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ABSTRACT: The use of synthetic inorganic complexes as
supported catalysts is a key route in energy production and in
industrial synthesis. However, their intrinsic oxygen sensitivity
is sometimes an issue. Some of us have recently demonstrated
that hydrogenases, the fragile but very efficient biological
catalysts of H, oxidation, can be protected from O, damage
upon integration into a film of a specifically designed redox
polymer. Catalytic oxidation of H, produces electrons which
reduce oxygen near the film/solution interface, thus providing
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a self-activated protection from oxygen [Plumeré et al, Nat Chem. 2014, 6, 822—827]. Here, we rationalize this protection
mechanism by examining the time-dependent distribution of species in the hydrogenase/polymer film, using measured or
estimated values of all relevant parameters and the numerical and analytical solutions of a realistic reaction-diffusion scheme. Our
investigation sets the stage for optimizing the design of hydrogenase-polymer films, and for expanding this strategy to other

fragile catalysts.

1. INTRODUCTION

Climate change and fossil fuel depletion are two major global
societal challenges. Worldwide research and development
efforts target the production and use of “green” energy carriers
such as hydrogen and other small organic molecules. Currently,
the catalysts for technological energy conversion are based on
rare and expensive metals such as platinum, but it has been
proposed that metalloenzymes or synthetic molecular catalysts
based on abundant metals could be used instead. Enzymes are
particularly attractive as model systems: those that reversibly
convert either H* and H, (hydrogenases) use inorganic
cofactors made of Fe and sometimes Ni to transform thousands
of molecules of substrate per second in a very selective and
effective manner. Various methods have been proposed to wire
these enzymes and related synthetic catalysts to nanoparticles
or to electrodes;'™® some of these strategies rely on the
entrapment of the catalyst onto or into a polymer film."*~"
A major problem with the use of metalloenzymes is that they
are fragile and oxygen sensitive. A large body of work describes
the reaction of hydrogenases with O, (see, e.g, refs 18—20),
the identification”"™>* and characterization®**~>* of relatively
resistant enzymes, and the use of protein engineering to
increase the resistance of otherwise fragile enzymes.””?°
Molecular catalysts and synthetic models of the active site of
hydrogenase also decay under aerobic conditions.*' ~** Some of
us have recently proposed an entirely new strategy for getting
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around the problem of O,-sensitivity, which should eventually
prove applicable with various enzymes and synthetic catalysts.
Resistance to O, is afforded by a redox hydrogel film that
entraps the enzyme and prevents the deactivating molecules
from reaching the active catalyst.>> The protection of
hydrogenases against O, was demonstrated, but much still
needs to be understood before one becomes able to improve
the design of these hydrogel films in a rational manner.
Understanding how the hydrogel protects the enzyme against
O, requires that the evolution of the distribution of the
different species in the film be calculated. This is challenging
because the concentration profiles are the solution of a set of at
least four coupled, nonlinear differential equations that describe
the diffusion and reaction of the redox mediator, the different
forms of the enzyme, the substrate and the inhibitor. Here we
tackle the challenge of calculating the concentration profiles
and analyzing the effect of exposing the film to O,, and we
quantitatively compare the experimental results with the model.
We explain why a transient exposure to O, has a small, time-
independent and fully reversible effect on the catalytic H,-
oxidation current, even if the inactivation of the enzyme by O,
is irreversible. Our analysis is useful for determining which
parameters have to be optimized to further improve the
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properties of the enzyme/hydrogel electrode, as we anticipate
the use of such films with O,-sensitive catalysts other than
hydrogenases.

2. EXPERIMENTAL METHODS

Polymer Synthesis. Water was removed from the commercial
polyethylenimine polymer backbone (P3143 from Sigma-Aldrich, S0
wt %/vol in H,0, M,, = 60 000, M,, = 750 000) under high vacuum at
room temperature. Afterward, the dry polyethylenimine polymer (10
mg) was dissolved in dry dimethyl sulfoxide (DMSO) (4.3 mL) under
sonication. The viologen monomer (1-(3-(acetylthio)propyl)-1'-(3-
isothiocyanatopropyl)-[4,4’-bipyridine]-1,1'-diium iodide bromide,*
89 mg, 0.153 mmol) was then added to the polymer solution, and the
mixture was stirred at room temperature for 24 h under argon
atmosphere. DMSO was then removed by the application of high
vacuum at room temperature. The resulting redox polymer was
dissolved in water and filtered (molecular weight cutoff S kDa).
Filtration was performed until the viologen monomers could not be
detected in the filtrate upon the addition of sodium dithionite (sodium
dithionite reduces the viologen to the radical cation which induces a
blue color). The filtered polymer was concentrated to 15 mg/mL and
used without further purification. The viologen monomer (M,, = 580.3
g/mol) coupled to the backbone represent 61 + 4% (n = 3) of the
total polymer mass based on UV—vis quantification. "H NMR (200
MHz, D,0) § 9.21 (m), 8.62 (m), 4.94 (m), 3.86 (m), 3.65 (m), 3.00
(t, 18), 2.74 (s), 2.60-2.32 (m), 2.40 (s).

Hydrogenase—Viologen Polymer Film Formation on Glassy
Carbon Electrode Surface. The [NiFe]-hydrogenase from
Desulvofibrio vulgaris ME*® was purified as described previously.>”*®

The hydrogenase was immobilized via physical entrapment in the
polymer network. For this, an aqueous suspension of the viologen
modified polymer (13.3 L, 15 mg/mL) and the enzyme (3 uL, 200
uM in 10 mM MES buffer, pH 6.8) were mixed and applied to the
glassy carbon electrode surface (4 mm diameter). The polymer cross-
linking via disulfide bond formation was accelerated by adding Tris
buffer to the solution droplet on the electrode surface (1 uL, pH 9,
100 mM). The electrode was stored at 4 °C in a closed vessel
overnight to allow for hydrogel formation within the droplet. After 12
h the solution became turbid due to gel formation and was then left to
dry in air at room temperature. The amount of polymer and enzyme
used in this particular case yield a film thickness of 188 ym (based on
the linear relation between the two shown in Supporting Information,
Figure SS). Further films with various thickness were prepared by
adjusting the amount of polymer and hydrogenase. In all cases the
polymer to enzyme ratio was kept constant.

