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Lactate sensing has high importance for metabolic disease diagnostics, food spoilage, sports medicine, or the
construction of biofuel cell devices. Therefore, continuous lactate sensing devices which enable accurate
detection should be developed. Here we present the overexpression and utilization of FMN-lactate dehydroge-
nase from Saccharomyces cerevisiae for oxygen-insensitive, continuous amperometric lactate biosensing. The
developed sensors exhibit a high signal-to-noise ratio, low interference effect, and a wide range of linear re-
sponses using both direct and mediated electron transfer configurations. The thionine-based mediated electron
transfer configuration was stable for 8 h of continuous activity and two weeks of periodic activity with storage at
4 °C. We further grafted the redox mediators on multiwall carbon nanotubes to lower the redox mediator
leaching effect. The developed grafting technique improved the biosensor stability and allowed continuous
operation for at least 20 h. Both the mediator-entrapped and the grafted bioanodes were further coupled with a
bilirubin oxidase-based biocathode to construct a biofuel cell device. The various biofuel cells have generated a
maximal power output of 110 uW/cm? under atmospheric conditions and 200 yW/cm? under oxygen saturation.

Direct electron transfer
Grafting

1. Introduction

Biosensors are essential tools for accurate biomarker monitoring.
Since first developed, amperometric biosensors have greatly evolved
and led to improved life span and patients’ quality of life. Point-of-care
diagnostic devices can reduce the overall time required for physicians to
recommend a treatment/medication and are therefore preferred. The
revolution triggered by the development of continuous glucose moni-
toring devices emphasizes the importance of biomarker sensing. Lactate
sensing has great significance for cancer identification and treatment
[1,2], yet no intravenous (IV) or interstitial continuous sensors are
currently available. The micro-environment of tumors triggers an efflux
of lactate that exceeds normal levels. The increase in 1-lactate concen-
tration can be correlated with tumor metastasis, therefore its detection is
highly important [3]. Interestingly, r-lactate can reach 25 mM in
secreted sweat, [4] which may be utilized as an energy source or as a
limiting threshold in sports medicine. Moreover, lactate biosensors use
can be further extended for lactate detection in the food industry [4,5].
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Currently, enzymatic lactate biosensors are mainly based on r-lactate
oxidase (LOx)[6] or nicotine adenine dinucleotide- lactate dehydroge-
nase, (NAD-LDH) [7,8]. These enzymes oxidize lactate to pyruvate while
reducing oxygen to hydrogen peroxide or NAD™ to NADH, respectively.
LOx (from Aerococcus viridans) is a dimer of homotetramers, where each
of the 8 identical subunits contains the flavin mononucleotide (FMN)
cofactor required for r-lactate to pyruvate conversion [9,10]. LOx was
first conceptualized for biosensing in 1979 [11] where indirect HoO>
oxidation was used for lactate monitoring. Lactate sensors consisting of
LOx inherently require oxygen for their activity, hence oxygen limits
LOx-based biosensor accuracy. This limitation is especially important
while oxygen concentration in blood or interstitial fluids fluctuates.
Hypoxia is a tightly related condition that’s common in metabolic dis-
eases like diabetes or cancer. Hypoxia can also be a defining factor of
tumors that may further distort the reading of LOx-based sensors. This
issue can be partially addressed by the addition of proper redox medi-
ators (second-generation biosensors), or by direct electrical communi-
cation with the electrode itself. The communication occurs via a direct
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Scheme 1. A schematic description of bioanode construction. ScLDH is
deposited on different types of glassy carbon electrodes for amperometric 1-
lactate measurement. Electrons from 1-lactate oxidation can flow via three
routes — direct electron transfer (I), mediated electron transfer (II), or grafted
redox mediator (covalently bound, III). Bioanodes are further coupled with
bilirubin oxidase biocathodes to construct biofuel cells.

electron transfer (DET) process that competes with oxygen, the natural
electron acceptor.

