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Direct bioelectrocatalysis by redox enzymes immobilized in
electrostatically condensed oppositely charged polyelectrolyte
electrode coatings

Koun Lim?, Monika Sima®, Russell J. Stewart®, Shelley D. Minteer?

The Immobilization of enzymes on an electrode surface is critical in preserving enzyme activity and providing a sufficient
electron transfer pathway for bioelectrocatalysis. Here, we present a novel single-step, cross-linker free immobilization for
direct bioelectrocatalysis using an ionic strength induced phase inversion of oppositely charged polyelectrolytes. Cationic
poly-guanidinyl-propyl-methacrylate (pGPMA, PG) and anionic inorganic polyphosphate, sodium hexametaphosphate (P6)
were used to make electrostatically condensed phase (PGP6). A mixture of PGP6 and laccase (LAC) from Tramates
versicolor or HRP (HRP) from Armoracia rusticana was deposited on the electrode surface and was submerged in DI water
to form white porous electrode coatings. Each electrode showed a current generation corresponding respective substrates

via

Introduction

Oxidoreductases are a class of enzymes that have the ability
to catalyze redox reactions in living organisms 2, Starting in
the early 1960s, attempts were made to immobilize a variety
of oxidoreductase onto the surface of an electrode, which
sparked the research field of bioelectrocatalysis with
applications to biosensors, biofuel cells, and bioelectronics3-6.
Immobilization of enzymes to achieve bioelectrocatalysis must
meet a crucial requirement - the immobilized oxidoreductase
must establish a facile electron transfer path to and from the
electrode’- 8. In such a case, the specific substrate undergoes
oxidation or reduction catalyzed only by the immobilized
oxidoreductase, and the electrons used in that redox reaction
are monitored at the electrode surface. Mediated electron
transfer (MET) and direct electron transfer (DET) are two-
electron transfer paths established by the immobilized
oxidoreductases. MET refers to an electron shuttle system
using reversible redox-active molecules. These molecules
undergo a rapid reduction and oxidation between the
electrode surface and oxidoreductases to shuttle electrons
between the enzyme and the electrode to complete the
enzymatic reaction® 10, On the contrary, DET refers to
unassisted, distance-dependent tunneling of electrons
between active sites of the oxidoreductase and the electrode
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surfacell. 12, Both electron transfer paths are common in
bioelectrocatalysis.

Generally, enzyme immobilization strategies involve physical
adsorption, electrostatic adsorption, entrapment, and covalent
attachment?!3. 14, A typical procedure involves covalently cross-
linking the target protein to a polymer matrix for entrapment.
The benefit of using a polymer matrix is its ability to facilitate
both MET and DET via grafting different redox-active pendant
or pyrene moieties on the backbone of the polymer1s-18,
However, the use of chemical cross-linkers sacrifices residual
enzyme activity after immobilization due to denaturation
resulting from covalent binding of nucleophilic sites of
enzymes and activity loss from rigidity restricting enzyme
function1®-21, Also, depending on the choice of the cross-
linkers, the curing time can be long enough to cause thermal
destabilization of enzymes. One method to avoid cross-linkers
for enzyme immobilization is layer-by-layer (LBL) enzyme
absorption. Historically, LBL enzyme absorption by creating a
multi-layer of enzyme and polyelectrolytes (PE) have shown to
achieve bioelectrocatalysis at its most advantageous condition
of mild working conditions in aqueous solution and its
flexibility in obtaining different immobilization structures 22-27,
These PE layers could immobilize enzymes via physical
entrapment or charge interaction. Water-soluble enzymes
have a certain degree of surface charges in solution, and the
oppositely charged PEs interact with the surface charges of
enzymes and other charges of PEs in order to create an
enzyme-PE layer. However, the LBL method is a multi-step
procedure with a risk of thermal destabilization of enzymes.
Thus, we present a convenient one-step method to immobilize
redox enzymes on electrodes based on ionic strength induced
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phase inversion of electrostatically condensed oppositely
charged PEs.