To evaluate the amount of enzyme in the film, we subtracted the
amount of enzyme that was not retained. The electrode prepared as
described above was rotated at 2000 rpm in 2 mL of phosphate buffer
(100 mM, pH 7) for 30 min. This “waste” was then concentrated using
viva spin filters (10 K) to reach a volume of 55 uL. The protein
concentration was determined using a Lowry assay, using commercial
kits from BioRad (DC Assay) and from Pierce (BCA Assay).

Electrochemistry. All electrochemical measurements were carried
out with a rotating-disc electrode setup. Gas mixtures of H,, Ar, and
O, were adjusted with mass-flow controllers. A Pt wire was used as
counter electrode. A rotating glassy carbon electrode modified with the
polymer-hydrogenase film was used as a working electrode. Before
modification the glassy carbon surface was polished with 1, 0.3, and
0.05 pm alumina suspension followed by 5 min of sonication. All
electrochemical measurements were performed in phosphate buffer
(0.1 M, pH 7.0) at room temperature. The reference electrode was
Ag/AgCl/3 M KCl. Potentials are converted to standard hydrogen
electrode (SHE) using the correction Egyg = Epg/agci/3 mxa 210 mV.

Determination of the Apparent Electron Diffusion Coef-
ficient (D). The interdigitated array (IDA) electrodes consist of N
Au fingers equally shared in two arrays with a gap d between the
fingers and center-to-center width p of a two finger segment. Two sets
of IDA with different geometries were used. For the first set N = 30, d
=10 pm, and p = 20 um, for the second set, N = 130, d = 3 um, and p
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= 6 um. A pseudoreference electrode made of Ag/AgCl (0.41 V vs
SHE) was integrated in the IDA. The Au IDA electrodes were cleaned
by cycling in H,SO, (0.5 M) five times from —0.4 to 1.4 V vs the AgCl
pseudoreference electrode at 100 mV/s. The electrodes were modified
by drop-casting a solution of the viologen-modified polymer (0.5 uL,
0.75 mg/mL) in water. After drying, Tris buffer (0.5 L, 100 mM, pH
9.0) was added, and the electrode was left to dry for 1 h in air at room
temperature. The generator—collector measurements were performed
with a bipotentiostat (Autolab PGSTAT302N with a BA module) in
phosphate buffer (100 mM, pH 7.2) and KNO; (0.5 M) under argon.
Glucose oxidase (1 mg/mL), catalase (1 mg/mL), and glucose (9 mg/
mL) were added to remove oxygen traces from the solution.’** The
potential of the generator electrode was cycled between —0.4 and
—0.85 V vs AgCl pseudo reference electrode at 0.1 mV/s, while the
collector electrode was poised at —0.2 V.

Determination of Film Thickness (/). The hydrogel film
consisting of the viologen polymer and hydrogenase was first fully
reduced by applying a potential of —0.625 V vs Ag/AgCl in phosphate
buffer (100 mM, pH 7.0) first under H, atmosphere (100%) for 30
min and then under Ar atmosphere for 15 min at 2000 rpm. The
rotation was then stopped and the potential was stepped to 0 V vs Ag/
AgCl for several hours depending on film thickness. The film thickness
was determined from the charge obtained for the complete oxidation
of the initially fully reduced film, and from the concentration of
viologen in the film.

Simulations. The system of four differential equations was solved
analytically (see hereafter and Supporting Information, eq SS) or
numerically using an in-house program that uses an implicit finite
difference method, fourth order in time and first order in space, on a
uniform grid (6 = 107*). The numerical data sets were handled with
other in-house programs called SOAS*" and QSoas, available at www.
gsoas.org.

3. RESULTS

The Model. We built upon the model of an enzyme in a
thin film described by Bartlett,"> where the enzyme E is
assumed to be immobilized, and its concentration is uniform
through the thickness [ of the film. The reactions of the enzyme
are depicted in Figure 1. The substrate S is free to diffuse
through the film, with a diffusion coefficient Dg. The mediator
is immobilized within the film, reversibly oxidized at the
electrode/polymer interface (eq la), and electron hopping
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Figure 1. Schematic of an enzyme-electrode showing the processes
considered in the model: in red the inactivation reaction, and in green
the protection process. Diffusion of mediator (A and B), substrate
hydrogen (S) and oxygen (O) occur within the film with diffusion
coeflicients D, D, and Dy, respectively. The homogeneous kinetics
(egs 1b—1g) occurs throughout the film from x = 0 (electrode surface)
to x = | (film/solution interface). The reduced mediator (B) is
reoxidized to produce A at the electrode surface (eq 1a). E;, E,, and E;
are the oxidized, reduced, and inactive forms of the enzyme,
respectively. The same system but without the O,-dependent reactions
(blue arrows here, eqs 1la—1c only) was considered by Bartlett et al. in
ref 42.
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between adjacent redox sites behaves like a diffusional transport
(section 4.3.4 in ref 43) with a diffusion coefficient D,. The
reduced enzyme (E,) reacts with the oxidized mediator (A),
and the oxidized enzyme (E,) reacts with substrate S according
to Michaelis—Menten kinetics (eqs 1b and 1c). Bartlett et al.
have thoroughly investigated the steady-state solutions of this
system, using both analytical*” and numerical methods.** The
kinetic case diagram in ref 42 (reproduced with permission as
Supporting Information, Figure S1), predicts which concen-
tration profiles are observed for given values of the parameters
of the system.

The system bears much resemblance with the models
previously examined by Andrieux and Savéant and co-workers
where the catalyst is also the immobilized species that transfers
electrons (ref 45 and refs therein). A recent development
concerns the prediction of Tafel plots in the case of proton-
coupled electron hopping through the film as rate controlling
factors, and no limitation by substrate diffusion."*

To account for the experiments described in the recent
Nature Chemistry paper (ref 35), we needed to add to Bartlett’s
model the reactions that describe the effects of O,: the
inactivation of the enzyme by O, (O), to form an inactive form
of the enzyme E; (eqs 1d and le, red arrows in Figure 1), its
reactivation upon reaction with reduced mediator B (eq lg,
dashed arrow in Figure 1), and the oxidation of the viologen by
O, (eq 1f, green arrow in Figure 1). Dioxygen diffuses through
the film with a diffusion coefficient D,

The complete kinetic scheme therefore reads

fast

B — A+e (1a)
kﬂ

E,+A - E, +B (1b)

keye/ (K, +8

E +S b Gat9) E, (1c)
kl

E +0 - E, (1d)
k

E,+0O - E, (1e)
k

B+ O = A (1f)
k?’

