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Synthesis of a hydrophilic poly-L-lysine/graphene
hybrid through multiple non-covalent interactions for
biosensorst

Jiong Wang,? Yun Zhao,? Fen-Xiang Ma,? Kang Wang,? Feng-Bing Wang*2P
and Xing-Hua Xia™®

Surface modification has been proved to be one of the effective strategies for enhancing the properties of
graphene sheets. When a non-covalent modification method is appropriately designed, novel
opportunities for better performance of graphene nanosheets can be expected since this strategy can
tailor the properties of graphene while its natural structure is retained. This paper introduces a
simple route to prepare a highly biocompatible, stable and conductive graphene hybrid modified by
poly-t-lysine (PLL) for biosensors using the non-covalent strategy. Results show that PLL adopts a
random conformation with the nonpolar parts exposed to outside since its side chains are positively
charged under neutral conditions. This conformation allows the strong adhesion of PLL to graphene
surface via the hydrophobic interaction between butyl chains of PLL and graphene surface, cation—=
interaction of protonated amine groups on PLL with the 7 electrons in graphene, and electrostatic
interaction between the protonated amine groups on PLL and the negatively charged carboxyl groups
remaining on graphene. All these interactions make the resultant PLL-G hybrid stable and dispersible in
aqueous solutions. The resultant hybrid is then used to construct high performance biosensors. As
demonstration, hemoglobin (Hb) carrying negative charges can be easily immobilized on the hybrid via
electrostatic interactions with the positively charged lysine side chains of PLL modified on graphene
surface, forming the Hb@PLL-G bionanocomposite. The immobilized protein retains its native structure
and exhibits reversible direct electrochemistry. The Hb@PLL-G based enzymatic electrochemical
biosensor shows excellent catalytic activity toward its substrate hydrogen peroxide. Its electrochemical
response shows the linear dependence of hydrogen peroxide concentration in a range between 10 uM
and 80 pM with a detection limit of 0.1 pM. The apparent Michaelis-Menten constant is calculated as
0.0753 mM, demonstrating the significant catalytic ability of the protein. The present strategy can be
extended to modify other carbon materials and the resultant nanocomposites are promising for
construction of biosensors, bioelectronics and biofuel cells.

optoelectronics,’® electronics,® supercapacitors,”® fuel cells,'***

batteries,'> photocatalysis,'®'” photovoltaics,' and chemical

Graphene with a unique two-dimensional lamellar structure
possesses diverse outstanding properties such as large surface
area (2630 m> g~ '), high intrinsic carrier mobility at room
temperature (=10° cm® V™' s7'), and excellent mechanical
strength and thermal conductivity compared to graphite.*™
These properties make graphene an ideal building block for
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and biosensors.'*** However, a challenge appears since gra-
phene sheets readily stack into graphite in aqueous or most
organic media via van der Waals and - attractions between
neighboring sheets.”” Such irreversible change certainly
increases the difficulty of keeping them in storage and degrades
the appealing properties of graphene. In addition, it has been
reported that intrinsic fullerene and carbon nanotubes are
biologically toxic. These nanoscale materials may plug into
some proteins or cells via the hydrophobic interactions,
destroying the biological functions of biomolecules and
cells.?®*° As the basic structural element of some carbon allo-
tropes including graphite, charcoal, carbon nanotubes and
fullerenes, intrinsic graphene will be subjected to the same
biologically toxic problem when applied to biological systems as
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fullerenes and carbon nanotubes. These problems arouse
scientists around the world to enhance the properties of gra-
phene through functionalization or by forming hybrids and
composites.