Mediated electron transfer (MET) and DET configurations have been
developed for the construction of amperometric lactate biosensors.
Mediators such as hydroxymethylferrocene [12] or direct deposition of
LOx on Nitrogen-doped carbon nanotubes [13] (CNTs) have been uti-
lized for amperometric lactate sensing. LOx with severely reduced oxi-
dase activity was also used in a DET configuration [14,15]. Lactate
sensors have also been utilized for alcoholic beverages and dairy prod-
ucts monitoring [16,17]. Despite employing similar methodologies used
with glucose oxidase, LOx has only seen commercial use in sensor strips
to date. Recently, research advances toward continuous lactate sensing
have been introduced with superior engineering toward real-time
topical r-lactate sensors [18-23]. LOx-based bioanodes are also attrac-
tive for the construction of biofuel cell (BFC) devices. For that, the
electrons generated by the lactate oxidation are transferred to a bilirubin
oxidase (BOD) based biocathode [24,25]. Coupling these reactions
generates electrical power that may be utilized for the activation of
external devices, e.g. a data micro transmitter. Several key parameters
are required for improved amperometric lactate sensing or lactate bio-
fuel cell devices: (i) oxygen-independent bioanode, (ii) low onset po-
tential for its activation, (iii) high stability and accuracy, (iv) a broad
detection range.

Flavin adenine dinucleotide (FAD) dependent LDH from bacterial
origins has advantages over the aforementioned LDH enzymes for
sensing, however, it is a membranal protein with low stability [26].
Flavin Mononucleotide (FMN) dependent LDH (FMN-LDH) from fungi is
soluble, O, independent, and can be overexpressed in E. coli [27]. FMN-
LDH contains three domains - cytochrome b, hinge, and FMN-dependent
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Fig. 1. Characterization of DET i-lactate bioanodes. (a) Scheme of a DET-based
bioanode. ScLDH is deposited on MWCNT/GCE and incubated for one hour
until complete evaporation. Afterwards, agarose is dropcasted. (b) CV mea-
surements of DET-based ScLDH at increasing L-lactate concentrations starting
at OmM (black). The current at 0 V vs Ag/AgCl was averaged from three
separate CV measurements and plotted vs [i-lactate] (inset). All CVs were
performed in PB 0.1 M, pH = 7.5 at 5 mV/s.

catalytic domain. While few reports have shown its promise, continuous
sensing devices or BFC applications with fungal FMN-LDH have not been
presented [28-31]. Moreover, the current FMN-LDH developed amper-
ometric biosensors have limited detection range, low microampere
bioelectrocatalytic currents, and often, high overpotentials. These
drawbacks limit further development of both sensing and biofuel cell
applications.

Here we present the development of a new FMN-LDH-based
amperometric biosensor and a lactate biofuel cell device that are both
oxygen-independent. The FMN-LDH from Saccharomyces cerevisiae
(ScLDH) was utilized for biosensing in both directed and mediated
electron transfer process configurations. The developed bioanode was
further coupled with a BOD-based biocathode for the development of an
L-lactate/O4 biofuel cell device. The activity of the developed biosensors
was investigated in both phosphate buffer (PB) and artificial interstitial
fluid (ISF) under redox potentials as low as 0 V vs Ag/AgCl. The
detection limit and operational stability of the ScLDH bioanode were
determined, as well as the effects of various interferents. To elucidate
the enzyme-electrode electron transfer process, we overexpressed and
isolated an additional variant consisting of the sole FMN-LDH catalytic
subunit (lacking the heme). The different variants were examined and
compared in terms of their electron transfer process capabilities and
their required overpotentials. We further examined different construc-
tion methodologies for optimized bioelectrocatalytic activation of the
FMN-LDH enzyme on the electrodes’ surfaces. For that, different redox
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Fig. 2. Characterization of MET i-lactate bioanodes. (a) Scheme of a MET-based bioanode. ScLDH and thionine are co-deposited on MWCNT/GCE and incubated for
one hour until complete evaporation. Afterwards, agarose is dropcasted. (b) CV measurements of MET-based ScLDH before (black) and after (red) addition of 8 mM t-
lactate. (c) Calibration curve of amperometric L-lactate response. The current at 0 V vs Ag/AgCl was averaged from three separate CV measurements and plotted vs [L-
lactate]. The inset shows measurement at low L-lactate values using the same measurement conditions. (d) MET-based calibration curve in artificial interstitial fluid
(ISF) instead of phosphate buffer (PB) to simulate a fouling prone environment, see SI for further detail. The current response at 0 V vs Ag/AgCl was averaged from
three CV separate measurements and plotted vs [L-lactate]. All CVs were performed in PB 0.1 M, pH = 7.5 or ISF solution at 5 mV/s.

