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Myoglobin was immobilized with poly(methyl methacrylate)-block-poly[(2-dimethylamino)ethyl methacrylate]PMMA-block-
PDMAEMA polymer synthesized by reversible addition-fragmentation chain transfer technique (RAFT). Cyclic voltammograms
gave direct and slow quasireversible heterogeneous electron transfer kinetics between Mb-PMMA-block-PDMAEMA modified
electrode and the redox center of the protein. The values for electron rate constant (Ks) and transfer coefficient («) were
0.055+0.01-s " and 0.81+0.08, respectively. The reduction potential determined as a function of temperature (293-328 K) revealed
a value of reaction center entropy of AS® of 351.3 + 0.0002J-mol *-K™' and enthalpy change of —76.8 = 0.1 kJ-mol ™', suggesting
solvent effects and charge ionization atmosphere involved in the reaction parallel to hydrophobic interactions with the copolymer.
The immobilized protein also exhibits an electrocatalytical response to reduction of hydrogen peroxide, with an apparent Km of
114.7 +58.7 uM. The overall results substantiate the design and use of RAFT polymers towards the development of third-generation

biosensors.

1. Introduction

Direct electron transfer of proteins on the surface of bare
electrodes is known to present some trouble due to the
deep buried of protein redox centers in its structure, as
well as adsorptive denaturation and unfavorable orienta-
tions of the macromolecule [1]. Several efforts have been
made to circumvent this problem, among which are the
use of polymer as mediators [2], dimyristoyl phosphatidyl-
choline [3], polytetrafluoroethylene [4], and poly-«,3-[N-(2-
hydroxyethyl)-L-aspartamide] films [5]. A different approach
to synthesize polymeric structures includes its controlled
assembly of functional groups and molecular architectures
[6]. There are several controlled/living radical polymerization
(CRP) techniques, such as reversible addition-fragmentation
chain transfer or RAFT polymerization [7]. RAFT tech-
nique uses a chain transfer compound to attain control
over the molecular weight and polydispersity during a
free-radical polymerization, resulting in well-defined poly-
mers, as well as diblock, triblock, and polymers with more
complex architectures [8]. RAFT polymers have attracted

considerable attention in the last decade, toward to a
broad spectrum of applications including optoelectronics,
block copolymer therapeutics, and star polymer rheology
control agents [9]. In this regard, several derivatives of
diblock RAFT polymers such as poly(methyl methacrylate)-
block-poly[(2-dimethylamino) ethyl methacrylate](PMMA-
b-PDMAEMA) have been used due to their versatility,
stability, and ease of processing [10]. As some RAFT polymers
seem to exhibit electroactivity [11, 12], they would be also used
for entrapment of macromolecules under electrochemical
investigation. Keeping this in mind, the aim of this work was
to investigate the redox properties of myoglobin immobilized
in PMMA-block-PDMAEMA, as a feasible approach to the
development of a third-generation biosensor.

2. Material and Methods

2.1. Chemicals. Horse myoglobin (Mb, MW 17,800) and
methylmethacrylate, 99%, were purchased from Sigma-
Aldrich. 2-(dimethylamino) ethyl methacrylate (DMAEMA,
98%, Sigma-Aldrich) was used with no further purification.



Benzoyl peroxide (BPO) and glutaraldehyde was obtained
from Vetec Brazil and used as received. Phosphate buffer
solutions were prepared by adjusting the pH values either
with 0.1M NaOH or 0.1 M HCI. All other chemical reagents
were of analytical grade and all the solutions were prepared
with Milli-Q water.

2.2. Copolymer Synthesis. The RAFT technique was used
for the synthesis of PMMA-b-PDMAEMA copolymers. The
chain transfer agent used was cumyl dithiobenzoate (CDB),
previously synthesized according to a modified two-step
method by Mertoglu [13]. First the synthesis of dithioben-
zoic acid is carried out followed by the addition of a-
methylstyrene to the acid. The synthesis was started by the
PMMA block, using benzoyl peroxide (BPO) as initiator. The
PMMA blocks were purified by precipitation in methanol
and drying in vacuum. These PMMA blocks were after-
wards used as macrochain transfer agents (macroCTA) in a
copolymerization using DMAEMA as monomer and BPO
as initiator. The copolymers were purified by precipitation
in n-hexane. Products were confirmed by IH-NMR (INOVA
DPX 300 Bruker spectrometer). All copolymers produced
visually homogeneous aqueous solutions at neutral and low
pHs. Precipitation occurs within the pH range of 9-10 at
25°C. Lower critical solution temperature (LCST) for all
copolymers at pH = 7.0 is above 40°C.