Depending on the solution conditions, sets of oppositely
charged water-soluble PEs can exist in several morphologies
ranging from solutions, to colloidal suspensions of PE
complexes, to concentrated phase-separated fluids (complex
coacervates), to ionic solids?8 2%, The morphology of a given set
of condensed PEs is determined by solution conditions that
affect the positive to negative charge ratio and the strength of
electrostatic interactions, conditions that can include pH,
dielectric constant, and ionic strength (1)32. The solution | is a
convenient means to control the degree of counterion
shielding between the polymeric charges, and thereby the
morphology of the PEs. At monovalent ion concentrations
above a critical I, the PEs are completely dissolved. At
intermediate salt concentrations, the PEs associate
dynamically and condense into a phase-separated liquid
morphology, known as a complex coacervate. At low |, the PEs
condense further into solid morphologies. The morphology can
be transformed from the condensed fluid to the condensed
solid morphology by changing the concentration of
monovalent counterions in the environment31.

The PEs used to form the electrode coating described here
were cationic poly-guanidinyl-propyl-methacrylate
(PGPMA)32, and anionic inorganic polyphosphate, sodium
hexametaphosphate (P6). The ionic strength induced phase
inversion of a polyguanidinium and polyphosphate complex
coacervate was previously reported3!. At high NaCl
concentrations, this PE system forms a phase-separated low
viscosity adhesive fluid that can be applied to and spread as a
thin layer on electrode surfaces, wet or dry. When introduced
into a low | aqueous solution, the thin fluid coating undergoes

rapid phase-inversion into a solid microporous
pGPMA inorganic hexametaphosphate, P6
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Figure 1. lonic strength induced phase inversion of PGP6 complex
coacervates into porous solid electrode coatings. PGP6 chemical
structures (a) is shown with the appropriate mol ration of
guanidinium side group. The illustrative scheme (b) shows the
dynamic ionic interactions between PG (red line), P6 (blue
line), and monovalent ions (solid dots) for the phase inversion
«©of PGP6. The corresponding photos (c) of the different phases
as a condensed liquid and white porous solid coating of PGP6

coating. Including enzymes in the adhesive fluid creates a
simple one-step method to surface-immobilize enzymes in
dimensionally stable surface coatings. Because the system is
entirely aqueous and requires no covalent crosslinking
reactions, enzymes mixed into the fluid phase retain their
structure and activity. We demonstrate DET from laccase and
horseradish peroxidase immobilized in the PGP6 electrode
coatings.

Results and discussion

lonic strength induced phase inversion of PGP6 for enzyme
immobilization

The PGP6 in 0.8 M NaCl was a condensed solution at the
bottom of the scintillation vial, as shown in Figure 1 (left
photo). In the condensed liquid form of PGP6, the charges of
PEs are shielded by the surrounding salt ions, which shielded
the associative ionic interactions of PEs. After the liquid PGP6
was deposited and spread onto a dry 0.25 cm?2 Avcarb
electrode surface, the electrode was immersed in water. As
the monovalent ions diffused out of the PGP6 layer, the
oppositely charged PEs associated more strongly, resulting in a
rapid phase inversion into a solid microporous coating, as
shown in Figure 1 (right photo). Enzymes were immobilized in
the coatings by adding up to 10% v/v of a solution of enzymes
into the PGP6 liquid phase before electrode deposition. To
ensure the enzyme entrapment, laccase was labeled with
Fluorescein isothiocyanate. The labeled laccase was mixed
with PGP6 at 10% v/v (PGP6-F-LAC). Under confocal
fluorescence microscopy, the hydrated PGP6-F-LAC, as shown
in Figure 2, showed a porous structure with ranging sizes and
an even distribution of F-LAC throughout the solid phase of the
electrode coating.

Bioelectrocatalysis of laccase from Trametes versicolor

Figure 2. The confocal fluorescent microscope image of PGP6-F-
LAC. Scale bar = 100 uM

This journal is © The Royal Society of Chemistry 20xx
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The most crucial requirement of enzyme immobilization for
bioelectrocatalysis is an establishment of electron transfer
paths. Thus, laccase, an extensively researched enzyme known
to facilitate DET, was loaded into the PGP6 coatings to confirm
direct bioelectrocatalysis. At the active site of laccase, it has 3
copper cites critical to the catalytic function. A single copper
entity is called T1 copper site (T1), and a cluster of three
copper entities made up of one type 2 copper (T2), and a
binuclear type 3 copper (T3) is called a trinuclear cluster (TNC).
The T1 is responsible for gaining electrons from the oxidation
of respective substrates or the electrode. Then, the collected
electrons are transferred to the TNC, where a four-electron
reduction of oxygen to water occurs33.34, The onset potential
of the oxygen reduction by laccase was near 0.6 V vs. SCE16. 35,
36, To confirm the reduction of O, to H,O via DET of laccase,
the CVs and SWVs of the PGP6-LAC electrodes were performed
under aerobic and anaerobic environment.