Table 1
Comparison of 1-lactate biosensors.
Enzyme type Sensitivity Linear detection range Upper limit of detection Continuous operational Applied voltage vs Ag/
(uA*mM '*em2) (mM) (mM) stability AgCl (V)
(hours)
LOx[19] 405.2 0.01-0.1 10 110 0.15 (vs SCE)
LOx[20] 3.5 0.2-1 2 N.R. 0.3
LOx[22] 0.242 (pA*mM’l) 1-10 10 6 -0.1
LOx[23] 31.2%10° (uA*mM 1) 1-50 50 1.25 —0.05
LOx[25] 45 0-3 5 N.R. 0.3 (vs SCE)
NAD-LDH[45] 10 (pA*mM 1) (5-90)*10°° 0.2 N.R. 0.3
b2LOxS[15] 21%10° 0.5-10 20 12 0.15
ScLDH[28] 10.6 0.3-2 6 N.R. 0.25
This work, ScLDH 28.75 0.5-8 10 8 0
(entrapped TH
configuration)
This work, ScLDH 63.83 1-6 14 20 0.1

(grafted TB configuration)

*N.R.: parameter not reported.

mediators were tested while entrapment or grafting methodologies were
applied. A toluidine blue (TB) grafted configuration displayed a signif-
icantly improved continuous operational stability of over 20 h. Using
entrapment methodologies, the BFCs devices yielded 126 + 2 pW/cm?
under oxygen enrichment and 110.22 + 2 yW/cm? under atmospheric
conditions. By utilizing the grafting-based BFCs 157.4 + 56 uW/cm?
could be reached under oxygen enrichment and 78.4 + 6 yW/cm? under

atmospheric conditions.
2. Experimental section
For a complete description of the methods used, the reader is

encouraged to view the supporting information file. The file describes
enzyme sequence, additional enzyme -characterization, bioanode
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Fig. 3. Lactate sensing using the electrografting method. (a) scheme of diazonium formation and electrografting. (b) Scheme of a dye-grafted bioanode. A dye
\MWCNT\GCE is formed using a diazonium dye solution, see methods section. Then, ScLDH is deposited on MWCNT/GCE and incubated for one hour until complete
evaporation. Afterwards, agarose is dropcasted. (c) CV of a thionine-grafted electrode before (black) and after (red) addition of 10 mM t-lactate. (d) CV of a TB-
grafted electrode before (black) and after (red) addition of 10 mM tr-lactate. Inset: Amperometric response of grafted TB configuration to varying r-lactate con-
centration. The current response at 0 V vs Ag/AgCl was averaged from three CV separate measurements and plotted vs [L-lactate]. All CVs were performed in PB 0.1

M, pH = 7.5 at 5 mV/s.

characterization methods, and fabrication of bioanodes on alternative
surfaces.

2.1. ScLDH cloning and overexpression

The Saccharomyces cerevisiae 1-lactate Dehydrogenase (ScLDH) gene
was externally synthesized and cloned into pET29b (Twist Bioscience)
using the sequence from entry NP_013658.1 (NCBI), after codon opti-
mization and removal of the signal peptide (AA 1-85). The catalytic
domain of ScLDH was synthesized the same way from AAs 113-514.
Competent E. coli BL-21 (DE3) cells were transformed with pET29ScLDH
and negatively selected using kanamycin agar plates. Surviving colonies
were then positively selected via colony PCR.

BL21-pET29ScLDH bacteria were grown in 100 ml of terrific broth
(lacking glycerol and inoculated with 50 ug/ml kanamycin, 1 mM
CaCl2, MgCl2, and 10 mM glucose). Cells were grown for 8 h (37 °C,
180RPM), induced with 0.1 mM IPTG, and grown for an additional 18 h
under stirring at RT. Then, the cells were centrifuged repeatedly using a
50 ml tube until all cells were pelleted and the supernatant was
removed. The cell pellet was pink due to heme production. After su-
pernatant removal, the tube was frozen at 80 °C until further use.