As a result, various strategies have been proposed to improve
or enhance the surface properties of graphene.®* Attention is
first directed toward covalent modification with chemical bonds
of high dissociation energy. This is the most effective method to
prevent modifiers detaching from the graphene surface.**** But
it also brings the problem that the structural integrity of the
sp*-hybridized carbon network would be interrupted by these
new bonds or foreign atoms like nitrogen, boron, sulfur and
phosphor. In this regard, non-covalent modification is expected
to be a superior strategy. Instead of the covalent modification
method via strong chemical bond interactions, a non-covalent
modification approach through weak or long-range interactions
of van der Waals forces, electrostatic forces, coordination bonds
and hydrophobic forces, should be easily accessible.**** As it is
favorable over these classical interactions, -7 stacking has
recently been focused on, since it is relatively strong and will
specifically interact with the sp*carbon allotropes.** For
instance, polycyclic aromatic hydrocarbon (PAH) derivatives
have been used as typical w-type surfactants for graphene.***
Adsorption of these molecules onto graphene surface is facili-
tated by the m—m interaction appearing at the aromatic sites.
The derivative parts are usually hydrophilic and oriented away
from the hydrophobic surface to make the resultant hybrids
disperse well in aqueous media.**** Nonetheless, the solubility
of PAH derivatives is relatively low in neutral aqueous solutions.
It has been reported that the dispersion efficiency is directly
related to the surrounding effects, especially the concentration
of the modifiers.*® In order to improve the biological properties
and aqueous dispersion of graphene, biomolecules such as
peptides and DNA have been proposed to be ideal modifiers.*>*®
Recent works***® have demonstrated that single-stranded DNA
(ss-DNA) could easily interact with graphene or CNT to form
biocompatible hybrid and increased the solubility in water with
potential application in biosensing. With consecutive base pairs
serve as the - interaction sites, ss-DNA with high solubility is
believed to be a better dispersing agent. But for chemically
converted graphene, ss-DNA might be an inappropriate modi-
fier since they both carry negative charge which results in
electrostatic repulsion to decrease the stability of surface
modification. There are reports proving that ss-DNA-graphene
hybrid will be decomposed under DNA hybridization with
multiple hydrogen bonds.>** These results clearly demonstrate
that although non-covalent mode is a powerful approach to
improve the properties of graphene, the resultant hybrids or
composites may be degraded under inappropriate conditions
since single non-covalent interaction is relatively weak.

Poly--lysine (PLL) is a polycationic homopolymer of the
naturally occurring peptide r-lysine. It is antimicrobial and
usually used for cell growth, showing a perfect platform
substrate for protecting biomolecules.**** Periodically arranged
amine groups make this macromolecule completely soluble in a
wide range of solution pH. It has been successfully assembled
on graphene using a covalent approach.* In this method, high
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temperature and a large amount of alkali are necessary to
complete the ring-opening reaction. Under such critical condi-
tions, the stability of PLL is doubtful as amino linkers may be
easily disrupted. Lee and coworkers recently reported the
successful preparation of PLL and graphene derivative
composite via the electrostatic interactions and covalent
bonding.*® The resulted hybrid exhibits high biocompatibility
with human cell culture.

Herein, a simple approach to the assembly of PLL on gra-
phene sheets via a non-covalent method at room temperature
has been proposed to form stable and biocompatible hybrid
(PLL-G) in aqueous solutions. The morphology and structures
of the PLL-G hybrid were characterized by using electron
microscopy, atomic force microscopy and X-ray diffraction
microscopy. After the conformation of the assembled PLL on
graphene was characterized using circular dichroism spectros-
copy, the possible interactions between PLL and graphene have
been analyzed in details by the results from zeta potential
measurements, Raman and UV-vis spectroscopic characteriza-
tions. It is found that PLL adopts random conformation with
the nonpolar parts exposed to outside since its side chains are
positively charged under neutral conditions, allowing the
strong adhesion of PLL to graphene surface via hydrophobic
interaction, cation—7 interaction and electrostatic interaction.
Thus, the resultant PLL-G hybrid is stable in aqueous solutions
and biocompatible. The potential application of the hybrid in
biosensors has been demonstrated. The results demonstrate
that the PLL-G hybrid is a promising building block for the
construction of biosensors, biofuel cells, bioelectronics and
other applications in electrochemical and biological areas.

