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ABSTRACT: We here demonstrate the utilization of reactive layer-by-layer
(tLBL) assembly to form a nanogel coating made of branched
polyethylenimine (BPEI) and alkyne containing polyester (PE) on a gold

surface. The rLBL is generated by the rapid aza-Michael addition reaction of

the alkyne group of PE and the —NH, groups of BPEI by yielding a
homogeneous gel coating on the gold substrate. The thickness profile of the
nanogel revealed that a 400 nm thick coating is formed by six multilayers of
rLBL, and it exhibits 50 nm roughness over 8 um distance. The LBL
characteristics were determined via depth profiling analysis by X-ray
photoelectron spectroscopy, and it has been shown that a 70—100 nm
periodic increase in gel thickness is a consequence of consecutive cycles of
rLBL. A detailed XPS analysis was performed to determine the yield of the

FemmmCCrEmoroERmoree e g ) 800 nm
H X gh
600 nm

400 nm

Polyester (PE) E 200 nm

Branched
polyethyleneimine }
(PEI) H

(@ ]
Hexamethylene

diisocyanate (HD i

...........................

rLBL reaction: the average yield was deduced as 86.4% by the ratio of the binding energies at 286.26 eV, (C=CN—C bond) and
283.33 eV, (C=C triple bond). The electrochemical characterization of the nanogels ascertains that up to the six-multilayered rLBL
of BPEI-PE is electroactive, and the nanogel permeability had led to drive mass and charge transfer effectively. These results promise
that nanogel formation by rLBL films may be a straightforward modification of electrodes approach, and it exhibits potential for the

application of soft biointerfaces.

B INTRODUCTION

Reactive layer-by-layer assembly (rLBL) emerges as a multi-
layered grafting methodology providing robust, erosion-
resistant, post-functionalizable polymer coating on solid
substrates.”” Unlike noncovalent layer-by-layer assembly
using electrostatic interactions, hydrogen bonding, and host—
guest interactions, rLBL utilizes mutual reactions between
interfacial polymer layers and propagates by rapid cross-linking
of available functional groups. Earlier studies have exploited
condensation reactions between nucleophiles and carbonyl
groups for rLBL. Bergbreiter et al. have exemplified the use of
poly(maleic anhydride)-c-poly(methyl vinyl ether) copolymer
as an electrophile to provide the nucleophilic attack of amine-
or hydroxyl-terminated generation five (GS) poly-
(amidoamine) or GS poly(iminopropane-1,3-diyl) den-
drimers.”™ Later, Lynn et al. showed nucleophilic addition
of the amines of polyethylenimine (PEI) to the carbonyl group
of poly(2-vinyl-4,4-dimethlyazalactone) via a stepwise LBL
click.’ Cu (I) catalyzed azide—alkyne [3 + 2] cycloadditions
forming 1,2,3-triazoles were first used by the Caruso group for
covalent LBL on quartz substrates.” Hawker et al. also showed
the use of the [3 + 2] cycloadditions for LBL assembly on
silicon wafers.® rLBL thin films have been extensively exploited
for intriguing applications; for example, ultrahigh stiff free-
standing films with a tensile strength of 15.6 GPa, approaching
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that of hard ceramics, have been shown by Kotov et al.’
Epoxy/PEI made of rLBL was also suggested by Decher et al.
for the improvement of abrasion resistance. The rLBL
protected films had exhibited only 2% loss after 25 abrasion
cycles.'” rLBL strategy has been also exploited to improve
antifouling properties of a surface and free-standing films; for
instance, post-modification of PEI and poly(acrylic acid)
(PAA) multilayers with polyethylene glycol (PEG) had led to
preserve surface wettability and thereby provide good
protection against biofouling over five months."' Moreover,
rLBL methods were also adopted for increasing the
biocompatibility of substrates.'”””"* Electrodes modified by
rLBL multilayers have shown several advantages such as high
anticorrosiveness, low loss in capacitance after charge—
discharge cycles, and stable sensing performance after long
storage periods.”>™*> A rationally designed rLBL modified
electrode provides critical advantages for biosensor technolo-
gies such as increasing the biocompatibility and abrasion
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protection, controlled mass and charge diffusion, controlled
electron transfer, and higher immobilization efficiency.”*~**
Qu et al. conducted a glucose sensing study which revealed
that a rLBL-based nanogel modified with a large amount of
ferrocene has potential for sensing. The proposed nanogel-
based glucose biosensor with high sensitivity, wide linear range,
short response time, and good stability has been achieved in
favor of improved enzyme loading and eflicient electron
transfer.”® However, in the study, the nanogel does not
covalently bond to the electrode surface. In another study
Freeman et al. showed the use of a nanomaterial supported
electrode containing hexanediol protected gold nanoparticles
(NP) in a xerogel matrix for an amperometric glucose
biosensor. The NP-doped xerogels provided a doubling of
the linear range, improvement of sensitivity of an order, and
four times faster response time accompanied by long-term
stability.”” Zhai, D. et al. obtained glucose sensor with Pt
nanoparticle (NP)/polyaniline (PAni) heterostructured hydro-
gel. The generated three-dimensional porous structured sensor
synergizes the advantages of both conductive hydrogel and
nanoparticle catalyst. The high sensitivity up to 96.1 uA mM™"
cm™?, the fast response time of 3 s, the linear range of 0.01 to 8
mM, and low determination of 0.7 uM limit have made this
sensor one of the most well-planned glucose sensors in the
literature.”* ' In a recent study, we showed that surface
assisted (SurfAst) urethane polymerization had enabled height
control in nanometer precision.”” SurfAst urethane polymer-
ization yields a thin polyurethane (PU) interface and does not
require inert conditions, degassing, or even high-cost catalysts
that limit the feasibility. We utilized this promising
modification technique as a new rLBL methodology. In this
study we describe a strategy to build up a nanometer-thick gel
on an isocyanate functionalized gold surface by the aza-
Michael addition reaction of a triple bond containing polyester
(PE) and branched polyethylenimine (BPEI). The nanogel
coating is formed by an rLBL assembly of BPEI and PE on a
gold surface. rLBL is generated by the rapid condensation
reaction of the alkyne group of PE and —NH, groups of BPEI
by yielding a homogeneous gel coating on the gold substrate.
The key aspect of the described methods is to use aliphatic
diisocyanate which offers a powerful alternative to thiol
chemistry used in the gold surface functionalization. The soft
biointerface obtained by the described methodology may
potentially exhibit three major advantages over the common
methods: (i) The use of diisocyanate is a faster and more
powerful alternative to gold—thiol chemistry. For example, 24
h incubation time is suggested for gold—thiol assembly,
whereas the current methodology requires less than 30 min
for functionalization. (ii) LBL and most rLBL structures
yielded on the surface by solvent exclusion, whereas the
described method provides a gel coating that facilitates mass
and electron transfer toward the electrode. Therefore, the
nanogel coating provides a stable and soft 3D structure on the
surface with a large surface area, for biosensor systems. (iii)
The third advantage of the current method is the pre- or post-
functionalization possibility of gel coating. It could be readily
acquired to respond rapidly to many of the target analytes
through rapid ion and electron movement. We foresee that the
nanogel characteristic may spare distance between reacting
multilayers and provide openings in a network that facilitate
the transfer of charge and matter. The redox-active rLbL
nanogel was obtained by ferrocene attachment to the
polyethylenimine (BPEI (Fc-BPEI)) and thus the rLbL