2.2. ScLDH purification, SDS PAGE, absorbance, and FAD-GDH ratio

ScLDH cells from a frozen tube were resuspended in 20 ml lysis
buffer (50 mM PB pH 7.5, 50 mM KCl) and disrupted by ultrasonication.
Removal of cell debris was performed by centrifugation (10,000 g, 30
min’, 4 °C), after which the supernatant was filtered using a 0.22um
membrane.

The supernatant was passed through an anion exchange column,
then washed with 5 column volumes of the lysis buffer at 5 ml/min’. The
protein was eluted using a linear gradient of 50-500 mM KCl, 50 mM PB
pH = 7.5. The protein was eluted at ~ 150 mM KCl as a slightly pink
solution. The eluted protein was concentrated using the Amicon 30 kDa
centricons (4000RPM, 4 °C, 30 min.), then using the PALL 10 kDa

centricons (4000RPM, 4 °C, 15 min’). The entire purification process
was performed for both ScLDH and its catalytic domain.

The purified protein was measured via spectrophotometry. The
typical absorbance of ScLDH was estimated at 2.412 for 1 mg /ml.
Alternatively, the concentration of the haem b cofactor at 415 nm (g415
=103 mM ! crn_l) was used to assess ScLDH concentration [32]. [haem
b] was divided by [ScLDH] to yield the cofactor-protein ratio, which is
indicative of purity.

For the bioanode fabrication, GCEs were polished with 1 pm and
0.05 pm alumina beads in a sequence. MWCNTSs suspension (5 mg/ml)
was prepared by dissolving MWCNTSs in DMF, followed by sonication for
30 min’. Afterward, 5 pl of the MWCNTSs solution were deposited on
each GCE, which were then dried in vacuo for 30 min’.

For entrapped thionine-based bioanodes, 2 pl of thionine 20 mM and
2 pl of ScLDH 253 uM were deposited on GCE-MWCNT and dried under
atmospheric conditions for one hour. Agarose was heated until boiling,
then 5 pl of 1 % agarose (60 °C) was deposited on the modified GCE,
which was then incubated at 4 °C for at least 30 min’.

For DET bioanodes, a GCE modified with MWCNTs was prepared as
described above, then 5 pl of the ScLDH catalytic domain (65 pM) or
ScLDH (253 uM) were deposited on the electrode. The electrode was
dried for 30 min’ under atmospheric conditions.

For grafted electrodes, thionine, NR, and TB were dissolved in acidic
media, and 500ul sodium nitrite 2.4 mg/ml was added dropwise. This
was incubated for at least 30 min’ on ice. Two ml of the grafting stock
solution were added to the electrochemical cell. Then, CV was applied
(0.1V to —0.6V, 50 cycles) in order to graft the dye to the MWCNT
coated GCE. Then, 4 ul of ScLDH 125 puM were deposited on top of the
electrode, followed by incubation under atmospheric conditions for 30
min’. The modified GCE was then coated with agarose as mentioned
above.

2.3. Bioanode saturation curve measurement

The bioanode was measured using cyclic voltammetry (CV) after a
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Fig. 4. Effects of interferents on 1-lactate sensing. (a + b) CA measurement of common interferents of thionine-entrapped and TB-grafted configurations at 0 V or 0.1
V vs Ag/AgCl respectively. The following analytes were added in sequence from left to right: 2 mM L-lactate (twice), ascorbic acid, uric acid, acetaminophen, 50 mM
glucose, 2 mM 1-lactate (twice). (¢ + d) Linear range estimation for of thionine-entrapped and TB-grafted configurations respectively. The current of three separate
CA measurements was recorded at 0 V or 0.1 V vs Ag/AgCl after each addition of lactate, then averaged and plotted vs [L-lactate].

five mins incubation period (in 20 ml PB pH = 7.5, vs Ag/AgCl, 5 mV/s).
The solution was spiked with 4 mM pi-lactate (2 mM 1i-lactate in-
crements), after which another CV measurement was taken until current
saturation was achieved (no rise vs increasing [r-lactate]) at 0 V vs Ag/
AgCl. The current at 0 V from each CV was plotted vs [L-lactate] to form
the saturation curve. The same measurement was performed for the
ranges of 0.5 to 1.5 mM Lr-lactate.