Experimental section
Reagents

Hemoglobin (Hb, M, ~ 64 500 from bovine blood), poly-L-lysine
hydrobromide (PLL, M, 30 000-70000) and Nafion per-
fluorinated resin solution (5 wt% in mixture of low aliphatic
alcohols and water, contains 45% water) were purchased from
Sigma (USA). Graphite powder (99.9995%, 100 mesh) was
purchased from Alfa Aesar Company (UK). Hydrogen peroxide
(H,0,, 30% w/w) was purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China) and its diluted solutions
were freshly prepared prior to measurements. Hydrazine solu-
tion (A.R.) was purchased from the Nanjing Chemical Reagent
Co. Ltd. (Nanjing, China) and used as received. Phosphate
buffer solutions (PBS, 20 mM) were prepared by mixing stan-
dard stock solutions of K,HPO, and KH,PO,. Other reagents
were of analytical reagent grade and used as received. All
aqueous solutions were prepared with Millipore water with a
resistivity of 18.2 MQ cm.

Apparatus

Zeta potential measurements were performed on a Zetasizer
Nano-Z system (USA). The morphology of PLL-G hybrid sample
was characterized by transmission electron microscopy (TEM,
JEM-200CX, Japan). The TEM samples were prepared by drying
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a droplet of the sample suspensions on a Cu grid with carbon
film. Images of the surface morphology of the PLL-G modified
glassy carbon electrode were taken using a scanning electron
microscope (SEM, S-4800, Japan). Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) curves were
obtained on a STA 449C Jupiter thermoanalyzer (Germany).
Atomic force microscope (AFM) images were acquired by using
an Agilent 5500 AFM/SPM system with Pico-scan v5.3.3 soft-
ware. The samples were freshly prepared and dried on a mica
plate. Imaging was performed in tapping mode under ambient
conditions. X-ray diffraction patterns were obtained on an X-ray
powder diffractometer (XRD, X'TRA, Cu K, radiation, Switzer-
land) and Raman spectra were recorded on a FT-Raman Spec-
trometer (Bruker Inc., German). UV-vis spectroscopic
characterizations were performed on a UV-3600 Spectropho-
tometer (optical distance: 10 mm, Shimadzu Scientific Instru-
ments Inc.) or Nanodrop-2000C Spectrophotometer (optical
distance: 1 mm, Thermo Fisher Scientific Inc.). Circular
dichroism (CD) spectroscopy was carried out on a J-810 Circular
Dichroism Spectrometer system (JASCO Corporation, Japan).
Electrochemical measurements were performed on a CHI 660D
electrochemical workstation (CH Instrument Inc., USA) at room
temperature. A conventional three-electrode system was adop-
ted using a saturated calomel electrode (SCE) as the reference, a
platinum wire as the counter electrode and the modified glassy
carbon electrode as the working electrode. 20 mM, pH 7.0 PBS
was chosen as the electrolyte in all experiments.

Preparation of graphene oxide

Graphene oxide (GO) was prepared from graphite according to
the Hummers-Offeman method.”” Briefly, graphite powder (6
2), K»5,05 (3 g) and P,Os (3 g) were mixed in 10 mL concentrated
sulfuric acid (18.0 M) and heated to 80 °C for 6 h. The mixture
was then diluted and filtered with deionized water. The as-
prepared product (2 g) was dispersed in cold concentrated
sulfuric acid (18.0 M, 46 mL, dry ice bath), and potassium
permanganate (KMnO,, 6 g) gradually added with continuous
vigorous stirring and cooling to maintain the temperature
below 20 °C. Then, 92 mL deionized water was added into the
mixture after heating at 35 °C for 2 h. The reaction was termi-
nated by adding 5 mL H,0, (30%) when the color of the solution
turned to bright yellow. The above suspension was then
centrifuged and washed with diluted hydrochloric acid. Finally,
the suspension was purified by dialysis for a week to remove
excess acid and was dried at room temperature to get the solid
product.