2.3. Electrode Preparation. After electrode cleaning, 30 uL
of a stock solution of PMMA-b-PDMAEMA 10 mg-mL ™"
in acetone was pipetted on the electrode surface following
evaporation for 4h at room temperature. Then, 30 uL of
myoglobin (Mb) at 5mg-mL™" was carefully dripped onto
the electrode surface. After 4h, the electrode was rinsed
again to remove adsorbed protein, followed by pipetting
glutaraldehyde 2% for 30 min. After washing, the electrode
was rinsed with water and dried in nitrogen atmosphere prior
to electrochemical experiments. When not in use, the sensor
was stored in nitrogen-saturated buffer solution (pH 7.5) at
room temperature in the dark.

2.4. Cyclic Voltammetry. Cyclic voltammetry (CV) was per-
formed using a potentiostat PG39MCSV (Omni Metra
Instrumentos Cientificos Ltda, RJ, Brazil). A conventional
three-electrode system was used with bare or modified home-
made gold electrode (4 mm diameter, 99.9% purity, Sigma-
Aldrich) as the working electrode, Ag/AgCl as the reference
electrode, and a platinum wire as the counter electrode.
Gold electrode was first polished using aqueous slurries of
10 ym alumina, placed in ethanol (99.5%), and subjected to
ultrasonic vibration to remove residual alumina particles.
Finally, the electrode was etched for 2min in a hot Piranha
solution (1:3 (v/v) 30% H,0,) and concentrated H,SO,)
and then rinsed with copious amounts of ultrapure Millipore
water followed by ethanol washing.

2.5. Thermodynamic Assays. The temperature dependence of
the reduction potential was determined with a nonisothermal
cell [14] in which the reference electrode is kept at constant
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temperature, while the temperature of the working electrode
is varied. For such an experimental setting, the values for
standard entropy (AS’) and enthalpy (AH®) changes of
the reaction center upon reduction wer obtained from the
relation below [15]:

dAE®
AS® = nF ,

0 dAE’ T
A= _”F< d(1/T) )

2.6. Electroactivity against Hydrogen Peroxide. Ampero-
metric measurements were performed under unstirred
conditions. Aliquots of standard solution of H,O, (10-
480 umol-L™") were added to the buffer solution. Prior to the
experiments, buffer and sample solutions were purged with
pure nitrogen for 10 min to remove oxygen.

2.7 Data Analysis. All of the experiments were conducted in
triplicate. The data were expressed as mean + standard error.
Adjustments of equations to the data were performed with R
(R Core Development Team) [16].

3. Results and Discussion

3.1. Cyclic Voltammetry. The prosthetic group of Mb contains
an iron atom in heme system, and the charge transfer of
Mb is based on the ferric reduction inside this porphyrin
ring system. The cyclic voltammograms for Mb/PMMA-
b-PDMAEMA modified electrode in 0.1mol-L™" phosphate
buffer pH 7.4 can be viewed in Figure 1. A pair of well-defined,
quasireversible CV redox peaks centered at about 50 and
200mV, for cathodic and anodic wave peaks, respectively,
can be observed (Figure 1(b)). The electrode modified with
PMMA-block-PDMAEMA also showed a small contribution
to the faradaic current in the buffer solution, which seems
to persisted even with the entrapped protein. Although the
proper mechanism of charge transfer between the Au surface
and the modified electrode without myoglobin is not clear,
the copolymer itself may have contributed to the shoulder
peak presented in the CV results [17].

The ipa/ipc ratio, an index of reversibility of electron
transfer, was found to be 0.84 + 0.08 with varying scanning
rates (Figure 3). Furthermore, a log-log plot of scan rates
against anodic peak potentials resulted in slope value of 0.72+
0.05, far from 0.5 expected from a pure diffusional process of
electron transfer (R* = 0.948).