For artificial ISF measurements, the same assay was performed using
an ISF-like solution composed of the following ingredients: 0.43 g Bi-
carbonate, 1.35 g NaCl, 1.4 g BSA, 1.9 mg Ascorbic acid, 13.7 mg uric
acid, 7.2 mg fructose, 1.1 mg lactose, 53.4 mg urea, 4.8 mg calcium
sulfate, and 21 mg magnesium sulfate. These salts were dissolved in 200
ml of PB 50 mM pH = 7.5.

2.4. Biocathode fabrication and measurement

For ABTS-mediated BOD biocathodes, a 5 pl mixture containing 25
mM TRIS/HCI pH 8.5, 0.8 mg/ml BOD, 0.5 mg/ml ABTS, and 0.25 mg/
ml dopamine was deposited on GCE modified with MWCNTs (as
described above), which was then incubated for 45 min’ at RT.

Both bioanode (entrapped or grafted route) and a bilirubin oxidase
biocathode were prepared as mentioned above and placed inside a
triple-necked flask filled with 20 ml PB pH = 7.5 containing 20 mM bt-
lactate. The cell was measured via linear sweep voltammetry (59-sec
hold, 2 mV/s, from 0 to 0.5 V vs Eoc) using the biocathode as a reference.
The measurement was taken under atmospheric conditions and O
enrichment.

2.5. Quantification of immobilized protein on the electrode

Two bioanodes were prepared as mentioned above, where double-
distilled water was deposited onto one bioanode instead of ScLDH.
Both bioanodes were soaked in 200 ul PB pH = 7.5 for one hour, after
which the absorbance of each solution was measured. Both spectra were
subtracted from one another to estimate the absorbance at 415 nm,
yielding the desorbed [ScLDH]. This amount was subtracted from the
total drop cast enzyme to yield the retained [ScLDH] on the electrode
surface. The same process was repeated for all DET and MET configu-
rations with either ScLDH or its catalytic domain.

3. Results and discussion

Initially, 1-lactate Dehydrogenase (ScLDH) from Saccharomyces cer-
evisiae was cloned into E. coli, Fig. S1. Entry NP_013658.1 (NCBI) was
used after codon optimization and signal peptide removal (residues
1-85)[27]. The full ScLDH protein including the heme, hinge, and cat-
alytic domain, as well as the standalone FMN catalytic domain, were
overexpressed. Initially, the enzymes were purified using Ni-NTA col-
umns, however, the FMN cofactor diffused out of the protein in the
presence of imidazole. Therefore, the Ni-NTA column was replaced with
an anion exchange column to yield the active purified protein, Fig. S2,
and Fig. S3. Various biochemical aspects of both ScLDH and the stand-
alone catalytic domain were further characterized, Fig. S4. Then, both
enzymes were used as part of direct and mediated ET configurations.

It was recently shown that heme-fused enzymes can facilitate DET
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Fig. 5. Characterization of the biosensor’s stability. (a) Continuous activity
measurement of the thionine-entrapped configuration. A CA measurement was
performed at 0 V vs Ag/AgCl. Each arrow represents the addition of 2.5 mM t-
lactate at 0, 4 and 8 h. (b) Storage stability assay of the ScLDH bioanode. Three
electrodes were measured using CV at fixed intervals (at 5 mV/s, see methods
for further detail) before and after the addition of 5 mM L-lactate, then soaked
in PB, dried, and stored at 4 °C. The current of three separate CV measurements
at 0 V was averaged and normalized, then presented vs. time. (c) Continuous CA
measurement of grafted thionine (red curve, at 0.2 V vs Ag/AgCl) and TB (black
curve, at 0.1 V vs Ag/AgCl). Aliquots of 2.5 mM 1-lactate were added at t = 0, 4,
zind ~ 21 h. All measurements were performed in PB 0.1 M, pH = 7.5.