Preparation of graphene and PLL-G hybrid

To synthesis pure graphene, 10 uL hydrazine hydrates was
dropped into 10 mL GO suspension (10 mg GO powder was
redispersed in 10 mL water) and refluxed for 1.5 h at 100 °C. The
mixture was then rotary evaporated several times to remove
excess hydrazine hydrate. After centrifugation, the supernatant
of graphene concentration was estimated to be 1.5 mg mL ™", 1
mL graphene dispersion was mixed with 2 mL PLL (2 mg mL ™)
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and the reaction product was kept static for 12 h at 4 °C to
obtain the PLL-G hybrid.

Preparation of Hb-PLL-G/GC electrode

A glassy carbon electrode with a diameter of 3 mm was polished
subsequently with 0.3 and 0.05 pm alumina slurries. Then, the
electrode was sonicated in ethanol and deionized water prior to
use. 5 uL of PLL-G dispersion was cast onto the pretreated GC
electrode. A beaker shielded the electrode so that the water
could evaporate slowly to form a uniform film on the electrode
surface. This modified PLL-G was then used as an excellent
matrix for protein immobilization. Immersion of this PLL-G/GC
in an Hb solution (3 mg mL " dissolved in pH = 8.0, 20 mM
PBS) for 12 h resulted in immobilization of Hb in the PLL-G
matrix, forming an Hb-PLL-G/GC electrode. After that, a
protection layer was coated on the modified GC electrode by
casting 1 pL of Nafion solution.

Results and discussion
Characterization of the PLL-G hybrid

Graphene suspension (330 uL) was converted from GO through
chemical reduction by hydrazine hydrate. The product was
diluted to 1 mL. Freshly prepared graphene disperses well in
aqueous media, forming a clear suspension without obvious
precipitates. If this suspension is kept static for about ten
hours, several aggregations occur as shown by Fig. 1a. As we
know, the GO suspension is stable because the strong electro-
static repulsion between neighboring GO sheets carrying
negative charges formed by deprotonation of surface carboxyl
or/and hydroxyl groups. After chemical reduction, most of these
oxygen-containing groups will be removed. In reality, a small
fraction, especially carboxyl groups at edge section remain,
which protect graphene from aggregation temporally.”®* Zeta
potential measurement shows that the reduced graphene is
negatively charged with zeta potential of —9.4 mV (Fig. 1e). The
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Fig. 1 Digital photos of graphene suspension (0.5 mg mL~") without (a) and
with (b) PLL modification after two weeks. TEM (c) and SEM (d) images of PLL-G.
(e) Zeta-potential of chemically reduced graphene in aqueous solution before
(black line) and after (red line) PLL modification. TGA (f) and DSC (g) curves of
graphene and PLL-G at scan rate of 10 °C per minute in N, atmosphere. Scale bar:
(c) 100 nm, (d) 3 um.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c2tb00454b

Published on 07 January 2013. Downloaded by University of Southern California on 01/04/2014 14:35:17.

absolute value is relatively small, suggesting the instability of a
colloidal system.®® However, the stability of the reduced gra-
phene suspension can be considerably improved if diluted with
PLL solution (670 pL). After several months of storage, there are
no precipitates observed (Fig. 1b). A TEM image of the PLL-G
hybrid reveals an ultra-thin flat sheet with many wrinkled, fol-
ded structures and scroll edges (Fig. 1c), showing the typical
structure of graphene since perfect two-dimensional atomic
crystal is not stable at room temperature. Corrugations unex-
pectedly make graphene with a large size thermodynamically
balanced.®® When cast on an electrode surface, the wrinkle
structures are also observed as indicated by the SEM image
(Fig. 1d), demonstrating that PLL-G membrane on the electrode
surface also has a similar structure of single layered PLL-G. PLL
modification of the reduced graphene results in a change of zeta
potential to 57.9 mV (Fig. 1e) which is much larger than the
reduced graphene, suggesting more positive surface charges are
generated on graphene. The pK, of PLL is 10.0-10.3.** Thus, PLL
should be positively charged due to the protonation of amine
groups on polymer side chains in nearly neural conditions,
which drives the assembly of PLL with negatively charged gra-
phene. Thus, electrostatic interaction between PLL and gra-
phene is one of the driving forces for their assembly.