The effect of scanning rate on the response of the
Mb/PMMA-b-PDMAEMA modified electrode is present in
Figures 2 and 3. The height of reduction peak current was
linearly proportional to the square root of the scan rates in the
range of 20-500 mV-s~* (R* = 0.961), although the oxidation
peak current revealed a deviation from the linear trend (R* =
0.784). These findings suggest the characterisation of surface
or thin layer electrochemistry on the electrode surface [18,
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FIGURE 1: Cyclic voltammograms of Au electrode modified with
PMMA-b-PDMAEMA (a) and Mb/PMMA-b-PDMAEMA (b) in
0.1mol-L™* sodium phosphate buffer solution (pH 7.45). Scan rate:
100 mV/s.

8e — 05 -
4e — 05 -
<
~  0e+00 A
—4e — 05

-0.25 0.00 0.25 0.50
E(V)

FIGURE 2: Cyclic voltammogram of Mb/PMMA-b-PDMAEMA in
phosphate buffer at different scan rates (20-500 mV/s).
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FIGURE 3: Variation of CV anodic peak current with the scan rate for
Mb/PMMA-b-PDMAEMA in phosphate buffer. Symbols represent
anodic and cathodic data: 0—ip, and ®@—ip, data.

19]. The surface concentration of the electroactive protein (T)
was further estimated following Laviron [20]:

_ W’F’yAT

, )
4RT

Ip

where F is the Faraday constant; I'is the surface concentration
of the electroactive substance; A is the geometric area of the
electrode; v is the scan rate; and # is the number of electrons
transferred. Under the condition of saturated adsorption, the
average surface coverage of electroactive Mb was about 1.94 x
107" mol-cm™. This surface concentration changed slightly
with scan rates from 1.5 to 3.5x 10" mol-cm 2, in agreement
to a surface-confined process on the modified electrode
[19, 20]. This value was close to the reported elsewhere for
chitosan films [21] and modified carbon nanotube electrodes
[22] and greater than 1.58 x 10" em™ expected for a
monolayer of myoglobin adsorbed onto metallic electrode
surfaces [23]. In addition, the modified electrode retained
89% of its surface concentration up to 21 days.

In this sense, myoglobin molecules could be embedded
in PMMA-b-PDMAEMA di-block on the modified electrode.
In fact, the copolymer has a molecular mass of 66.1 kg-mol '
[24] and hydrodynamic radius of 2,2 nm [25]), values larger
than those found for Mb (17.5 kg-rnol’1 [26] and 0.21 nm
[27], resp.). Moreover, a linear length of 92 A for the out-
stretched copolymer can be hypothesized, considering the
individual molecular mass of the blocks (100.12 g-mol ™" and
15721g:mol ™" for MMA and DMAEMA, resp.) and their
polymerization degree (5400 and 60700, resp.). In this sense,
a plausible thickness for the copolymer on the electrode
surface can be calculated from the value of double layer
capacitance resulted following Asaka [28], (3), and (4) [29]:

-1
2

lg

€ = Cdl -, (3)

where i, e i, represent, respectively, the anodic and cathodic
current estimated from the central part of the cyclic voltam-
mogram (Figure 1, after baseline correction). Therefore, the
thickness d can be computed by

& K

Cd1= d >

(4)

where Cy represents the double layer capacitance of the
adsorbed copolymer and ¢, the electrical permittivity of
free space (8.85 - 1072 F-m ™, and « the dielectric constant
of the copolymer (PMMA, 1.08 [30]). The capacitance Cy
was determined from the current difference between the
forward and reverse scans, following (3) [28]. From (4), a
thickness of 180 nm was found for the PMMA-b-PDMAEMA
on the electrode surface. Even with this roughly estimated
value for the diblock thickness, a multilayer structure for the
copolymer coverage can be suggested [19].

Figure 2 shows that with the increase of the scan rate, the
redox peak potentials were also shifted gradually. In order
to obtain information on the rate-determining step, Tafel
slope was determined from the relationship between logv
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FIGURE 4: Tafel plot derived from the rising part of anodic voltam-
mogram for Mb/PMMA-b-PDMAEMA electrode.

versus E, [31], by taking the rising part of the voltammograms
(Figure 2) as follows [32]:

B - RT

— = logw.
pa * (1-a)nF 08Y ©)

From Tafel slope in Figure 4, the electron transfer coef-
ficient o was calculated as 0.81 + 0.08. According to (6) for
AE, > 200 mV [18], the electron rate constant was found to

be 0.055 + 0.01 - s. Consider

log (ks) = alog (1 — ne) + (1 — o) log nex — logR—g
nFy

(6)
AE,

- (1 —a)anF ———.
2.303RT

Both « and ks values agree well with a quasireversible
process in Mb-modified electrode [33], but revealed a slower
degree for the electron transfer rate than that reported for the
entrapped protein [1, 31].