E, + B 5 E, + A (1g)

All reactions but the first are bimolecular (k,, k_,./(K+S), k, k,,
k, are second-order rate constants). We treat the system
assuming an infinite planar electrode (1D, linear geometry) and
we note x the distance from the electrode surface, | the film
thickness. The corresponding set of differential equations is
given in section S1. The boundary conditions are as follows:
fixed concentrations of S and O, at x = [; zero flux of A and B at
x = I; zero flux of S and O, at x = 0 and, assuming that the
electrode potential is high enough, B = 0 at x = 0. We assume
that the concentrations of substrate and inhibitor in the
solution outside of the film are homogeneous, an assumption
which is valid for high electrode rotation rates, and that
partition coefficients (solution to film) are equal to 1 for both
hydrogen and oxygen.

In the model described above, the following items were not
included: the reversibility of eqs 1b, 1c and 1g, the redox
stoichiometry (two-electron) of the reaction of the enzyme
with H,, and the details about the kinetics of formation of the
inactive states (the anaerobic or aerobic oxidation of [NiFe]-
hydrogenases actually produces more than one inactive state,
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which reactivate under reductive conditions at different rates, cf.
ref 18 and refs therein). The final form of the mathematical
model was composed of S coupled differential equations, which
included 16 independent parameters (three diffusion coef-
ficient, 4 concentrations, 7 kinetic parameters, film thickness,
and time; not counting the electrode potential).

To analyze the behavior of the reaction—diffusion system, we
chose the following set of dimensionless variables: a = AJAY b
= B/A% ¢ = E/A*% o = O/A% s = S/A% so that all
concentrations are normalized with respect to the total
concentration of mediator A%; & = x/l is the distance from
the electrode/film interface normalized by the thickness of the
film; the time 7 = t X k,E is normalized by the time scale of the
oxidative catalytic half cycle (eq 1b). This leads to defining the

dimensionless parameters in Table 1, where superscript oo

Table 1. Definition and Values of the Dimensionless
Parameters of the Model Used in Simulation 1 (x), Figure S,
and Simulation 2 (), Figure 6

parameter definition value
K I(k EX/D,)*? 10°
u AY/K, 150
K, KA/ (k E®) 60
K, k,A%/(k,E®) 1500
K, k. A*/(k,E%) 0
€ E¥/A* 2.5 x 1073
& Dg/D, 10*
5° Do/Dy 4 x 10°
a KoK/ ke 1073
0® 0%/A* 8 X 107% or 8 x 107**
s §°/A% 0.015

bulk solution. The
dimensionless set of differential equations is given in section
S2 of the Supporting Information. Since inhibition by O, is
much slower than turnover, it is useful to introduce the
dimensionless concentration of active enzyme (e, = ¢, + ¢,, €, +
¢; = €) and to make the steady-state assumption on e; and ¢,, as
described in Supporting Information section S3.

Finally, the system reduces to a set of only four differential
equations (Supporting Information eq SS) that describe the
irreversible, bimolecular reactions of four independent species
(e, a, 0, and s, taking into account that ¢; = €é—e, and b = 1 — a).

denotes the concentration in the

e, +o 5 ¢ (2a)
e+ b 5 e, +a (2b)
b+o 5 a (2¢)
it e,/ [e(aa(1+ps)+s)] b (2d)

The species have the following dimensionless diffusion
coefficients D, = D, =0, D, = D, = 1/&%, D, = 6°/¥% D, =

5%/x%. For example, the O, concentration profile is the solution
of

©)

The dimensional current density J/F (counted as positive for an
oxidation reaction) is related to the dimensionless current j =
K *da/ d§|§:0 by the relation

DOI: 10.1021/jacs.5b01194
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J/F = j X kE*A* @)
To use the above model in the context of the experiments in ref
35, we had to evaluate all the nondimensional parameters. We
do so hereafter, based on the experimental determination of the
values of D, A%, E%, and I, and the use of literature values of the
kinetic parameters.

Experimental Determination of the Electron Diffusion
Coefficient (D,). We used interdigitated electrode arrays
(IDA) in a generator-collector mode to determine the value of
D,4.* Thin films of the viologen-based polymer were deposited
on the IDA. The films were prepared without hydrogenase to
avoid interference from catalytic H, evolution. We used AFM
to confirm that the films cover the IDA and the gaps between
the electrodes completely (Supporting Information, Figure
S2A,B). The thickness of the dry film is about 20 nm according
to a line scan (Figure S2C) over an area in which the polymer
film was previously removed with the AFM tip (Figure S2A).
Hence the dimension of the film in the swollen state is
anticipated to remain within the dimension range of the
electrode thickness (150 nm) and well below the dimension of
the gap (d = 10 pm) between two fingers. Under these
conditions, D, can be calculated from the charge (Q) for
complete electrolysis of the redox couple and from the limiting
current (i) at the collector electrode:*®

_igdp N

oQN-1 (s)
where N is the number of fingers in the IDA and p is the
center-to-center width of a two-finger segment. Slow potential
cyclic voltammograms (CVs) of the two electrodes shortened
together display nearly symmetrical anodic and cathodic
current responses, with low peak separation (Figure 2A) and
the peak currents are proportional to scan rate (Supporting
Information, Figure S3), indicating complete electrolysis of the
viologen film. The apparent shifts of the reduction potential of
the viologen result from fluctuations in the potential of the
pseudoreference electrode. Q was extracted from the area under
the cathodic curve (one-electron conversion of A to B). Using
the generator-collector mode, the generator electrode was
swept toward negative potential to reduce A while the collector
electrode was maintained at a potential positive enough to
reoxidize B. The formation of crossed concentration gradients
of the A/B couple resulted in a steady state current (i) at the
collector electrode (Figure 2B). The value of D, calculated
from #; and Q was independent of electrolyte concentration and
independent of the gap width and geometry of the IDAs.