Sweeping the potential window of CV from 0.8V to 0.3V vs.
SCE, the catalytic currents recorded corresponded to the
reduction of O, to H,0 by laccase with the approximated onset

O, +4e-+4H* 2 HO
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potential at 0.65V vs. SCE as shown in Figure 3a. In order to
confirm that the electrochemical response was via DET, SWV
was performed. Sweeping in a forward direction, as shown in
Figure 3b, a reduction peak of the T1 in the active site of
laccase was observed at 0.61V vs. SCE, confirming the onset
potential observed for CV. Sweeping in the reverse direction,
as shown in Figure 3c, the oxidation peak of the T1 was, once
again, observed. This observation indicated the reversibility of
the active redox center of laccase. On the other hand, the
control electrode without laccase loading did not show a
visible redox activity from the given potential range from the
CVs and the SWVs. Therefore, the PGP6-LAC was deduced to
reduce oxygen to water via DET. An optimization of deposition
volume, dithiothreitol treatment to reverse the chloride
inhibition of laccase and the enzyme loading into the PGP6
coatings were performed using CVs and shown in Figure S5, S6,
and S7, respectively3’.

Bioelectrocatalysis of horseradish peroxidase from Armoracia
rusticana

150+
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Figure 3. Representative electrochemical measurements of PGP6-LAC electrodes. All tests were performed in 100mM
acetate buffer at pH 4.5. The cyclic voltammetry (a) was performed at a scan rate of 5 mV s. The square wave
voltammetry (b), (c) was performed using 1 mV increment, 1 mV amplitude and frequency at 1Hz. The control electrode
was deposited using PGP6 and water and tested under O; saturation. The blank electrode, grey line, was deposited using
active laccase and PGP6 and tested under N; saturation. The test electrode, red line, was deposited using active laccase

and PGP6, tested under O; saturation.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Representative electrochemical measurements of PGP6-HRP electrodes. All tests were performed in 100mM MOPS buffer at pH
7. The Michaelis—Menten enzyme kinetic (a) for PGP6-HRP was performed via amperometry held at -0.5 V vs SCE. The cyclic voltammetry
(b) was performed at a scan rate of 5 mV s using PGP6-HRP and a blank electrode, AvCarb. The 7-day stability test, reported as a
normalized current density (c) was performed using amperometry held at -0.5 V vs SCE.

Confirming the DET of laccase immobilized in PGP6 coatings
led to us investigating horseradish peroxidase (HRP), an
enzyme known to facilitate the reduction of hydrogen
peroxide via DET, to further show the flexibility of PGP6 as an
enzyme immobilization support in the negative potential
region.

Sweeping the potential window of CV from OV to -0.6 V vs.
SCE, the catalytic currents recorded corresponding to the
addition of H,0; with the approximated onset potential at -0.1
V vs. SCE as shown in Figure 4b. Comparing to the previously
published onset potential for DET of HRP around -0.3V vs.
SCE38-40, the observed onset potential of PGP6-HRP was shifted
towards the positive region. A comparison of SWVs using a
blank electrode, AvCarb, without any PGP6 and enzyme
loading, a control electrode, PGP6, without enzyme loading
and PGP6-HRP electrodes was constructed to investigate a
shift in the onset potential and to confirm that the current
response of H,0; reduction was via DET of HRP.

Sweeping an extensive range of potentials from 0.3 V to -0.6 V
vs. SCE, as shown in Figure 5, a defined reduction peak at -0.1
V vs. SCE was observed for all three electrodes, indicating the
shifted onset potential observed for CVs was possibly due to
an impurity from bare AvCarb electrodes. Also, as shown in
Figure S8, the blank electrode slightly responded to the
addition of 1M hydrogen peroxide with the onset potential
around -0.1 V vs. SCE, and the overlay of the direct hydrogen

4| J. Name., 2012, 00, 1-3

peroxide reduction to the catalytic current observed by HRP is
shown in Figure 4a. While the current contribution may be
negligible, the effect of capacitive current with PGP6-HRP can
show the onset potential of direct hydrogen peroxide more
obvious. Thus, the positive shift of electrodes could be a result
of both the impurity of AvCarb electrodes and the direct
reduction of hydrogen peroxide.

