0.22
(G)OH-Ca®")s 1132 1911 1303 054 025
(G(n)OH-Ca®")s 1426 1974 1171 059 027

A),% and G30H (10-15 A non-symmetrical from Spar-
tan modeling), we obtain a distance of close to 70 A
from the outermost layer to the electrode. We are
unable to establish the limit of detecting redox activity
at the present time, but we do not envisage such inter-
penetrating of five Boc/Tb>" layers because Tb>"/glu-
tamic acid composites are generally more extensive.
Direct electron transfer is not possible because the dis-
tance between the electrode and the fc group is far
greater than the tunneling distance.”

CONCLUSION

The data presented demonstrated that supramolecu-
lar architecture and nanostructure of LBL films of
ferrocene peptide dendrimers multilayers at the sur-
face could be scrutinized by electrochemical mea-
surements. Assemblies stabilized by metal ion
coordination using the carboxylate-metal ion coordi-
nation chemistry and hydrogen bonding were
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addressed. We have shown that the multilayers of
ferrocene dendrimers on Au electrodes exhibit fast
electrochemical response increase in active redox ac-
tivity and stability. The observance of dependence of
surface concentration with type metal ions, den-
drimer type, the nature of the terminating layer and
whether there is interlocking metal ions or not sup-
ports the view that charge-compensation of counter
ions gives these systems their stability. Moreover,
the good compatibility of the dendrimer films with
metal ions could advance its use in catalysis and
nanoparticulates for medical applications.

H.-B. K. is the Canadian Research Chair in Biomaterials.
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