. o . 33
nanogel was turned into a nondiffusive electron mediator. 34

This soft biointerface may be desirable for bioamperometric-
type glucose sensors,””**”" since it is electroactive and allows
mass transfer due to the gel network. The 3D structure of the
rLbL may potentially be a scaffold for multilayer enzyme
immobilization on electrodes useful for cascade reactions.”®
On the other hand, amino-terminated surfaces show good
results in cell adhesion,® protein adsorption,’® DNA
immobilization,”” and enzyme loading capability as a biointer-
face.”* The rLbL nanogel is considerably homogeneous as
generated on the gold surface and allows electron transfer.
Also, the surface charge of the rLbL nanogel controls the
electrostatic interactions and adsorptions with other bio-
molecules such as redox proteins. Thus, the surface character-
istic of the rLbL promises functionalizations from the acidic to
neutral bulk solution medium.”®*” The presence of the
ferrocene groups not only on the outer layer but also within
the three-dimensional structure is provided by every layer on
the gold surface. The electroactive nanogel interface on the
gold surface increases the surface activity to the immobilized
structures with adjustable morphology. We present here, a high
precision in thickness control of a gel made of the aza- Michael
addition reaction of PE and BPEI that shows that good
permeability. These results promise the use of nanogel as a
coating film, and rLBL films having nanogel characteristics
exhibit potential for the promising applications of a soft
biointerface.

B MATERIALS AND METHODS

Materials. 11-Mercapto-1-undecanol, hexamethylene diisocyanate
(HDI), dibutyltin dilaurate 95% (DBTDL), branched polyethyleni-
mine (BPEI) (Mw: 25000), ferrocene carboxaldehyde 98%, acetone,
ethanol, and chloroform were purchased from Sigma-Aldrich and used
as received without further purification. Polyester (PE) was
synthesized as described elsewhere.*’