Also, shown in Figure 5a, there was an observable peak around
-0.4 V vs. SCE, matching with the literature value of the heme
active site within HRP. Understanding the current contribution
of direct hydrogen peroxide reduction was negligible, the
catalytic current observed in Figure 4a was deduced to be DET
of HRP responding to the addition of hydrogen peroxide.

The feasibility of PGP6-HRP as a working biosensor was
assessed by the evaluation of the Michaels-Menten kinetics
shown in Figure 4a and the 7-day stability test shownin figure
4c. The Michaelis—Menten kinetics (Ky) of the direct
bioelectrocatalysis of PGP6-HRP was evaluated by non-linear
regression and reported an apparent Michaelis—Menten
constant (K,‘:lpp) of 105.8 uM, with an associated maximum
current density of 5.2 pA cm=2. The Krflpp of PGP6-HRP was
nearly 1 order of magnitude smaller than those reported K,?lpp
of other HRP biosensors using comparable polyelectrolyte LBL
system such as quaternized poly(4-vinylpyridine)*! (4.3 mM),
quaternized poly(4-vinylpyridine) complexed of (Os(bpy),Cl)*/2+
(3.4 mM)*2, nanocomposite of methylene blue multiwalled

This journal is © The Royal Society of Chemistry 20xx
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carbon nanotubes (3.56 mM)43. On the other hand, the linear
detection range of PGP6 was 19 uM to 30 uM while the
previously compared LBL system showed a linear range varying
from 1 uM to 4 mM. Based on this comparison, PGP6 shows a
promising H,0, substrate affinity but suffers from the low
range of the detection limit.

The durability of PGP6-HRP coating over time was evaluated
by the 7-day stability test with the day when PGP6-HRP
electrodes were made was considered as Day 0. The PGP6-HRP
electrodes showed the highest current density of 3.6 pA cm™2
on day 1, and the initial decrease in the total current density
was observed until the stabilization of the current density after
day 3. It is deduced that from day 1 to day 3, the entrapped
HRP within the PGP6 coatings gradually leached out until the
equilibrium was achieved. After the equilibrium was achieved,
the PGP6-HRP electrodes maintained its electrochemical
activity, suggestive of stable entrapment. This result shows

PGP6 a promising application as-needed enzyme
immobilization method.
Experimental
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Figure 5. A comparison of representative square wave

voltammograms (a) of PGP6-HPR, PGP6, and AvCarb electrodes. An
enlarged SWV of AvCarb electrode (b) was separately shown. All
SWVs were performed at 5 mV increment, 5 mV amplitude, and
the frequency at 1 Hz on the second day of storing the PGP6-HRP
electrodes.

This journal is © The Royal Society of Chemistry 20xx
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Chemicals

Purified laccase (LAC) was purchased from Amano Enzyme
Inc. Horseradish peroxidase (HRP) was purchased from Sigma
Aldrich. Acetic acid (MFCD0003615), triethylamine (TEA,
BP616-500), acetone (A18-20), methanol (A412-20), and ethyl
ether anhydrous (EE, E138-20) were purchased from Fisher
Chemical. Lithium bromide was purchased from MP
Biomedicals. Ethylene glycol diglycidyl ether (EGDGE) and N-(3-
Aminopropyl)methacrylamide hydrochloride (APMA®HCI) were
purchased from Polysciences, Inc. N,N- Dimethylformamide
(DMF, 22915) and methacrylamide (MA, L15013) were
purchased from Alfa Aesar. 4-methoxyphenol (M0123) was
purchased from Tokyo Chemical Industry Chemicals and 1H-
Pyrazole-1-Carboxamidine hydrochloride (PCA, 21678) was
purchased from Chem-Impex International. Avcarb paper
(MGL190) was purchased from Fuel Cell Store and was pre-cut
into 0.25 cm?electrodes. Water used was filtered with
Ultrapure Milli-Q system. All other chemicals used were
purchased from Sigma Aldrich and used as received without
further purification.