The electrostatic interaction between PLL and graphene is
also confirmed by the TGA and DSC experiments. For the
chemically reduced graphene, a weight loss of 26% (Fig. 1f) is
observed when the temperature changes from 70 to 140 °C. This
can be attributed to the evaporation of residual moisture and
pyrolysis of the oxygen-containing groups. The corresponding
DSC plot (Fig. 1g) verifies an endothermic peak at around
108 °C, which represents the rate of weight loss reaching a
maximum. For the PLL-G hybrid, both the TGA and DSC curves
show different features. This hybrid begins to lose weight at a
temperature of 50 °C. The corresponding endothermic peak
down shifts to 78 °C as well. We assume that the initial weight
loss results from strong hygroscopicity of PLL which means that
the PLL-G surface carries a certain amount of moisture. In
addition, another exothermic peak is observed at around
200 °C, which can be attributed to the crystallization process of
polymer chains, proving that PLL has not been disrupted at this
temperature.®*® Fig. S21 shows that significant weight loss of
PLL did not appear until the temperature reached 260 °C.
Therefore, it can be concluded that the weight loss of PLL-G
hybrid at temperature lower than 200 °C is mainly due to the
decomposition of oxygen-containing groups embedded within
graphene. Comparing the slopes of the TGA curves for graphene
and PLL-G in the temperature range from 50 to 200 °C, it is
obvious that the decomposition rate of PLL-G is much slower,
suggesting the electrostatic interaction occurs between gra-
phene and PLL.

AFM experiments indicate the average height of freshly
prepared graphene nanosheet is about 0.8 nm (Fig. 2a). In
contrast, substantial roughness is presented on PLL-G, as well
as the average height increases to 2.5 nm (Fig. 2b). The
increased thickness of PLL-G should be due to the assembly of
PLL at both sides of graphene sheets since the diameter of
lysine is 0.863 nm as measured by scanning tunneling
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Fig.2 AFM images and cross-sectional images of graphene (a) and PLL-G (b) on
freshly cleaved mica surfaces, and their corresponding X-ray diffraction
patterns (c).

microscopy.® This result is in good agreement with the one
obtained from X-ray diffraction characterizations (Fig. 2c).
Pristine graphene shows a characteristic peak at 24.2°, slightly
smaller than the 002 reflection of natural graphite as described
previously.®® This discrepancy is expected due to the residual
oxygen-containing groups or moisture remaining on graphene
sheets. After modification with PLL, the characteristic peak of
graphene becomes less sharp. In addition, a new diffraction
peak at 12.9° appears, indicating the formation of a new
ordered structure. The interlayer distance of PLL-G hybrid,
calculated based on the Bragg's equation, is 6.68 A, approxi-
mately representing the average thickness of PLL on graphene,
which is in good agreement with the AFM results as well.
Raman spectroscopy is able to distinguish graphene from
graphite, and is very sensitive to the surface charge (namely
doping effect), structural defects and layer numbers.*” In this
work, the Raman spectra were recorded with a laser excitation
wavelength of 514 nm. Both the samples display the typical
D-band, G-band and 2-D band of graphene (Fig. 3). The 2-D
band at 2678 ecm ™' is the second harmonic of D-band, which
can be used to decide the layer numbers of graphene.*®® As
shown in Fig. 3, the 2-D band of PLL-G is more intense and
sharper than that of pristine graphene, indicating few layers of
graphene in the PLL-G system due to the effective protection
effect of PLL. The two well-defined bands between 1350 and
1600 cm ™" reflect the structural defects (D-band, 1350 cm ™)
and graphitization degree (G-band, 1594 cm ') of graphene,
respectively.®® The intensity ratio of D-band to G-band (Ip/Ig)
increases from 0.91 to 1.09 before and after PLL modification of
graphene. In our measurements, PLL does not show any Raman
signals within the studied wavenumber range. The stronger
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Fig. 3 Raman spectra of graphene and PLL-G.
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D-band intensity should be ascribed to the electronic structure
of sp>carbon atoms on graphene.”®”* Therefore, the Raman
characterizations imply that other driving forces are involved in
the assembly of PLL onto the graphene surface besides the
electrostatic interaction mentioned above.