The average value of D,, obtained by repeating the
experiments with 4 different IDAs, was (4.7 + 1.7) 1077 cm?*
s
Determination of the Viologen Concentration in the
Film (A%). We obtained A* in the swollen film from fast scan
cyclic voltammograms that are characteristic of semi-infinite
planar diffusion conditions (Supporting Information, Figure
S4A). Figure S4B shows the plot of the voltammetric peak
currents (i,) against the square root of the scan rates (1"/?), the
slope of which gives the product A* (D,)"/* (ref 47), according
to the Randles—Sevcik equation:

A" D, =i,/0.4463F AFu/RT )
Here, F, R and T have their usual meaning, v is the scan rate,
and A is the electrode surface.*®
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Figure 2. Interdigitated electrodes array (IDA) modified with viologen
polymer film for determination of D,. (A) Cyclic voltammograms at
slow scan rates (from 3 mV/s to 10 mV/s) in the generator—generator
mode. (B) Cyclic voltammogram (0.1 mV/s) at the generator
electrode and current response at the collector electrode (applied
potential —0.2 V vs Ag/AgCl pseudo-RE) in the generator—collector
mode. The measurements were performed in phosphate buffer (100
mM, pH 7.2) and KNOj; (0.5 M) under strictly anaerobic conditions.

We were able to determine the value A¥ = 59 + 11 mM,
from the product A* (D,)"? obtained from the cyclic
voltammetry experiments with 10 different electrodes (I ranging
between 35S and 375 um) and using the value for D,
determined from the interdigitated electrodes array experi-
ments.

Determination of the Film Thickness (/). The determi-
nation of film thickness for films in the dry state is well
established.”” However, direct measurement of the highly
solvated and flexible hydrogels, though less straightforward, is
preferable. In general the solvated film thickness is calculated
from its thickness in the dry state and from its degree of
swelling upon exposure to the solvent.*” In these experiments,
however, we were able to use a combination of electrochemical
measurements to determine the thickness of film entirely in the
solvated state, that is, under conditions that are fully relevant to
the modeling of the electrocatalytic film. We proceeded as
follows.

The film thickness ! can be expressed as

I=V/A=Q/(AAF) (7)

where V is the volume of the film, A is the electrode surface, Q
is the charge passed upon complete electrolysis of the film, and
A% is the concentration of viologen in the film as determined by
cyclic voltammetry. We determined Q by prolonged potential
step chronoamperometry (Supporting Information, Figure
SSA,B) for the complete oxidation of an initially fully reduced
film (B = A% A = 0). The measurements were performed with
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Figure 3. Dependence of the anaerobic, steady-state, catalytic H,-
oxidation current on film thickness, at one atm of H, (panel A) and
against H, pressure, for | = 35 ym (panel B) and I = 154 ym (panel
C). The filled symbols in Panel A indicate which films were used for
the experiments in panels B and C. The model in panel A is eq 8 for [
< 130 ym and eq 9 for I > 130 pm. The dashed lines in panels B and C
are consistent with eqs 8 and 9, respectively. Parameters: T = 22 °C,
pH = 7, bulk concentration of H, = 1 mM, electrode potential, 210
mV vs SHE, electrode rotation rate, 2000 rpm.

three electrodes modified with different amounts of polymer.
We observed that the calculated film thicknesses (between 35
and 127 pum) were proportional to the amount of polymer
deposited for the film formation (Figure SSC). This linear
relation was used to determine the thickness of all other films.

Estimation of the Approximate Values of the
Dimensionless Parameters of the Model. From the
above-described experiments, we calculated A* = 60 mM.
Therefore, a saturating concentration of H, (§*° = 1 mM)
corresponds to s® = S¥/A* = 0.015, and 5% O, to 0™ = 0®/A*
=8 X 10" With a value of K,, for H, of about 10 uM (ref 50),
we obtain u = A%/K, = 150.

An estimate of the value of E* can be calculated by
subtracting from the amount of enzyme that is used to make a
film, the amount of enzyme that was not retained in the film,
measured in the waste using a Lowry assay. With three different
electrodes, we obtained an average of E~ = 0.15 + 0.01 mM,
hence € =E*/A*= 2.5 X 107,

Figure 3A shows the catalytic H,-oxidation current plotted as
a function of film thickness. The change from a plateau at low [,
to a current that decreases as [ increases, is characteristic of the
transition from case II to case III according to Bartlett’s work
(Supporting Information, Figure S1). In case II, the
concentration of substrate H, is homogeneous in the film,
and the concentration of oxidized mediator decreases
exponentially as a function of the distance to the electrode
(). The catalytic current is independent of H, concentration in

the bulk (Table 3 in ref 42):
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J/E = D, A"k E* (8)

For larger values of ], the system behaves as in case III, where
the current is proportional to the reciprocal of I (Table 3 in ref
42):
DA™ + DgS™

! )

The value J, = 550 A cm™ for [ =130 um (Figure 3A) is much
greater than FD,A*/I, which means that D,A* < DsS*, hence:

];H/F —

Jo/F & DgS®/1 (10)
Panels B and C of Figure 3 show the dependence of the current
on bulk H, concentration for two films, I = 35 ym in panel B
and I =154 um in panel C. If | is large enough that the current
at one atm of H, is proportional to the reciprocal of ], then the
current is proportional to the bulk concentration of H, (panel
C), as predicted by eq 10. If | is small enough that the current at
one atm of H, is independent of I, then the current is also
independent of H, pressure at high H, pressure, but it
decreases at low H, pressure when substrate transport in the
film becomes limiting (panel B). All this is consistent with the
conclusion in ref 42 that the transition from case II to III occurs
when /(1 + &°%) becomes greater than 1 (Supporting
Information, Figure S1), meaning that decreasing the substrate
concentration in the bulk pushes the system into case IIL

Hereafter, we focus on thick films, that behave as in case III,
and the current is given by eq 10. The value J, = 550 A cm™
for | = 130 ym, 1 atm of H, (Figure 3A), gives DsS* = 7 X
107" mol em™ 57!, which is very close to what we expect from
the values of S and Dy in solution: $® = 10~® mol/cm® and Dy
=5 X 107 cm*/s (refs 51 and 52). Using Dg = 5 X 107> cm?
stand Dy = 5 X 107 cm®s™), we obtain 6% = 10% and
assuming that O, diffuses in the film as fast as in solution, Dg =
2.4 % 1075 cm? s71 (ref 53), 6° = 5000.