Infrared measurements were carried out by using a PerkinElmer
Spectrum 100 FT-IR with VeeMAX III Variable Angle Specular
Reflectance Accessory at 45° angle reflectance in a spectral range
between 1000 and 3600 cm™ to observe functional groups of
nanogels on gold surfaces. Nanosurf AFM (Stat0.2LAuD, static force)
was used for the topographical characterization of gold surfaces. To
investigate electrostatic properties electrostatic force microscopy
(EFM) measurements were applied with a double-pass mode by 40
nm height at room temperature. The electrically conductive probes
which were purchased from Budget Sensor: Electri-TAP 150-G,
ElectriCont-G, and ElectriMulti 75-G were used for both AFM and
EFM analysis. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) experiments were performed using a
Gamry REF600 potentiostat/galvanostat. As working electrodes,
nanogel functionalized gold surfaces were used. All electrode
potentials cited in this work were measured against Ag/AgCl
(saturated KCl), and the counter electrode was a platinum wire at
room temperature. As an electrolyte solution, 0.01 M phosphate
buffer with 1 mM K,Fe(CN)y solution was used. Previous to the
measurements, aqueous solutions were deoxygenated by bubbling
nitrogen. Impedance spectra in the range 10°—10~" Hz were recorded
with 10 mV/rms amplitude potential perturbation. XPS point analysis
was performed at a pass energy of 30 eV. An Al Ko monochromatic
(1486.68 eV) beam was used with a spot size of S0 ym (3 number of
scans).

Functionalization of the Surface. Gold substrates were cleaned
by the RCA cleaning process in order to remove the organic
impurities. RCA cleaning solutions contained water (DI), 30%
hydrogen peroxide, and 27% ammonium hydroxide (S:1:1 per
volume)), and the procedure takes place at 80 °C for 30 min. Gold
surfaces were rinsed with excess DI water and dried by N2 blowing.
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Scheme 1. Schematic Representation of Nanogel Formation Using the rLBL Assembly Method on the Gold Surface”
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“The gold surface was incubated with HDI monomer; hence, the surface is functionalized with isocyanate groups. The 6-multilayered rLBL
assembly of BPEI and PE with a triple bond on the isocyanate functionalized gold surface, respectively, gives a high yield nanogel structure on the

gold surface.

The gold substrate passivation was applied by using 11-mercapto-1-
undecanol. A polydimethylsiloxane (soft lithography—PDMS) stamp
was incubated in 1 mM 11-mercapto-1-undecanol in an ethanolic
solution for S min, and the stamp was dried by a jet of nitrogen gas.
Then, the stamp was placed on the gold substrate by applying slight
pressure to ensure good contact between the PDMS and the surface.”

HDI (0.174 M) solution was prepared in 2.5 mL of acetone, and
DBTDL (0.09 mM) was used as a catalyst. Prior to rLBL assembly,
the gold surface was precondition by incubating in HDI solution at 40
°C for 30 min. After incubation, the gold was sonicated with
chloroform. Then, as the polymer grafting process, the gold substrate
was incubated with 0.0012 M BPEI solution in chloroform at 40 °C
for 30 min, and the gold surface was cleaned through sonication with
chloroform to remove excess polymers. After sonication, the gold
substrate was incubated in 0.0034 M PE solution in chloroform at
room temperature for 30 min. At the end of the incubation, the gold
surface was cleaned through sonication with excess chloroform. Four
further layers are obtained by rLBL assembly with BPEI and PE
incubation steps, respectively.

The branched polyethylenimine modified with ferrocene carbox-
aldehyde (Fc-BPEI) was synthesized as described elsewhere.*
According to the ferrocene carboxaldehyde amount, 10% Fc-BPEI
was synthesized. The yield of modified Fc-BPEI was obtained by
NMR (Figure SI1). The electroactive nanogel was obtained using
equimolar Fc-BPEI instead of BPEI during the reactive layer-by-layer
as described above.

In Scheme 1 the nanogel structure has been illustrated to be
fabricated using rLBL assembly with BPEI and polyester with a triple
bond (PE) on the isocyanate functionalized gold surface. In our
previous study, it was demonstrated by X-ray photoelectron
spectroscopy (XPS) and density functional theory (DFT) methods
that HDI interacts with the gold surface under certain conditions, and

the surface is initiated with isocyanate groups.®” After the surface is
activated with isocyanate groups in the first step, the gold surface is
incubated with BPEI in the second step. The BPEI has been grafted
onto the surface thanks to the formation of urea groups between the
gold surface which has free isocyanate groups and amine groups of
BPEL In the third step, the BPEI grafted surface is incubated with a
polyester which has an internal electron-deficient triple bond (PE).
Meanwhile, PE gives an aza-Michael addition reaction (amino—yne
reactions) using primary amines of BPEI, and the reacted triple bonds
form a double bond; thus, PE is grafted onto the gold surface.® By
rLBL assembly of BPEI and PE, respectively, the grafting forms a
nanogel on the gold surface. At the end of the sixth step, a nanogel
form containing NH, groups, double bonds, and triple bonds is
obtained, which can yield a postfunctionalizable interface on the gold
surface.