processes with electrodes[15,33,34]. GOx and LOx contain an insulated
FAD cofactor that is incapable of establishing efficient electrical
communication with electrodes. In contrast, the ScLDH’s internal heme
is exposed to its surroundings. Hence, we examined if DET processes can
be achieved using ScLDH. This was tested by the deposition of ScLDH
onto the GCE/multiwalled-CNTs (MWCNTSs) electrode, Scheme 1 route
I. The GCE/MWCNTs/ScLDH electrodes were coated with boiled
agarose that cooled to 60 °C. Then, the GCE/MWCNTs/ScLDH elec-
trodes were further incubated at 4 °C for improved stability. As depicted
in Fig. 1b, the ScLDH-based electrodes have shown efficient bio-
electrocatalytic currents with a minute overpotential of 0.1 V. Heme
redox potential is at —0.2 V [35] while the bioelectrocatalytic current
onset starts at —0.1 V. For comparison, the standalone MWCNT
configuration shows onset potential that correlates with lactate oxida-
tion at 0.9 Vvs Ag/AgCl, Fig. S5. We hypothesized that the FMN cofactor
communicates with the electrode indirectly through the heme cofactor
via an internal electron transfer process. To elucidate the electron
transfer mechanism of the FMN-LDH enzyme, we overexpressed and
purified the FMN catalytic subunit without the heme containing f sub-
unit. The purified catalytic subunit was deposited on the GCE-MWCNTs
electrode in a similar manner. As depicted in Fig. S6, no bio-
electrocatalytic currents were obtained. These results indicate that
indeed an internal electron transfer occurs in the designed configura-
tion. The addition of a redox mediator restored the enzyme-derived
bioelectrocatalytic currents, Fig. S7. These results conclude that
indeed the heme cofactor is essential for DET bioelectrocatalytic pro-
cess. Then, the DET-based biosensor detection range was determined.
This was achieved by correlating the measured bioelectrocatalytic cur-
rents at 0 V vs Ag/AgCl to the added lactate concentrations. The
generated bioelectrocatalytic currents have leveled off at ~ 27pA/cm?,
showing a linear sensing range of up to 3 mM L-lactate, Fig. 1b inset.
Similar results were obtained while cyclic voltammogram measure-
ments were replaced with chronoamperometry, Fig. S8. We further
examined the scan rate vs the obtained bioelectrocatalytic currents. As
presented in Fig. S9, a linear response was obtained for lactate free or
lactate containing measured systems, indicating a surface confined
catalyst. While the heme domain removal may lower the theoretical
onset potential of activation toward the FMN redox potential (from ~
-0.2 Vto ~ -0.45 V). Thus, the FMN cofactor can’t establish efficient DET
due to extended protein shell isolation, and therefore lacks bio-
electrocatalytic activity. The linear sensing range of the DET-based
configuration reached 3 mM, which is significantly higher than the
average human intravenous levels (0.5-2 mM). Nevertheless, for prac-
tical biofuel cell applications or external sweat biosensors, higher cur-
rents, and an extended detection range are required. To accomplish
these goals, several issues should be addressed; (i) a higher surface area,
(ii) an improved orientation of the active site toward the electrode, or
(iii) an improved electron transfer process using suitable redox-active
molecules. Therefore, we have examined the ScLDH and its catalytic
domain in a MET configuration using several redox mediators, Sche-
matic 1 route II. The various redox mediators employed in this work are
shown in Fig. S10.

First, ScCLDH was co-deposited with 2,6-dichlorophenolindophenol
(DCPIP) on a GCE-MWCNTs electrode. Fig. S11 depicts the
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Fig. 6. Polarization curve of the ScLDH-BOD BFC. Linear sweep voltammetry was performed to measure the power output of the entrapped (a + c) or the grafted (b
+ d) configuration. All measurements were performed in the presence of 10 mM r-lactate and PB (0.1 M, pH = 7.5) under oxygen enrichment (a + b) or atmospheric
conditions (c + d) respectively. Each measurement was repeated three times (see text for averaged power output and error margin).

Table 2
Comparison of 1-lactate BFCs.

Reference and enzyme type Open circuit voltage Max power output

W) (uW*em™?)