Using the conclusion that the transition between cases II and
III occurs at k = 1 + &% (Table 2 in ref 42), we deduce that
for films in case III, k must be much greater than 1 + 5% =
151. We shall assume x = 10°.

Since k, equates the ratio of k. over the Michaelis constant
relative to the mediator, we deduce a = KEZ/K‘;, and using the
value of KA determined in ref 54 we estimate & = 107>,

To include in the model the kinetics of reaction with O,,
considering the definition of the dimensionless parameters
listed in Table 1, we need to determine the value of k,E*. We
do this from the value of the H,-oxidation plateau current in
Figure 3 and eq 8, because this estimate of k,E> only relies on
the value of (D,)"?A* which is deduced from the voltammetry
in a very straightforward manner (eq 6). With J%) = 550 uA/
cm ™2, we obtain k,E* = 40 s™". Using the value of k; = 40 5"
mM(O,)™" (ref 50), we deduce k; = kA*/k,E* ~ 60. In ref 55
De Lacey and co-workers measured a first-order reactivation
rate constant of about 2 X 10™* s™! for the so-called Ni—SU
inactive state of [NiFe]-hydrogenase, in the presence of 1 mM
methyl viologen and benzyl viologen. Assuming that the
activation rate constant is proportional to the total concen-
tration of viologen, we calculate , = k,A*/k,E> ~ 3 X 107*
This reaction is so slow that we chose to neglect it by setting
= 0. Last, using the value k, = 10° s™ mM™" in ref 56 for the
reduction of O, to H,0,, we obtain x, =~ 1500. The
dimensionless duration of the exposure to O,, 6t = 300 s in
the experiments of Figure 9A, is 67 = 6t X k,E* = 12 X 10°.
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Figure 4. Steady-state, anaerobic concentration profiles in the
hydrogenase/redox-polymer film, plotted as a function of the
normalized distance to the electrode (the electrode surface is at & =
0, the interface between the film and the solutionisat £ =1).a=1 —
b is the normalized concentration of oxidized mediator, s/s* is the
normalized concentration of substrate H,. On top of the plot, the black
line shows the rate of catalysis (the last term in Supporting
Information, eq SSc). The profiles were obtained by simulating
equation 2 for a set of parameters that is consistent with the
experiments in ref 35 as indicated in Table 1, except 0™ = 0.

The values of the parameters of the model are summarized in
Table 1. Note that only the order of magnitude of these
parameters is of interest here.

The Steady-State Current and Concentration Profiles
in the Absence of O,. Figure 4 shows the anaerobic, steady-
state concentration profiles in the film, calculated for the set of
parameters in Table 1 except that 0™ = 0. As expected, the
current is limited by the transport of H, and electrons in the
film (case III in Supporting Information, Figure S1).

The reaction zone is very close to the electrode because
D,A® < DS™. Its position, &, defined as the value of £ where a
and s6° intersect, is obtained by equating the fluxes of b and s at
£ = £. From 8%%/(1 — &) = 1/£, we obtain

jo = (1 + 5%%) /xk* (11)
which is the dimensionless version of eq 9. The steady-state H,
oxidation current is proportional to the bulk concentration of
H,, proportional to the reciprocal of film thickness, and
independent of enzyme concentration.

The Progression of the Front of Inactive Enzyme
When the Film Is Exposed to O,. Starting from the steady-
state concentration profiles in Figure 4, we simulated the effect
of exposing the film to O,, examining two different cases: one
that is very simple, where the bulk concentration of oxygen is
much lower than in our experiments (0® = 5 X 107°), and
another case that is realistic (0™ = § X 107*). Figures 5 and 6
show the corresponding snapshots of the concentration profiles
(including O,, shown as a dotted line) at time 7 = 10'° after the
beginning of exposure to O,. The complex effect of O, is clear:
the inhibitor oxidizes the mediator (dashed line) and reacts
with the active enzyme, which is converted into the inactive
form (dot-dash line) in a thin layer near the film/solution
interface.

We observe in the simulations of Figures S and 6 that the
concentration profile of inactivated enzyme is very sharp (dot-
dash line). We define & as the dimensionless position of the
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Figure S. Concentration profiles in the hydrogenase/redox-polymer
film exposed to a low concentration of O,. The top panel shows the
whole profiles, the bottom panels zoom on the regions of the film near
the electrode/film and film/solution interface. a (black, dashed line)
and b = 1 — a (red, dashed line) are the concentrations of oxidized and
reduced mediator, respectively; s/s* (plain line) and 0/0® (red, dotted
line) are the normalized concentrations of substrate H, and inhibitor
O,, respectively, e;/¢ (dash-dot line) is the concentration of inactive
enzyme. On top of each plot, the black line shows the rate of catalysis
(the last term in eq S5c) and the red, dotted line shows the rate of O,
reduction (the last term in eqs 3 and SSd), on the same scale. The
profiles where obtained by simulating eqs 2, for the set of parameters
number 1, as indicated in Table 1. They are shown at time 7 = 10"
after the film is exposed to O,.

0

front of inactive enzyme (&; &~ 0.96S in Figure SB, & ~ 0.81 in
Figure 6B). The enzyme is inactive on one side of this front (&
> &), and active and reduced on the other side (& < &). Figure
7 shows that in both simulations, the position of the front of
inactive enzyme, &, varies in proportion to the logarithm of
time (that is, more and more slowly). This variation is
unexpectedly simple, and we aimed at understanding why that
is so and what determines the rate of progression of the front,
dé&;/d logt.