B RESULTS AND DISCUSSION

The light microscope images shown in Figure 1a demonstrated
that the reactive assembly of PE—PEI had led to form a
homogeneous film and smooth coverage in a large area (1
cm?) provided by six sequential steps of reaction on the gold
surface (six-multilayered rLBL). The dark and bright features
were found to be evenly distributed over the gold substrate.
The two desired properties of the homogeneous coating and
good electron transfer capability are found to be optimum in
six-multilayers rLbL coating. Therefore, six-multilayer rLbL
was studied more in detail both in surface and electrochemical
characterization.

AFM imaging in Figure lb,c shows the height difference
between the dark and bright features, and the cross-section
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Figure 1. Six-multilayered rLBL gold surface, (the square region was passivized with 11-mercapto-1-undecanol): (a) microscope image, (b) AFM
topography image, (c) 3D chart view of panel a, (d) cross-section of white dashed lines 1 and 2, respectively, (e) FT-IR spectrum of bulk gel and
six-multilayered rLBL nanogel coated gold surface, and six-multilayered rLBL gold surface without any passivation; (f) AFM topography images
right after coating (swollen) (g) AFM topography images after 3 days from the coating (nonswollen), (h) cross-section of the swollen and
unswollen surface. (After 1 and 3 days in the room conditions for air-dry, lines were taken from the considered same region from the sample,

respectively.)

analysis proved that the average height is about 370 + 60 nm
for rLBL films of PE—PEI upon six-multilayered rLBL
(additional analysis shown in Figures SI2 and SI3). In Figure
1b, the square region is passivated by using 11-mercapto-1-
undecanol. rLBL formation occurs in the nonpassivated area;
therefore, the difference at the edge of the squares yields
precisely the thickness of the six-multilayered rLBL. The
height/distance plot (Figure 1d) corresponds to the thickness
difference between the gold surface and nanogel regions. It
shows that the six-multilayered rLBL films favor cumulative
deposition over the entire surface rather than separate random
agglomeration. rLBL films after six-multilayered rLBL reactions
exhibit roughness of S0 nm over 8 um (see Figure 1h). The
calculated roughness is found to be similar to an earlier report
of El Haitami et al. (230 nm +57 nm) that describes the
covalent assembly of ethylene glycol functionalized poly-
(acrylic acid) by homobifunctional spacers via alkyne and azide
reaction.”” In another study a multilayer coating of elastin-like
recombinamers via Huisgen 1,3-dipolar cycloaddition of azides
and alkynes, exhibited a surface roughness varying between 20
and 70 nm.* These results indicate that rLBL films of PE and
PEI via an aza-Michael addition reaction exhibit similar coating
properties with a click-type of covalent LBL techniques.

10905

Further AFM characterization shown in Figure 1f revealed that
the swollen (with chloroform) rLBL films exhibit unstructured
and smoother topography as compared to the unswollen
(without chloroform) form (see Figure 1g). In addition, in
Figure 1 panels f and g the passivation with 11-mercapto-1-
undecanol was not applied on the gold surface and the six-
multilayered rLbL nanogel structural behavior of swollen and
unswollen was examined on the entire gold surface. The
surface area roughness is calculated from the area of the
maximum profile peak height of the line. The surface area
roughness of 9 ym?” of the swollen six-multilayered rLBL was
found to be 63 nm, while the unswollen six-multilayered rLBL
was found to be 74 nm. It is expected that the removal of
chloroform from the rLBL film network eventually generates
protrusions and indentations which increase the roughness of
the surface. The profile analysis shown in Figure 1h assures
that the number of protrusions per unit distance increased by
drying as compared to that seen with the swollen (chloroform
loaded) form of rLBL films. The figure shows the cross
sections graphs demonstrating the height difference between
the protrusions and indentations. Overall the minimum points
(indentations) remain similar, but the maximum height
changed between the 1 and 3 days left to solvent evaporation.
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Figure 2. (a) Light microscope image after six-multilayered rLBL; (b) XPS spectra of Au 4f (inside square); (c) XPS spectra of C 1s (polymer

region); (d) chemical scheme corresponding to XPS spectra of panel c.