Cyclic voltammetry was also used to investigate the pH
dependence of the formal potentials which were calculated
from the midpoint of reduction and oxidation peak potentials
for the Mb/PMMA-b-PDMAEMA modified electrode. As the
copolymers can form aggregates below pH 4.0 and solubilize
in aqueous medium above pH 7.5 (isoelectric point around 8-
9 [10, 34]), pH values varied from 4.5 to 7.5. The results are
presented in Figure 5.

All changes in voltammogram peak potentials with pH
were reversible in the range tested (pH 4.5 to 7.5). A cathodic
shift in E° values was found with increasing pH, suggesting a
decrease in dielectric constant medium and/or an ionization
of the protein surface [35]. The linear relationship of E°
with pH from 4.5 to 7.5 exhibited a slope of -0.026 +
0.0018 pH/V. Nearly, the same slope value has been found at
glassy carbon electrode modified with myoglobin entrapped
with the cationic surfactant didodecyldimethylammonium
[36]. These slope values can be expected for a Nernstian
behavior from a charge transfer with two electrons coupled a
participation of one H* [37]. Nevertheless, myoglobin exhibit
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FI1GURE 5: pH dependence on the formal potential for Mb/PMMA-
b-PDMAEMA electrode in phosphate buffer. Scan rate: 100 mV/s.

a single proton transfer coupled to the electron transfer
reaction [1, 31]. Although this finding has not yet been
conclusive and needs further research, both PDMAEMA
monomer [38] and didodecyldimethylammonium ion have
a cationic amine positively charged at the pH assayed [34].
Hence, it can be speculated that the positively charged state
of tertiary amines of the PDMAEMA can play a role on the
overall electron-transfer mechanism resulting in the slope
value far below than that theoretically expected.

As the pl value for Mb is known to be 6.8 [39], it is
reasonable to believe the existence of an anionic atmosphere
around the metallic group on the protein at the pH assayed,
favouring an electrostatic interaction with the porphyrin ring
system. The PMMA-block-PDMAEMA polymer has a pKa
value around 8, depending on the side chain conformation
[10], suggesting a positively charged state for their tertiary
amines. Keeping this in mind, an electrostatic interaction
could be taking place between the RAFT copolymer and the
protein molecule, parallel to hydrophobic forces, enhancing
the strength for the complex.

3.1.1. Redox Thermodynamics of Mb/PMMA-b-PDMAEMA.
Using the cell/electrode assembly described at the 2.5
item, voltammetric nonisothermal determination for entropy
(AS°) and enthalpy (AH®) of redox process occurring on the
Mb/PMMA-b-PDMAEMA modified electrode was accom-
plished. The redox thermodynamics was done following
Tanigushi and coworkers [14], increasing the temperature of
the electrochemical cell from 293 to 328 K.

From Figure 6, a reaction center entropy change (AS°) of
351.3+0.0002 J-mol ' -K™! was calculated for the Mb/PMMA-
b-PDMAEMA. From the Gibbs-Helmholtz relationship
obtained from a plot of E/T versus 1/T (Figure7), the
enthalpy change (AH®) was —76831.9 + 0.8 J-mol .

The reduction entropy appeared to be affected by solva-
tion properties, namely, the reducing-induced reorganization
of solvent molecules bound onto the protein surface near the
iron center [40]. The value of AS° for Mb is higher than that
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FIGURE 6: Temperature dependence of the redox potential of
Mb/PMMA-b-PDMAEMA in phosphate buffer.