We start by examining the simple case observed with the first
set of parameters, where the O, concentration is very low. In
this hypothetical case, the reaction between O, and B at the
interface does not significantly deplete the concentration of B
near the film/solution interface (Figure SB). Regarding the O,
concentration profile (dotted line), a steady-state is established
by mutual compensation of O, diffusion and reaction with the
reduced mediator. The steady-state profile is the solution of

do _ 5% d%

ko=20

& e e (12)
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Figure 6. Concentration profiles and rates of catalysis and O,
reduction in the hydrogenase/redox—polymer film exposed to a high
concentration of O, (see also Figure S). The profiles were obtained by
solving egs 2, for the set of parameters number 2, as indicated in Table
1. They are shown at time 7 = 10'° after the film is exposed to O,.
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Figure 7. Numerical evidence that the progression of the front of
inactive enzyme (after the film is exposed to O,) is slow. The circles
and squares show the change in time of the position of the front of
inactive enzyme in simulations 1 and 2, respectively. The plain line is
eq 15 and the dashed line is eq 20.

We have neglected the term —x;oe, in eq 3 because e, is small,
lower than ¢; this approximation means that the reaction
between the active enzyme and O, does not significantly
contribute to the depletion of O, in the film. The solution of
d*0/dé* « o (eq 12) is an exponential function and the O,
profile is simply obtained by using the boundary conditions o(&
=1) = 0™

—(1=8)/4,

0(§) = 0%exp (13a)
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Ay =k 6%k,

where /, is a penetration length for O,.

Since the concentration profile of inactive enzyme is
essentially a step function at &, the total amount of enzyme
inactivated per unit of time equates to the change in position of

(13b)

the front:
d &=¢
Lo o [ ko) e (143)
dr =
= —k 0%}, exp 179/ % (14b)

Equation 14b is readily integrated, using the initial condition &
=1 at 7 = 7y, to obtain the position of the front as a function of
time:

—1-1In~
) T (15)

The lag phase 7, corresponds to the time during which ¢;
builds-up at the film/solution interface, with a pseudo-first-
order rate constant k0%, until ¢; (6 = 1) = 1 at

7o = 1/x,0%

(16)

Equation 15 is plotted as a plain line in Figure 7, alongside the
empty circles that show the position of the front measured in
simulation 1. The model only slightly underestimates the rate
of progression of &; because it neglects the depletion of the
reduced mediator in the aerobic reaction layer (Figure $).

We now examine the realistic case where 0 is so large that
the depletion of reduced mediator at the film/solution interface
is significant, as indeed observed in the simulation of Figure 6.
The schematic representation of Figure 8 shows &, the position
of the catalytic front where H, is oxidized in the inner layer
(electrons being transferred to the electrode), and &, the
position of the front of inactive enzyme; we also define &, the
position of the O,-reduction front in the outer layer (strictly,
the intersection between b and 6%). The simulation Figure 6
shows that at £ = £, the concentrations of b and o are small.
The fact that the reduction of O, is limited by the transport of
O, and electrons in the outer layer imposes that

O o
== (-8

1+ 6% (17)

The rate of progression of & depends on the concentration of
O, at &, which has to be evaluated. This is not as simple as in
the previous case (eq 13a) because the O, concentration profile
is not steady, and it is not a mere exponential function. It is a
linear function (the solution of do/d&* = 0) in the outer region
where b % 0 (0.85 < £ < 1 in the example of Figure 6), an Airy
function®” (the solution of d*0/d&* « o) in the region where b
is a linear function of £ (0.8 < £ < 0.85 in Figure 6), and an
exponential function (the solution of d*0/d&* « o) in the inner
part of the film where b & 1 (¢ < 0.8 in Figure 6). The
calculations of the O, concentration profile and of the position
of the front required considerable effort, as detailed in section
S4. And yet the result of the calculation is rather simple:

dé/dr o exp (1794 (182)
Ve 3(1 +8%) |8°
° 2K Ky (18b)
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Figure 8. Schematic representation of the concentration profiles in the
hydrogenase/polymer film, either under anaerobic conditions (top) or
exposed to a large concentration of O, (middle and bottom). a is the
oxidized mediator, b the reduced mediator, s the concentration of H,, o
the concentration of O,. The vertical dotted line shows the variation of
£, that translates into a decrease in current. The gray triangles in the
lower panels of Figure 8 represent the flux of H, that is lost in the
short-circuit, the electrons being used to reduce the incoming O,. The
enzyme is irreversibly inactivated in the outer layer.

Integration gives
T
7 (19)

where 7 is the time it takes for b to be completely depleted in
the outer layer, or, equivalently, for 1 — & to become greater
than 4. On shorter times, for 7, < 7 < 73 we show in
Supporting Information section S4.2 that everything happens as
in the simpler case above, except that the depletion of b
increases the O, penetration length by a factor */,. We obtain
the following expression for &g

Er)=1- A In

1—.’,:f(7,')=1—§/101ni 7, <7< 1
2 7 (202)
/] T ’
1—¢&(r) = /10(1 —In —,) > 1
Ty (20b)
with 7, given by eq 16, and
75 = 75 exp(1 + 6%) (21)
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Equation 20 is plotted as a dashed line in Figure 7, where the
squares show the values of & in simulation 2. The very good
agreement between the simulation and the prediction of eq 20
suggests that the above approximations and calculations are
correct.

We conclude that, in this second case too, 1 — &; increases in
proportion to In 7 according to

3 O oo

1 ffo<2(1+50 YA, Int (22)

The Change in Current upon Exposure to O,.
Considering the case where the concentration of O, is low
(simulation 1), the value of the current observed in the
presence of O, can be calculated rather easily, by equating the
fluxes of a at & > &rand s at £ > £, (eq 23a), and the flux of s at &
< &rand at £ > & (eq 23b). We note s; the value of s at & = &

118 s
j= = = -3 £ (233)
K gr K éf - 51‘
55 o 60 e
S (23b)
' éff K /10

The values of s; can be deduced as a function of &; to obtain

%1 - &(0)

2
Ak

) 1+ 8%
j(z) = >
K

(24)

where £(7) is given by eq 15 and 7, is given by eq 16.

If the concentration of O, is high, the expression for the
incoming flux of O, is different because the outer O, profile is a
line from & = 1 to & = 1 — £, (Figure 8), rather than an
exponential function with a penetration length A,. Equation 23b
is replaced with

11 8% -5 5%

K2 ér K2 1- éf K2(1 - fm) (25)
Combining eqs 17 and 25 gives the expression of the current,

which is very simple and independent of 7, as indeed observed
in experiments and simulations (Figure 9):

. 1+ 8% 1+ 6%
] = 2 - 2

K K (26a)
Jjo_ 5%% — 5%
Jo 1+ 6% (26b)

where j, is the dimensionless current in the absence of O,,
defined in eqs 9 and 11.