Significant differences in swollen and unswollen surface heights
were seen, as seen in the height/distance plot 3 days later. The
height difference between the protrusions and indentations is
around 106 nm in the swollen rLbL while it is 87 nm in the
unswollen rLbL. However, the unswollen rLbL surface has
more protrusion and indentations per unit distance specifically.
Thus, surface roughness was considered to be increased with
the number of indentations by the loss of the solvent. To
obtain statistically reliable roughness, we have conducted
cross-section analysis from several lines shown in Figure SI4.
The figure shows that iterative cross-section lines are more
scattered along the z axis for unswollen samples as compared
to swollen samples. The area roughness was found to be 20%
larger for unswollen samples. Therefore, we concluded that the
area roughness increases significantly by solvent evaporation.
These results refer to the swelling of rLBL films by chloroform
and the organogel characteristic of rLBL films of PE—PEIL
Overall, the swollen form of the rLBL films of PE and PEI
exhibits high height profiles as compared to dried films, and as
solvent molecules are removed from the film, height decreases
while increasing roughness as a consequence of the collapse of
the rLBL film by chloroform removal. The FTIR spectrum of
PE-BPEI bulk gel and rLBL film on the gold surface is
illustrated in Figure le. The rLBL films exhibit the ester
conjugated internal alkyne chain triple bond (C=C)
stretching observed at 2046 and 2112 cm™' while the bulk
gel did not exhibit substantial peaks at the same region. It may
be attributed to the remaining unreacted alkyne chain triple
bond (C=C) in the rLBL film. Both bulk gel and rLBL films
exhibited a C—O—C asymmetric stretching vibration of ester
occuring at 1261 cm™' and symmetric stretching vibration
occurs at 1023 cm™'. Upon the addition reaction, the broad
and unstructured absorption signal at 1616 cm™" corresponds
to C=C conjugated with C=0 (see also Figure SIS for
Raman spectra). These stretching vibrations demonstrate that
not all alkyne chains give an addition reaction, and as the layer
number increases, the double bond formation increases as a
result of the reaction. Also, the C—H stretching vibrations
occur at around 2933—2857 cm™! and C—H bending at 1456
cm™". The strong absorption band at 1588 cm™ is attributed
to the N—H bending vibration of amines, while N—H
stretching occurs at 3332 cm™'. Michael addition resulted in
increased secondary amine peak intensity overlaps with free
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amine groups in the BPEL The FTIR spectrum showed that
PE readily underwent an aza-Michael addition reaction with
BPEI chains on the surface, keeping some triple bonds
unreacted, thereby facilitating postfunctionalization."*™**
Figure 2a shows a microscope image of mesh patterned PE—
PEI gel provided by six-multilayered rLBL, and black arrows
point out gold (dark) and polymer (bright) regions where XPS
point analyses have been performed. Figure 2b demonstrates
the XPS spectra of Au 4f that corresponds to the position of
the Au 4£5/2 peak at 87.71 eV and Au 4£7/2 peak at 84.08 eV.
The C 1s spectrum, as shown in Figure 2¢, was deconvoluted
into seven peaks. The peak at 288.43 eV (fwhm, 1.57) and
287.61 eV (fwhm, 1.14) corresponds to the C=0O (1) PE and
C—O (2) groups of polyester. The binding energy of 286.26
eV is the most important peak, corresponding to the reaction
of PE and BPEI on the gold surface. Earlier, Gonzalez-Torres
reported an XPS study about the structure of a union of three
pyrrole and three ethylene glycol molecules that indicate
286.39 eV attributed C=CN—C states which are the bonds of
Py—Py.* The bond formed after the reaction between PE and
PEI may be similar to the growth of polypyrroles; therefore,
the binding energy of C=C—N—C (3) could be assigned to
286.26 eV (fwhm, 1.39).°>*' The peak located at 285.49 eV
(fwhm, 1.18) and 284.08 eV (fwhm, 0.92) can be attributed to
C-N (4) and C=CH-C (6) groups.52 Also, the binding
energy peak of the C—N bond is significant since the bond
solely originates from the BPEL The peak at 283.33 eV (fwhm,
0.79) and 284.77 eV (fwhm, 1.01) corresponds to C=C (7)
triple bonds and C—C (§) aliphatic carbons.”> These XPS
results show that the rLBL assembly forms by reacting BPEI
and PE polymers on the gold surface. The XPS depth profiling
analysis is used as an analysis method for revealing the
chemical composition and internal structure of layer-by-layer
thin films.”*>® Recently, Taketa reported the nanostructured
coatings of electrostatic interactions of chitosan (CHI),
carboxymethylcellulose (CMC), and sodium polystyrene
sulfonate (PSS) as PSS/CHI and CMC/CHI model systems
on silicon substrate by depth profiling XPS analysis. The
internal structure of the LBL films was well described
especially in terms of thickness/cycle (nm) for the ratio of
the polymer in the study.57 Therefore, XPS depth profiling
analysis was performed to find out the average thickness of
each layer of the rLBL assembly and to investigate
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six-multilayered rLBL assembly.