The ultraviolet-visible (UV-vis) spectrum reflects the state of
valence electrons in graphene. As shown in Fig. 4a, the pristine
graphene displays a maximum absorption by w-7* electron
transition at 233 nm, attributed to the rich sp>-carbon atoms.
After immobilization of PLL, the formed PLL-G hybrid shows an
absorption peak at 266 nm with a significant red shift, indi-
cating that some groups on PLL have conjugated with the
m-electrons of graphene. The UV-vis absorption of pure PLL
locates at 217 nm. Around this wavelength, only protonated
amine groups on polymer side chains with n-m* electron
transition or carbonyl groups on polymer backbone with 7w—m*
electron transition is allowed, while the transition probability of
the latter is apparently much higher. In the presence of gra-
phene, the absorption of PLL inversely blue shifts to 208 nm,
meaning that the carbonyl groups cannot conjugate with gra-
phene. Therefore, only protonated amines are suggested to
conjugate with graphene via the cation-m interaction as repor-
ted previously.” It has been reported that cation-m interaction
is widely present within biomolecules via the interaction
between partial inorganic cations and polar organic groups with
the aromatic systems. Lee and coworkers”™ recently demon-
strated that potassium and sodium ions can be fixed on the
surface of graphene by cation-m interaction. The incorporation
of cations shifts the Fermi level of graphene to the conduction
band, displaying an n-type doping effect. In the present work,
once amine is protonated, its binding energy with aromatic
rings will be comparable to the one from potassium ions.”
From both the Raman and UV-vis spectra, we can assume that
PLL functions as a doping agent for graphene. The arrangement
of m-electrons in PLL modified graphene is altered through
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Fig.4 (a) UV-vis spectra of PLL, graphene, PLL-G and Hb-PLL-G. (b) CD spectra of
PLL in aqueous solutions with and without adding graphene. (c) UV-vis spectra of
PLL in agueous solutions with pH values at 5.9 and 12. (d) Corresponding CD
spectra of PLL in aqueous solutions with pH values at 5.9 and 12.
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electron conjunction, which will change the surface charge of
graphene as confirmed by the increase of I,/I ratio (Fig. 3).

We propose that the observed blue shift in the UV-vis spec-
trum of PLL-G relates to the structural transformation of PLL in
the PLL-G hybrid. The secondary structure of PLL is sensitive to
external conditions.” For instance, at pH 12, strong intra/
intermolecular hydrogen bonds are generated on PLL by the
deprotonated amines. In Fig. 4d, the circular dichroism (CD)
spectrum presents double negative peaks at 210, 222 nm and a
positive peak at 196 nm, indicating the rich alpha-helix
conformation of PLL. If adjusting the solution pH to 5.9, amine
groups will be protonated. Thus, the hydrogen bonds will be
replaced by the electrostatic repulsion. In this case, the CD
curve displays only one negative peak at 197 nm and one broad
positive peak around 217 nm, indicating that the secondary
structure of PLL mainly takes the random-coil conformation.™
This change in conformation can also be observed by the
change of UV-vis absorbance band of PLL for pH 5.9 to 12
(Fig. 4c). In the presence of graphene, the intra/intermolecular
interaction of PLL is disturbed by the electrostatic and cation-m
interactions as mentioned above. The random conformation of
PLL transfers to another status as reflected by the CD results
(Fig. 4b). In addition, comparing with the ordered a-helix or
B-sheets, the random conformation of PLL is more beneficial for
exposing its nonpolar parts (butyl chains with relatively hydro-
phobic properties). Therefore, the hydrophobic force between
the butyl chains and the surface of graphene also participates in
forming the PLL-G assembly.