Figure 9 shows the change in current that results from
exposing the film to 5% O,. Panel A is an experimental result
with repeated 300 s exposure to O, and panel B is a simulation
with the set of parameters in Table 1, and an exposition to 0™ =
8 X 107* for a time §7 = 12000. The fact that the current
reaches a steady-state value upon exposure to O, and
completely recovers its initial value when O, is flushed out is
clear both in the experiment and simulation.

In both panels in Figure 9, the dashed line shows the level of
inhibition expected from eq 26b. That the agreement with the
simulation is very good supports the derivation of eq 26b. The
inhibition is slightly more pronounced in the experiment than
the model predicts. The small discrepancy could have a number
of causes, including Dy being overestimated, or Dg being
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Figure 9. Change in H, oxidation current induced by exposure to 5%
O,, in experiments (panel A) and in a simulation (panel B). The
dashed line in both panels marks the value of the current in the
presence of O, calculated from eq 26 and the parameters whose values
are estimated in the main text. The dotted line in panel A is the
prediction of eq 26, assuming that DsS*™ is 20% lower and DoO™ is
20% greater than our estimates. Experimental parameters for panel A: ]
=275 um, T = 22 °C, pH = 7, electrode rotation rate, 2000 rpm,
electrode potential, 210 mV vs SHE. Parameters for the simulation in
panel B: Those listed in Table 1, with 0™ = 8 X 107*.

underestimated, or the partitions of H, and O, being slightly
different. Indeed, the dotted line in panel A shows the
prediction of eq 9 assuming that DsS* is 20% lower and DO
is 20% greater than our estimates.

4. DISCUSSION

We have examined, both theoretically and experimentally, the
behavior of a planar hydrogel film containing a redox polymer
and a redox enzyme, [NiFe]-hydrogenase, exposed to a
solution containing the substrate of the enzyme (H,) and an
irreversible inhibitor which can be reduced by the redox
polymer (O,), as depicted in Figure 1.

To understand how the redox polymer protects the enzyme
against inactivation by O, we used a reaction-diffusion
scheme that describes the evolution in time and space of the
concentrations of mediator, substrate H,, inhibitor O,, and
active enzyme (eq la). The same system in the absence of
inhibitor and under steady-state conditions has already been fully
described in the papers of Bartlett et al.** and Savéant et al;*>*
they have inventoried and discussed a variety of limiting cases,
where either catalysis or transport of substrate and/or electrons
limits the steady-state catalytic current (Supporting Informa-
tion, Figure S1). The presence of O, makes the reaction-
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diffusion set of equations significantly more complex, because
O, can react both with the enzyme and with the redox
mediator. Moreover, in the cases we examined, the concen-
tration profiles do not reach a steady state. (We expect that
they would if the value of k, in eq 1g was large enough, but we
only considered k, = 0.) We have shown that the evolution of
the concentration profiles depends on the values of the 11
dimensionless parameters listed in Table 1. It was not our
intention to examine all possible cases in this vast parameter
space. Instead, we experimentaly determined the values of some
parameters (the film thickness, J, the concentrations of viologen
and enzyme in the film, A% and E*, and the diffusion coefficient
of electrons, D,), and we used literature values for the rate
constants to determine the order of magnitude of each of the
11 parameters, and to focus on the case that corresponds to the
experiments in ref 35 and Figure 9A. We chose to obtain the
diffusion coefficient D, from measurements carried out with
interdigited electrodes in generator—collector mode (Figure
2);* the product AX(D,)"? from noncatalytic voltammetry
under semi-infinite planar diffusion conditions (Supporting
Information, Figure S4); and the volume of the swollen film
(hence, its thickness ) from the total charge measured in
chronoamperometry experiments (Supporting Information,
Figure S5). The D, value of 4.7 X 10~° cm” s in the polymer
film is in line with those observed for other types of redox
hydrogel films.***%*% The value of A* 60 mM was
independent of film thickness, indicating uniform film proper-
ties for all modified electrodes. We calculated the values of [
(ranging from 35 to 375 pm) from experiments carried out
under the same conditions (buffer solution, applied potential)
as those used to measure the catalytic H, oxidation current, to
make sure the estimated parameters are as close as possible to
those relevant for the catalytic experiments.

The exact value of the parameters in Table 1 is unimportant;
it only matters that our estimates are of the right order of
magnitude, so that the particular case that we consider is
relevant. The calculated concentration profiles in Figure 4 show
that the steady-state catalytic current obtained in the absence of
O,, the value of which is given by eq 9, is entirely limited by
transport. This situation is that referred to as “case III” in ref 42
(Figure S1), or “S+E” in Savéant’s work (e.g., Figure 4.19 in ref
43 or Figure 1 in ref 45); both mediator and substrate are
consumed within the film, resulting in a change from mediator
to substrate-limited kinetics through the film. We confirmed
that the system behaves as predicted by our analysis by looking
at the dependence of the steady-state H,-oxidation current on
bulk H,-concentration and film thickness (Figure 3).

In the case that corresponds to the experiments in ref 35 and
Figure 9A, there are three thin, parallel reaction planes in the
film: one near the electrode, at &, where the oxidation of H,
results in a catalytic current; one at & where a fraction of the
incoming H, is oxidized to give electrons that are transferred to
the third reaction front, at &, where the incoming O, is
reduced. This is schematized in Figure 8.

That the portion of the film that is actually involved in
catalysis is very small, and centered on a reaction front that is
near the electrode/film interface (Figure 4 and eq 11), is the
reason the effect of O, appears to be reversible in the
experiments in Figure 9A, and in our model (Figure 9B)
despite the assumption that the reaction of the enzyme with O,
is irreversible (k, = 0). Indeed, the enzyme molecules that are
inactivated are those that are near the film/solution interface (x
= I), but these enzyme molecules do not contribute to the

~
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current under anaerobic conditions, and therefore, the current
recovers its initial value when O, is flushed away from the cell
solution.