homogeneity. The change of the atomic percentage of nitrogen
and carbon values due to increased depth is shown in Figure
3a. A nitrogen abundancy curve (red trace), exhibits two
semicircular downward-slope trend while the carbon abund-
ancy curve (black trace), shows two semicircular upward-slope
shapes. The first peak at around 48 nm in percent nitrogen was
associated with the most intense point of BPEI corresponding
to the sixth layer. The nitrogen percentage decreases beyond
50 nm depth while increase in carbon percentage. The first
maximum in carbon percentage was found to be around 170
nm associated to the fifth layer, and the nitrogen percentage
was relatively low. The local maximum in nitrogen percentage
was observed at around 240 nm which corresponded to the
fourth layer. As expected, the carbon percentage reached
another local maximum at 350 nm by the deeper etching. This
level of height was associated to the third layer of consecutive
reactions. The last peak of the nitrogen percent related to the
second layer was determined at 390 nm. The C=C-N-C
bond formed by the reaction of PE and BPEI has a binding
energy corresponding to 286.26 eV and Figure 3b shows the
peak area corresponding to the etch depth at 286.26 eV. In this
figure, the peak points at 72 nm 141 nm, 237 nm, and 356 nm
may indicate an interface between PE and BPEI (the peaks
points attributed to the transition point between the
polymers). We therefore assumed that there is a constant
thickness increase for consecutive layers rather than significant
variations; however, consecutive layers may marginally exhibit
thickness differences due to the varying extent of solvent in the
layers. It is assumed that the thickness of the resultant rLBL
film could be controlled depending on the incubation time and
polymer concentration and incubation temperature. In this
study, 30 min of incubation time was applied to completely
saturate the gold surface, though the reaction between PE and
PEI occurs much faster. However, the variations in incubation
time and concentration as well as incubation temperature have
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to be considered as important parameters for thickness control.
Taketa et al. presented XPS depth profiling of LBL films made
of chitosan-PSS and chitosan-carboxymethyl cellulose exhibit-
ing a constant thickness increase between consecutive layers.
They also concluded that the molecular weight of polymers
involving LBL and the degree of acetylation (available reactive
sites) are critical for the formation of LBL as well as thickness
control.”’

Figure 3¢ shows the peak areas of binding energy 285.49 eV
(C—N) and 399.07 eV (C—N) corresponding to etch depth.
Peak areas of 285.49 and 399.07 eV have similar up/downs
and correlations as the etch depth changes. Figure 3d, depicts
XPS depth profiling analysis schematically which has been
sketched based on the C=C—N—C peak intensity from Figure
3b. As indicated, rLBL films were condensing due to the
interfacial reaction of PE with Aza-Michael addition and
accumulating on top of each other, thereby generating PE and
BPEI rich layers. The yield of the rLBL reaction was
determined by the ratio of the binding energy field at 286.26
eV corresponding to the C=CN-C bond and 283.33 eV
corresponding to the C=C triple bond. The average of the
(from the top to 400 nm) area values of 286.26 and 283.33 eV
ratio with increasing etch depth shows that 86.4% of the
carbon triple bonds of PE reacted with BPEI while 13.6%
remained unreacted. Also, these results are consistent with the
FT-IR spectrum peaks (see Figure le).

Electrostatic force microscopy (EFM) was used to
determine the stored charge and local electrostatic properties
stored by using the polarity of the rLBL films at atmospheric
pressure. Considering the differentiation of phase to the tip
voltage graph of the nanogel and gold surface, the tip voltage
was chosen as +3 V, and also the tip voltage of 0 V was carried
out for reference EFM measurement. All EFM measurement
was conducted in double-pass mode with 40 nm second tip lift.
Figure 4a shows the phase image obtained when —3, 0, and +3
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M PBS solution at pH 6.8.

V are applied to the tip, respectively. There was a contrast
differentiation prominently at +3 and —3 V between the
polymer and the gold layer; however, the entire surface showed
the identical behavior at 0 V. According to the phase image,
Figure 4b shows the phase shift obtained when —3, 0, and +3
V are applied to the tip, respectively. Upon —3 V application to
the tip, the phase shift was 15 degrees between the nanogel and
gold layer, and when +3 V is applied a 20 degrees shift was
observed. These results demonstrate that the +3 V charged tip
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tends to interact more with the nanogel on the gold surface
than the —3 V. In addition, results may indicate that the +3 V
reduce the effective resonance frequency, and the capacitive
electrostatic force becomes higher on the nanogel.”**’