9e — 04
Y'= 0034 0.84% R*'= 0966
8e—-04 4 -. N
o.
T;7e—04. O
=
% 6e—044
Q .
5e — 04 4
5
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035
/T (K™

FIGURE 7: Gibbs-Helmholtz plot for Mb/PMMA-b-PDMAEMA in
phosphate buffer.

reported in aqueous solution [41]. On the other hand, the
remarkable negative value for the enthalpy change indicated
that the electron transfer reactions are exothermic and all the
oxidized protein can approach more flexible polypeptide con-
formation at higher temperatures [42]. This AH® value can be
also ascribed to the stabilization of the ferroheme by ligand
binding interactions and the hydrophobicity of the heme
environment [35]. As a whole, this temperature dependence
of the redox potential for Mb/PMMA-b-PDMAEMA seems
to reflect changes in the protein structure, together with its
interactions with the solvent, with PMMA-b-PDMAEMA, or
with a combination of these effects. Notwithstanding, confor-
mational changes in the Mb structure can be discarded, as no
inflection point can be observed in Figure 6 [43, 44].

3.2. Electrocatalytic Activity. Although the proper mech-
anism of charge transfer remains unclear in this work,
a catalytic activity of Mb/PMMA-b-PDMAEMA modified
electrode was tested against the reduction of H,0,. When

150 -
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50

0 100 200 300 400
H,0, (uM)

FIGURE 8: Michaelis-Menten representation of the amperometric
response of catalytic activity of Mb/PMMA-b-PDMAEMA against
H,O0, in phosphate buffer.

hydrogen peroxide was added to the buffer solution at pH 7.5,
an increase in the current value for the reduction peak could
be observed (Figure 8). A reference test in absence of Mb did
not show any catalytic activity for H,O,. From Figure 8, an
apparent Km value for the Michaelis-Menten behavior was
determined as follows:

Imax i [HZOZ]

[ = —=== 7
%= Km+ [1,0,] @

where I, is the maximum current measured under satu-
rated substrate conditions. The apparent K value was found
to be 114.7 + 58.7 uM, close to the reported elsewhere for Mb-
modified electrodes [31, 45], and smaller than that presented
for Hb/sol-gel film modified CPE [46]. This value for Km
also indicates that the immobilized Mb has a high biological

affinity to H,0,.

3.3. Mechanism Proposed for Mb/PMMA-b-PDMAEMA. As
stated by Gohy et al. [34], PDMAEMA can be partially
charged in aqueous medium in 7 < pH < 10 range, resulting
in a surfactant behaviour that can lead to aggregation and
micelle formation [47]. So, a hydrophobic effect can be
occurring at the pH 7.4 assayed, enhancing the interaction
of PMMA-b-PDMAEMA with the gold electrode surface.
This hydrophobic effect may also be improved by the Mb-
embedded multilayer nature of PMMA-b-PDMAEMA, as
suggested above.

The tertiary structure of myoglobin is made up of seven
alpha helical segments. As sequences that form surface-
seeking helices have large hydrophobic dipole moments [48],
it is plausible to believe that a large portion of hydrophobic
area can contribute to the copolymer binding due to their
benzoyl and ethylene groups, in addition to the heme binding
pocket.

Moreover, the copolymer diblock has several oxygen
ether groups of high electronegativity in its methyl/ethyl
methacrylate moieties which could lead to an ion-dipole
attraction between oppositely charged of these groups with



Lys and Arg residues on the Mb surface. In fact, Mb has
19Lys and 2 Arg residues exposed to the solvent, and
with pKa values of 10-12 and 12-13, respectively [49], thus
offering positively exposed charges on the protein surface.
This hypothesis is in agreement with similar ion-dipole
interaction reported for electrochemical adsorption systems
of proteins with polyelectrolytes [50, 51]. Then, the com-
bined electrostatic (anionic Mb/cationic copolymer), ion-
dipole (Lys, Arg/oxygen ether for the copolymer), hydropho-
bic interactions, and hydrogen bonding between myo-
globin and PMMA-b-PDMAEMA (and also the hydrophobic
effect between the gold electrode surface and PMMA-b-
PDMAEMA) could provide the major driven forces for the
stabilization of Mb/PMMA-b-PDMAEMA at the electrode
surface.

4. Conclusion

We have tested the use of a RAFT polymer for electrochemical
studies of myoglobin as a model protein. As this polymeriza-
tion approach for block synthesis allows very precise control
over the polymerization process while retaining much of
the versatility of conventional radical polimerization, newer
copolymers can be reached as a function of specific goals for
direct protein electrochemistry and towards the development
of newer biosensors with desired specifications.
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