Based on the above analysis, the modification mechanism of
PLL onto the surface of graphene can be summarized as in
Fig. 5. In the PLL-G assembly, PLL adopts a random confor-
mation with the nonpolar parts exposed to the outside since its
side chains are positively charged under neutral conditions.
This conformation allows the strong adhesion of PLL to the
surface of graphene via the hydrophobic interaction between
the butyl chains of PLL and the surface of graphene, cation-7
interaction of protonated amine groups on PLL with the =
electrons in graphene, and electrostatic interaction between the
protonated amine groups on PLL and the negatively charged
carboxyl groups remaining on graphene. All these interactions
make the resultant PLL-G hybrid stable and dispersible in
aqueous solutions.

! nonpolar&
i hydrophobic
'+ Site

PLL molecular formula

~~ PLL

© Protonated amine |

Fig.5 Schematic representation of the driving forces taking part in the assembly
of PLL onto graphene surface, including (1) hydrophobic interaction, (2) proton-
ated amine-m electrons interaction and (3) electrostatic interaction.
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Direct electrochemistry of Hb-PLL-G on GC electrode

The immobilized Hb was first characterized using UV-vis spec-
troscopy. As shown in Fig. 6a, a soret band of the immobilized
Hb appears at 409 nm, which is centered at the same wave-
number as that for Hb in solution. This demonstrates the
immobilized Hb retains its natural conformation. In addition,
the immobilized Hb can exchange electrons directly with the
electrode (Fig. 6b). As expected, the pure PLL-G modified elec-
trode does not show any Faradaic features besides the double
layer charging. While, the Hb-PLL-G/GC electrode shows a pair
of well-defined and quasi-reversible redox peaks with a cathodic
peak at —0.388 V (vs. SCE) and an anodic peak at —0.327 V
(vs. SCE). The formal potential [E® = 1/2(Epe + Epa)] is —0.356 V
(vs. SCE), coinciding with the characteristic heme redox couple
of Hb reported previously.””® Fig. 6¢ and d show that both the
anodic and cathodic currents linearly increase with increasing
the scan rate, suggesting the process of direct electron transfer
is surface-controlled. From the peak-to-peak separations in
Fig. 6e, the rate constant (k) of direct electron transfer can be
determined according to the Laviron's equation.”” Assuming the
charge-transfer coefficient « = 0.5 and the number of electrons
(n = 1) for one electron transfer process, ks is calculated to be
5.7 s~ L. In addition, it is found that the formal potential (E*) of
the redox couple changes linearly with solution pH from 4.47 to
9.26 (Fig. 7a). A slope of about —49.8 mV/pH (Fig. 7b) implies
single proton taking part in the electron communication of Hb
with the underlying electrode.

Electrocatalytic activity of the Hb-PLL-G/GC electrode toward
hydrogen peroxide reduction