The electrochemical characterizaiton of rLBL was performed
by cyclic voltammetry in a 0.01 M phosphate buffer solution
containing 1 mM K,[Fe(CN),] (potassium ferrocyanide) as a
redox probe. The potential range is 0.7 to —0.3 V with a
scanning speed of S0 mV/s. The bare gold surface cyclic
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voltammogram was examined in the same conditions in order
to show unmodified surface characteristics. Cyclic voltammo-
grams for rLBL films with different numbers of layers and bare
gold surfaces were presented in Figure Sa. According to a
reactive multilayer polymer coating, the effect of the thickness
on the surface to the electron transfer was investigated. The
formal redox potential of the reaction is directly relevant to the
surface coating thickness. Generally, the increasing hydro-
carbon chain length and denser orientation will increase the
peak separations and redox potentials, and decrease the peak
currents.’~> So, every assembled layer suppresses the faradaic
processes such as electron transfer. The peak currents after
four-multilayered rLBL and six-multilayered rLBL were
gradually decreased, which shows the polymer layers were
successfully coated on the gold electrode. Although the
polymer film did not completely block electron transfer,
relatively small peak currents were an indication of a rather
slow electron transfer. However, the six-multilayered rLBL film
coated electrode had a slightly great cathodic peak current.
Hence, the reduction of the ferricyanide takes place easily as
compared to the four-multilayered rLBL since six-multilayered
rLBL films provide a greater extent of surface coverage rather
than nonorientated aggregates. Additionally, the anodic peak
potentials shift to more negative values and cathodic peak
potentials shift to slightly more positive values by approx-
imately 110 mV and 70 mV, respectively. The rLBL coated
surfaces have a relatively small peak current and narrow peak-
to-peak separation than the bare gold surface. The narrow
peak-to-peak shows rLBL coated surfaces beneficial to increase
the electrochemical reversibility of the redox couple on the
electrode.” In both cases, four-multilayered rLBL, and six-
multilayered rLBL cyclic voltammograms exhibit quasi-
reversible properties that indicate redox probe diffuses and
electron transfer occurs at the electrode surface. The rLBL
formal redox potential slightly lower than that of bare gold
shows the rLBL surface coating has a positive effect on the
redox energy barrier up to six-multilayered rLBL.”> Addition-
ally, four-multilayered rLBL and six-multilayered rLBL formal
redox potentials and peak-to-peak separations remain similar to
each other showing that rLBL retains its redox properties. The
increased number of polymer coated layers and densely packed
hydrocarbon structures lead to peak broadening and a decrease
in peak currents. So, the number of hexacyanoferrate ions
reaching the electrode surface is restricted and plateau-shaped
current characteristics occur.*”**** For this reason, the surface
thickness directly affects the electron transfer of the soluble
species and essentially blocks the ion migration at eight-
multilayered and 10-multilayered rLBL coated gold surfaces.
Hence, six-multilayered rLBL coated gold was selected to
investigate and develop the surface properties due to its
relatively high peak currents and narrow peak separation. The
effect of pH on a six-multilayered rLBL film coated electrode
was studied by cyclic voltammetry in a 0.01 M phosphate
buffer with 1 mM K,[Fe(CN),]. Figure Sb shows the cyclic
voltammogram of the six-multilayered rLBL coated surface in
media with various pH values. The pH change was examined
from 6.8 to 4.1 because the protonation degree of the amine
groups increased with the acidity, and the rate of electron
transfer depending on the acidity of the medium has been
investigated. As shown in Figure S5b, the peak-to-peak
separation and peak currents are decreased by increasing the
acidity from a neutral to an acidic environment. This result
may arise from the protonation of amine tail groups and the

negatively charged separation of the polyester polymer on the
electrode surface. Previous studies showed the isoelectric point
of the pristine polyester fibers at pH 4.0.°>°° At pH values
below 4.0, the polyester was positively charged, and the zeta
potential in the plateau region of the polyester was found to be
—39 mV in an ionic solution of 107> M KCIl, while it was
recorded as —30 mV at pH 7.0.°° On the other hand, the PEI
zeta potential obtained a plateau value at pH < 6 nearby 70/90
mV for an 1072/107> M ionic strength of NaCL%” Also, PEI
was found to be effectively charged (protonated) 30% to 70%
from pH 7.0 to pH 3.0.°” Mészaros et al. reported that PEI is
completely uncharged at pH > 10.5.°° Earlier Marmiosollé et
al,, investigated the electrochemical response of the NH,
terminated SAM surface resembling PEI. They reported that
the CV peak separations of amine-terminated SAMs decreased,
and peak currents increased as the solution pH was lowered
from 5.18 to 3.16.°” The reason was that the protonation
degree of the amine groups increased with the acidity, and
therefore the SAMs became less compact, which facilitated
electron transfer. It seems that a six-multilayered rLBL coated
surface exhibited a decrease in peak-to-peak separation and
peak currents as pH decreased. This result may occur because
the PE is uncharged at pH 4.1 and PEI has greater zeta
potential compared to the PE at neutral medium. So, at pH
6.8, the electrostatic attraction between PEI and PE may
generate positive charges at the surface due to the charge
separation. This behavior indicates that the probe diffuses
more freely through the layer and undergoes electron transfer
at the electrode surface in a neutral medium as compared to in
an acidic medium. On the other hand, increasing the acidity of
the medium restricted the rate of the electron transfer but did
not block it completely.