LOx[25] 0.57 122
LOx[44] 0.597 113
LOx[46] 0.74 520
LOx, NAD-LDH[47] 0.9 380
This work, ScLDH 0.73 126

(entrapped TH

configuration)
This work, ScLDH 0.66 200

(grafted TB configuration)

bioelectrocatalytic currents obtained while increasing lactate concen-
trations were added to the test solution. By plotting the bio-
electrocatalytic currents vs lactate concentration, we could determine
the linear sensing range to reach up to 1.5 mM. Furthermore, the applied
potential for lactate measurement using the DCPIP configuration was
above 0.1 V vs Ag/AgCl, thus, it can be influenced by common inter-
ferents. Moreover, the continuous operational stability of the DCPIP
configuration lasted up to two hours, Fig. S12. To avoid the non-specific
oxidation process in human body fluids, other redox mediators were
considered. Redox-active mediators with lower onset potentials such as
dichloro-naphthoquinone (DCNQ), anthraquinone sulfonate (AQS),
methylene blue (MB), and thionine can theoretically suit the enzyme
and allow activation at lower potentials. Surprisingly, while DCNQ was
an excellent redox mediator in our previous work|[36,37], it failed to act
as a redox mediator for the ScLDH-based bioanodes. Thermodynami-
cally, AQS and MB may act as redox mediators for the FMN cofactor

positioned at the enzyme’s active site (however, not for the heme
cofactor). Nevertheless, both have failed to mediate the electron flux
from both ScLDH and the purified FMN catalytic subunit. In contrast, the
addition of thionine has enabled an efficient electron transfer process
between the enzyme and the electrodes. Thionine’s redox potential
appears at —0.15 V vs Ag/AgCl, which is ca. 50 mV more positive than
the embedded heme. It has been shown that thionine or cross-linked
thionine can act as a redox mediator for GDH-based biosensors
[38,39]. Therefore, thionine and purified ScLDH were entrapped in
agarose gel and deposited on MWCNTSs, Fig. 2a. The electrodes were
further tested and the bioelectrocatalytic activity was optimized. Briefly,
a glassy carbon electrode (GCE) was modified with MWCNTs followed
by the addition of thionine and ScLDH (or the catalytic domain). The
electrode was dried under atmospheric conditions for one hour, before
the addition of the agarose-gel coating.

Then, the developed thionine-based MET bioanode was tested elec-
trochemically using CV. As depicted in Fig. 2b, the addition of 8 mM t-
lactate has led to bioelectrocatalytic currents of 0.3 mA/cm? at 0 V vs
Ag/AgCl. The tested configuration onset potential was —0.2 V, which
was dictated by the thionine redox mediator. A comparison between the
developed biosensor and previous lactate sensors can be found in
Table 1. Biosensors that utilize LOx and NAD-LDH possess a sensitivity
below 1 pA*mM ™~ *cm ™2 and\or operate at voltages above 0.1 V vs Ag/
AgCl. While these parameters may suit sensing applications, the low
currents and the high voltage are less attractive for biofuel cell appli-
cations. Furthermore, applied potentials above 0.1 V allow non-specific
oxidation of interferents that may limit the measurement’s accuracy.
Then, the developed biosensor was measured repeatedly in PB while
introducing increasing amounts of lactate. As shown in Fig. 2c, the
developed biosensor’s linear response range to lactate concentration
was extended to 8 mM. Similar results were obtained while the biosensor
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was tested in an artificial ISF solution, Fig. 2d. The artificial ISF con-
tained various salts, amino acids, and significant amounts of BSA that
may disrupt sensing by a fouling mechanism. We further tested the
bioanode under an applied bias of 0 V vs Ag/AgCl while common in-
terferences such as uric acid and ascorbic acid were added. As expected,
no undesired oxidation reactions were observed due to the low activa-
tion potential of the enzymatic reaction dictated by thionine (ca. —0.15
V vs Ag/AgCl), Fig. 4a. The linear sensing range was conserved even in
the presence of interferents, Fig. 4c. We then verified that the developed
biosensor is indeed oxygen-independent by testing the electrodes under
an argon atmosphere. As expected, no noticeable differences were ob-
tained, Fig. S13. Additionally, alternative carbon surfaces were tested.
This should provide a platform to develop biosensors suitable for scaled-
up fabrication. As expected, the biosensor’s activity on Toray paper was
maintained, Fig. S14. As depicted in Fig. 3c, the current increases in
response to lactate addition up to 10 mM. This configuration was
applied to the sole FMN catalytic domain, Fig. S14. As depicted, the
catalytic domain achieved only 70 % of the maximal current, Fig. 3c.
Further measurements have concluded that DET capabilities are only
possible in the presence of the heme domain, Fig. S6, and Fig. S7.