The electrocatalytic activity of the Hb-PLL-G/GC electrode
toward H,0, was also studied by cyclic voltammetry. As
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Fig. 6 (a) UV-vis spectra of free Hb in PBS buffer (pH = 7.0) and Hb-PLL-G in pure
water. (b) Cyclic voltammograms of the PLL-G/GC and Hb-PLL-G/GC electrodes in
a Ny-saturated PBS (20 mM pH = 7.0) at a scan rate of 100 mV ) Cyclic
voltammograms of the Hb-PLL-G/GC electrode in a Ny-saturated PBS (20 mM
pH = 7.0) at different scan rate of 0.01, 0.025, 0.05, 0.1,0.2,0.3,0.4,0.5,0.6,0.7,
0.8, 0.9 and 1.0 V s~". (d) Plot of the corresponding cathodic and anodic peak
currents versus scan rate. (e) Plot of the corresponding cathodic and anodic peak
potentials versus logarithm of scan rate.
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Fig.7 (a) Cyclic voltammograms of the Hb-PLL-G/GC electrode in a N,-saturated
PBS with different pH values (from right to left) at 4.47,5.02, 5.54, 6.00, 6.54, 7.00,
7.54,8.00, 8.45 and 9.26. (b) Plot of the formal potential (E) versus solution pH.

presented by Fig. 8a, upon addition of 2 mM H,0, into the PBS
electrolyte, the reduction current became considerably larger,
originating from the reduction of H,O, catalyzed by the active
center of immobilized Hb. In contrast, the PLL-G/GC electrode
shows a much smaller response to the same amount of H,O,.

The observed significant electrocatalytic activity of Hb
immobilized in the matrix of PLL-G enables us to sensitively
detect H,O, in solutions. As shown in Fig. 8b, the amperometric
response of Hb-PLL-G/GC electrode keeps increasing with
successively injecting 10 uM H,0, into the testing solution. The
calibration curve of the current response as a function of H,O,
concentration is linear in the concentration ranging from 10 uM
to 80 uM (the correlation coefficient of 0.997) with a detection
limit of 0.1 uM (S/N = 3).

The apparent Michaelis-Menten constant, KPP, is an
important parameter representing the affinity of enzyme to the
substrate in the constructed system. The numerical value of
KPP is equal to the concentration of the substrate when the
enzymatic reaction speed reaches the half maximum, which can
be estimated in terms of the Lineweaver-Burk equation, (1),

Vig = Uimax + 1/KXPC (1)

where, i is the steady-state current, C is the H,0, concentra-
tion, and iy, represents the maximum current. The KiFP is
calculated to be 0.0753 mM according to eqn (1). This value is
much smaller than that obtained in many other papers,”®”
demonstrating the catalytic ability of Hb is well retained in our
system.

50 100 150
[H,0,J/uM

-30 T —PLLG

09 06 -03 00 03 500 1000 1500
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Fig.8 (a) Cyclic voltammograms of the modified electrodes in PBS (20 mM pH =
7.0, scan rate 100 mV s~ '). Hb-PLL-G/GC and PLL-G/GC electrodes in N,-saturated
PBS before (solid curves) and after (dashed curves) adding 2 mM H,0.. (b) Current
responses of the Hb-PLL-G/GC electrode at —0.35 V (vs. SCE) upon successive
injecting 10 uM H,05 into 10 mL Ny-saturated PBS (20 mM, pH = 7.0). Inset shows
the corresponding calibration plot.
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Conclusions

In summary, we have proposed a new strategy to prepare a
highly compatible and stable graphene hybrid using PLL and
applied this novel hybrid as an excellent matrix to immobilize
Hb. As indicated by experimental results, hydrazine hydrate
reduced graphene carries weak negative charges and PLL
adopts random conformation in neutral solution. The assembly
of PLL on graphene surface is droved by multiple non-covalent
interactions, including the electrostatic interaction, cation-m
interaction, and hydrophobic interaction. Multiple non-cova-
lent interactions preserve the pristine properties of graphene
after assembling with PLL, while the stability, dispersibility and
biocompatibility have been significantly improved. For
example, the immobilized hemoglobin in PLL-G matrix can
ready exchange electrons with the underlying electrode and its
biocatalytic activity is retained. The present non-covalent
approach for synthesis of a PLL-G hybrid with enhanced prop-
erties compared to graphene shows various advantages and the
resultant hybrid will provide a promising platform for exploring
the application of graphene or analogous carbon materials as
biomaterials and building blocks for the construction of
biosensors, bioelectronics and biofuel cells.
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