Synthesis of N-(3-methacrylamidopropyl)guanidinium chloride
(GPMA)

GPMA was synthesized as previously described3? with some
modifications. Briefly, APMAeHCI (25g) and 4-Methoxyphenol
(0.250g) were dissolved in 140mL DMF, Triethylamine (17g)
was added to the reaction mixture and was under stirring for
10 minutes prior to the addition of 1H-Pyrazole-1-
carboxamidine monohydrochloride (20.51g), the flask was
closed with a septum cap and the reaction mixture was kept
under stirring for 17 hours. At the end of the reaction, the
TEAeHCI salt was filtered off. For the extraction, the resulting
oil was poured into ethyl ether under vigorous stirring until
the oil is completely dispersed in the solvent. Then, the
mixture was left to settle without stirring, and the solvent was
decanted. The process was repeated using the following
volumes of ethyl ether: 1) 4x the volume of the oil, 2) 3x the
volume of the oil, and 3) 2x the volume of the oil. The GPMA
monomer oil was analyzed by 'H NMR and HPLC, as shown in
Figure S1 and S2, respectively.

Synthesis of the synthetic polycationic polymer P-(GPMA-co-
MA), (PG)

The synthesis of P-(GPMA-co-MA) was synthesized as
previously described32, using conventional free radical
polymerization. The copolymer composition has 60 mol%
GPMA and 40 mol% methacrylamide. The V-501 initiator
comprises 3% (weight/volume) of the reaction mixture, total
monomer concentration is 1 M in 60% water/ 40% methanol .
The required amount of GPMA was dissolved in de-ionized
H,O and transferred into a round bottom flask, where dry
methacrylamide, V-501, and methanol were added to the
mixture. The reaction mixture was degassed with nitrogen gas
for 60 min and was polymerized under N; at 70° C for 3 hours.
The reaction was quenched by exposure to oxygen for 15
minutes. The cooled reaction mixture was precipitated into

J. Name., 2013, 00,1-3 | 5
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acetone under constant stirring. The precipitated polymer was
filtered off and dried under vacuum. The polymer was further
purified using a Millipore ultrafiltration system with Pellicon 2
Mini Cassette (Biomax 5 kDa), first using 10x volume exchange
of 150mM NaCl pH 3 (ImM HCI) and 20x volume exchange
using de-ionized water. The purified polymer was lyophilized.
The polymer was characterized using GPC and the 'H NMR, as
shown in Figure S3 and S4. The chemical structure of the final
product, P-(GPMA-co-MA), is shown in Figure 1A.

Complex coacervation of (PGP6) from p(GPMA-co-MA) (PG)
and sodium hexametaphosphate (P6)

This preparation protocol describes a 10 ml batch yields 800
uL of the coacervate. A 200 mg ml stock solution of sodium
hexametaphosphate and a 100 mg ml-! stock solution of PG
were prepared using de-ionized water. The pH of both
solutions was adjusted to 7.2~7.4 using 6M NaOH and 1M HCI.
1.2 ml of 5M NaCl, 1.915 ml of de-ionized water and 1.885 ml
of P6 were mixed and vortexed. Into the mixture, 5 ml of PG
was added to achieve a charge ratio of 2:1 (P6: PG) and a final
concentration of 800mM NaCl. The formed PGP6 was left at
20-22°C to equilibrate without any mixing/vortexing for at
least 12 hours. The sample was centrifuged for 5 minutes at
2000RPM at room temperature, the supernatant was
removed, and these steps were repeated once more. In order
to change the coacervate to the desired final salt
concentration, the required amount of 5M NaCl was added to
the sample and was agitated gently for a few hours.

Electrode fabrication

A stock solution of 50 mg ml-1 LAC and HRP were prepared
using purified water. A total of 20 uL PGP6 — enzyme mixture
was made by mixing 18 pL of PGP6 and 2 ulL of each enzyme
solution. On to the pre-cut 0.25 cm2AvCarb electrode surface,
1.5 pL of this mixture was deposited. These electrodes were
immersed in water for at least 30 minutes to harden the
coating. In the case of PGP6-laccase (PGP6-LAC) electrodes,
the electrodes were immersed in a fresh solution of 1 mM
dithiothreitol (DTT) prior to any electrochemical testings. In
the case of PGP6 — horseradish peroxidase (PGP6-HRP), all the
electrode fabrication was done under anaerobic conditions.

Laccase bioelectrocatalysis

Cyclic voltammetry(CV) and square wave voltammetry (SWV)
of PGP6-LAC electrodes were performed at room temperature
using 10 mL of 100 mM acetate buffer of pH 4.5 from 0.8 V vs.
SCE to 0.3 V vs. SCE. The CV was performed at 5 mV s= and the
SWV was performed using 1 mV increment, 1 mV amplitude,
and the frequency at 1 Hz. The buffer was purged with O for
10 minutes before the electrochemical testing and continued
the purge unless stated otherwise. For all electrochemical
testings of PGP6-LAC, CH instrument 660 E potentiostat (CH
Instruments, Austin, TX) with a 3-electrode system using a
saturated calomel electrode (SCE) as a reference, Pt mesh
electrodes as a counter electrode and PGP6-LAC as working
electrodes.