Upon exposure to O,, after a very short lag phase (1/k0® =~
0.5 s, eq 16), the thickness of the outer layer of inactive enzyme
keeps increasing, but it does so very slowly, in proportion to the
logarithm of time (Figure 7). This is fundamental, because the
extremely slow progression of the inactive front affords long-
term resistance to O,. The reason the width of the inactive layer
increases in proportion to log(t) is that the “tail” of the O,
concentration profile is an exponential function. We could
demonstrate that this is so in two different cases, (i) when the
bulk concentration of O, is so low that the redox mediator is
not significantly oxidized at the film/solution interface (Figure
5) and (ii) when the large bulk concentration of O, depletes
the reduced mediator at the film/solution interface (Figure 6).
In the former case, which corresponds to “pure kinetic
conditions” for the reduction of O,* the steady-state O,
concentration profile is a mere exponential decay with a
penetration length (Do/k,A%)"/? that reflects the competition
between the diffusion and consumption of O, (eq 13). The
latter case, exemplified in Figure 6 and schematized in Figure 8,
corresponds to the experiments in ref 35. The O, profile is a
linear function up to a certain depth (£,), beyond which it
decays approximately exponentially with a characteristic length
given by eq 18b; solving the reaction—diftusion equations in
that case is particularly demanding (Supporting Information,
section S4). Figure 7 shows the very good agreement between
the results of simulations and the predictions of the position of
the front of inactive enzyme in the two situations.

The rate of progression of the front is surprisingly
independent of the rate of aerobic inactivation (k; in eqs 1d
and le):

d(l-=)  3p}*0%

~ /
dnt 2k1/2p, A7

(27)

(x¢ = & is the position of the front of inactive enzyme). The
inactivated layer thickens with a rate that depends on the bulk
concentration and diffusion coefficient of O,, and on the
reciprocal of the concentration of mediator and electron
diffusion coeflicient.

The model predicts that despite the fact that the O, profile is
not steady (& is a function of time, eq 20), the current does
reach a steady-state value in the presence of O, (eq 26a), as
indeed observed in experiments (Figure 9A). The reason for
this is clear from Figure 8. The current is constant in the
presence of O, because the gradient of s at £ = £, is constant: it
is as if there was no O, and the bulk concentration of s was
constant and lower than s* (s3, is this apparent bulk
concentration of s). The gray triangles in the lower panels of
Figure 8 represent the flux of H, that is lost in the short-circuit,
the electrons being used to reduce the incoming O,. The
stoichiometry of the reaction imposes that (s — sg,)/(1 — &)
is proportional to 0®/(1 — &,,) (they would be equal if Dg =
Dg). The fact that the reduction of O, is limited by the
transport of O, and electrons in the outer layer imposes that
1 — &, and 1 — & are proportional to one another (eq 17),
which leads to s, being constant.

The expression of the steady-state current under aerobic
conditions (horizontal lines in Figure 9 and eq 26) is
surprisingly simple:
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J/F = (DS — Dy,0%)/1 (28a)
J _ DS — D,0O%
J,  DgS™ + DA™ (28b)

where ], is the current observed in the absence of O,, defined in
eq 9. Equation 28a gives a condition for the protection
mechanism to be operational: DgS® > DoO®. If this condition
is not fulfilled, the flux of electrons that results from H,
oxidation at & is not sufficient to reduce the incoming O, at
£, the concentration of H, in the film drops down to zero, and
the film quickly inactivates (not shown).

There have been reports about the oxygen tolerance of
hydrogenase that results from its immobilization into thin
viologen films or in planar tethered bilayer membranes
containing a quinone mediator.>" In these cases the protection
mechanism seems to result from reductive reactivation by the
mediators or adjacent hydrogenase molecules. In the case that
we considered, the film can protect the enzyme even if the
inactivation is irreversible (k, can be zero), and the value of the
rate constant for the inhibition reaction k; does not determine
the resistance to O, either. (Note that things would be different
if k; was so small that the reduction of O, in the outer layer was
limited by the reaction rather than transport, or if k, was so
large that a steady-state was reached under aerobic conditions.)
The observation that the exact values of k, and k; do not really
matter implies that the strategy for improving the resistance of
the enzyme/film is entirely distinct from the situation where
the catalysts is a submonolayer of enzyme that undergoes direct
electron transfer with the electrode. In the latter case, it has
been clearly established that the resistance to O, of certain
[NiFe]-hydrogenases is the consequence of their rate of
reactivation being large,zs’y’61 and this has guided the use of
protein engineering to desi§n O,-tolerant [NiFe]-hydrogenases
in a rational manner.””*° Regarding [FeFe]-hydrogenases,
which do not reactivate after exposure to O,, theoretical
studies have been used to propose mutations that may decrease
the rate of reaction with O,.>"%* From the analysis above, it
appears that under the conditions we considered, the rate of
reactivation and the rate of inactivation of the enzyme do not
determine the resistance of the enzyme-film. This suggests that
enzymes that inactivate very quickly in the presence of O, and/
or reactivate very slowly under reducing conditions may also be
protected by polymer films, consistent with the (unpublished)
observation of ours that [FeFe]-hydrogenases and [NiFe]-
hydrogenases give similar results after incorporation in a
polymer film.

Nonbiological scaffolds (polymers, metal—organic frame-
works, and other porous materials) can also be used for
embedding and protecting fragile synthetic catalysts (reviewed
in ref 63). Considering the protection mechanism described in
this paper and initially suggested in ref 35, it should now be
possible to reconsider libraries of molecular and biocatalysts
that have been dismissed for applications due to insufficient
stability. Further optimization of the hydrogel properties and its
extension to other catalysts for other reactions will require an
in-depth quantitative understanding of the electron transfer,
mass transport, and catalysis within the hydrogel. We hope that
this paper sets the grounds for such studies.

It may be tempting to speculate about the general biological
relevance of the above protection mechanism, considering the
observation that hydrogenases are protected against O, when
embedded into a tethered bilayer.> However, a crucial and

DOI: 10.1021/jacs.5b01194
J. Am. Chem. Soc. 2015, 137, 54945505


http://dx.doi.org/10.1021/jacs.5b01194

Journal of the American Chemical Society

unique feature of the system we investigate, which has no
correspondence in vivo, is the spatial separation within the
depth of the film between the enzyme that gives electrons to
the electrode and the enzyme that produces the electrons that
quench dioxygen.
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