Figure Sc shows cyclic voltammetry of a 6-multilayered rLBL
coated surface at pH 6.8 for 10 cycles. The anodic and
cathodic peak potentials were observed relatively constant at
0.27 and 0.14 V, respectively, although the electro-generated
ferricyanide ions reduction is faster than oxidation of
ferrocyanide ions when the pH is 6.8. In addition, the
electrochemical response exhibited instability such that the
current response decreased with each subsequent scan. So, the
percent decrease in the primary oxidation was 20.7%, after a
10-cycle operation, whereas the primary reduction peak
percent decrease was 15% .°° Electrochemical impedance
spectra were taken at 0 V and in the 10°—10~" Hz frequency
range. The Nyquist representation of a six-multilayered rLBL
coated gold surface is shown in Figure Sd. EIS spectra was
fitted to a Randles circuit which consisted of a constant phase
element (CPE), parallel connected charge transfer resistance
(Rct), and a series connected open Warburg element (Wo); all
in series with the active electrolyte resistance (Rsol). The
incomplete semicircle in the Nyquist plot corresponded to
capacitive behavior. The effective capacitance from the
constant phase element and resistance of charge transfer was
calculated as Co = [QR"]Y% The capacitance of the six-
multilayered rLBL polymer grafted gold surface was found as
0.2736 Farad. This result assures that the rLBL film exhibits
certain property for charge accumulation in aqueous media and
may serve as an electroactive coating.

To show a broad range of applicability of rLBL films, we
implemented additional modifications on BPEI to utilize as a
redox polymer.” The high density of the amines in the BPEI
backbone allows easy modification of the polymer. Therefore, a
redox polymer was produced by attaching ferrocene carbox-
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Figure 6. (a) Scheme of Fc-BPEL; (b) CV at 10 mV/s in 0.01 M PBS that did not include Fe(CN)4 at pH 6.8; (c,d) AFM topography images of
six-multilayered rLBL gold electrode (ElectriCont-G), Fc-BPEI was used; (e,f) cross-section of white dashed line in panels ¢ and d, respectively.

aldehyde (Fc) redox centers to the BPEI backbone. While the
redox polymer generates, the majority of the amino groups
remain unsubstituted to enable rLBL assembly with the
polyester.”>”"”> A similar rLBL film formation was performed
between PE and Fc-modified BPEI thereby providing an
intrinsic electroactive property. Figure 6a shows an illustration
of the surface-anchored ferrocene redox center-based layer-by-
layer coated gold surface. The cyclic voltammogram in Figure
6b shows the electroactivity of the rLBL films without free Fc
in the electrolyte. It confirms that the covalent attachment of
Fc to the BPEI provides efficient electron transfer between
multilayers without requiring a free redox couple as a mediator.
The anodic peak current is 2.6 uA while the cathodic peak
current is 1.5 yA. The high density of electron-donating amine
groups in the BPEI and weak electron-withdrawing polyester
groups in the rLBL increase the rate of the reaction. Hence,
easy and fast oxidation behavior of ferrocene was observed.
Also, the anodic and cathodic peak potentials were observed at
0.286 and 0.155 V. The electroactive rLBL surface peak-to-
peak separation was quite similar to six-multilayered rLBL,
which confirms ferrocene modifying was not affecting
reversibility.””

Figure 6 panels ¢ and d show the AFM results of
electroactive nanogel on the gold surface that was formed by
using Fc-BPEI and Pe. AFM results showed that there are large
aggregates and cloudy-like globular structures forming a
homogeneous polymer domain on the surface, and the
homogeneity of the polymer regions is lower than that of
the surface prepared by using BPEI (Figure 6¢c). This
inhomogeneous structure can be interpreted by the decrease
in the number of functional groups of NH, on Fc-BPEI that
react with PE. Figure 6 panels e and f represent cross-section
results of the electroactive nanogel and large aggregates nearly
S times higher in elevation than the cloudy-like globular
structure formed by the homogeneous polymer. The result of
the roughness test of 25 ym” is nearly 130 nm, and it can be
concluded that a smoother surface is obtained by using Fc-
BPEL

B CONCLUSION

The rLBL film formation of PE and BPEI via aza-Michael
addition reaction has been demonstrated. rLBL films exhibit an
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organogel-type behavior, providing a solvent associated
network and swelling—shrinking properties on the solid
substrate. This gel characteristic spares distance between
reacting multilayers and provides openings in the network that
facilitate the transfer of charge and matter. The XPS depth
profiling of the rLBL films also showed that alternating layers
mostly consisted of covalently reacted groups as well as
unreacted functional groups of primary amines (NH,) and a
carbon—carbon triple bond (C=C) to some extent. This
recalls that rLBL films have postfunctionalizable groups
remaining. The electroactivity of the rLBL films was studied
by voltammetry and impedance spectroscopy showing that
nanogel permeability drove electron transfer effectively. The
electrochemical characterization of the nanogels ascertains that
electron transfer readily occurs in up to six-multilayered rLbL,
whereas it is nearly blocked for a higher number of layers. The
rLBL films having nanogel characteristics exhibit potential for
the promising applications of soft biointerfaces.
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