4| J. Name., 2012, 00, 1-3

Horseradish peroxidase bioelectrocatalysis

The CV and SWV of PGP6-HRP electrodes were performed
under anaerobic conditions using 10 mL of 100 mM MOPS
buffer at pH 7.0 from 0.1V vs. SCE to -0.7 V vs. SCE. The CV was
performed at 5 mV s'& and the SWV was performed using 5 mV
increment, 5 mV amplitude, and the frequency at 1 Hz using
the PGP6-HRP electrodes on the second day of storage. The
amperometric responses of PGP6-HRP to H,0, injections were
performed at -0.5 Vvs. SCE in 5 ml of 100 mM MOPS buffer
while stirred. In the case of storage stability, a total of 21
PGP6-HRP electrodes were made following the electrode
fabrication protocol under anaerobic conditions. To ensure
triplication of the stability test, these PGP6-HRP electrodes
were stored in groups of 3 in a scintillation vial with 16 ml of
water. These containers were sealed with a cap and were
stored at 4°C until the day of testings. The amperometric
responses were performed at -0.5 Vvs. SCE in 5 ml of 100 mM
MOPS buffer while stirred. The background current was
measured for 100 seconds, and then, the current response to
the addition of 100 uL of 10 mM H,0, was monitored for 600
seconds. For all electrochemical testings of PGP6-LAC, CH
instrument 1230 A potentiostat (CH Instruments, Austin, TX)
with a 3-electrode system using a saturated calomel electrode
(SCE) as a reference, Pt mesh electrodes as a counter electrode
and PGP6-HRP as working electrodes. The Michaelis—Menten
value was calculated using GraphPad prism 8.

Fluorescent confocal microscope

Laccase (LAC) was labeled with fluorescein isothiocyanate
(FITC) via the following procedure. A stock solution of 2 mg ml-
1 laccase was made using DI water, and a stock solution of 1
mg ml™ FITC was made using DMSO. A mixture containing 1
mL of LAC stock solution and 0.1 ml of FITC stock solution was
stirred at 4°C for 3 hours and then stirred overnight at room
temperature. The mixture was purified on PD-10 column and
freeze dried. A solution of 0.28 mg ml-! fluorescein-labelled
LAC (F-LAC) and 28 mg ml-tunlabeled laccase were prepared. A
mixture of these LAC solutions was made by mixing 1 uL of F-
LAC and 2 plL of unlabelled laccase solution. For depositing a
thin film for the microscopy, a solution was made by mixing 27
uL of PGP6 and 3 plL of the F-LAC mixture solution. A thin layer
was made on a glass coverslip by physically spreading 3 pL of
the PGP6-F-LAC. The coating was solidified by dipping the glass
coverslip in water. These thin films were stored in water for
24 hours in the dark to avoid photobleaching. All of the
fluorescent images were taken using Nikon A1 HD25 confocal
microscope at 500 nm.

Conclusion

This paper investigated a one-step enzyme immobilization
using a complex coacervate, PGP6, via ionic-strength induced
phase inversion. Its ability to facilitate DET with an enhanced
sensitivity was confirmed using LAC and HRP at both positive
and negative potentials. These coated electrodes were ready
for electrochemical testings within an hour after preparation,

This journal is © The Royal Society of Chemistry 20xx
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and its maximum current in response to the corresponding
substrate was observed within 24 hours, indicative of its
potential use as rapid enzyme immobilization matrix. Utilizing
its convenience, PGP6 can be applied in flow-through cells for
a wastewater management system and urgent enzymatic
biosensors using a variety of enzymes. Further advancing the
stability of coatings for long-term electrochemical testings and
lowering the limit of detection will be researched for
improving the applicability of PGP6 as enzyme immobilization
matrix. Moreover, an additional benefit of PGP6 is its flexibility
on modification with other redox moieties to facilitate MET. A
majority of oxidoreductases have their cofactor buried inside
of polypeptide shell which makes DET unfavorable. Hence,
MET using small redox molecules has been established for
establishing bioelectrocatalysis. Therefore, modification of
PGP6 will be an influential achievement in broadening enzyme
choices for biofuel cell and biosensor applications.
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