To identify key parameters such as ET rate and enzyme coverage, the
ScLDH-thionine bioanode configuration was further characterized. The
adsorbed amount of ScLDH and thionine on the electrode was quantified
using spectrophotometry and electrochemistry to give ~ 81pmole and
~ 45nmole respectively, Fig. S15. Knowing the enzyme content on the
electrode surface and the maximal bioelectrocatalytic currents gener-
ated, kgr was estimated to be ~ 18 s~ Surprisingly, despite the better
Ky and Vmax values obtained in the Michaelis-Menten plots, the kgt of
the catalytic domain lacking the heme subunit while attached to elec-
trodes was found to be ~ 1.4 s~1. We attribute these results to the higher
overpotentials required for activation, both due to electrical insulation
of the sole catalytic domain that lacks the heme redox bridge and poor
orientation on the carbon electrodes. The stability of the ScCLDH-thionine
bioanode was also examined. The biosensor maintained continuous ac-
tivity for at least 8 h of operation, with the current decreasing to 40 %
after 8 h, Fig. 5a. We attribute the current loss to thionine leaching from
the agarose layer, which occurs due to its high solubility. On the con-
trary, the bioanode’s activity through storage cycles has shown great
results. Periodic measurements of the electrodes were performed, and
the electrodes were stored at 4 °C after each use. The examined
electrodes-maintained response for at least two weeks, Fig. 5b. While
thionine’s stability is much greater than the DCPIP configuration, we
examined stability-enhancing methodologies to extend the continuous
operation lifetime. While the presented configurations are suitable for a
short continuous measurement, long-term lactate monitoring, and bio-
fuel cell applications both require improved operational stability. As
mentioned above, the entrapped mediator limits the biosensor’s long-
term use due to thionine leaching. Therefore, methods to covalently
integrate the redox mediator with the electrode surface should be
developed. Conjugation of redox mediators with polymers backbone has
been widely used for both biosensors and biofuel cell configurations
[25,40]. A different approach for integration is based on a direct grafting
of redox mediators on carbon surfaces, Schematic 1 route III. This
approach has shown great promise while used in a glucose biosensor
configuration [41]. The facile grafting method allows a simple and
modular device fabrication with various redox mediators as depicted in
Fig. 3a, 3b, and Fig. S16.

For that, the aromatic amine of the redox dyes was activated using in
situ electrodeposition. The activation process led to the formation of a
diazonium moiety, which enabled covalent attachment of the redox
mediator onto the MWCNTs. Thionine was grafted successfully over the
electrodes, however, the biosensor’s amperometric response nearly
ceased after four hours, Fig. 3¢, 5c. When comparing the stability of
entrapped thionine vs grafted thionine, grafting greatly improved the
retention rate of the mediator from 32 % to 62 % after 12 h, Fig. S17.
We, therefore, examined two additional redox mediators, neutral red
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(NR) and toluidine blue, (TB). Surprisingly, the NR-based biosensor
didn’t yield bioelectrocatalytic currents despite having an onset poten-
tial of ca. 0 V (Fig. S18). The lack of activity may stem from the in-
compatibility of NR with the active site, due to it being a phenazine or
steric interference. On the other hand, grafted TB mediated the electron
transfer process from the FMN-LDH enzyme and enabled sensing with a
great linear range and improved stability, Fig. 3d, 5c. Due to grafting
and the formed bonds, a potential shift of the soluble TB was apparent.
As shown before [41], grafted redox molecules undergo a potential shift.
Indeed, a potential shift was observed proving a successful grafting
process, Fig. 3d and Fig. S19. The developed TB configuration enabled
continuous 1-lactate sensing with an 80 % current drop after 20 h.
Examining TB-grafted bioanode interference while measuring at 0.1 V
have yielded a minor response to ascorbic acid and glucose, while no
response was registered for the thionine-mediated configuration,
Fig. 4b, 4d. This was expected, as non-specific oxidation becomes a
limitation at these voltages. Control experiments that lack the ScLDH
enzyme in the GCE/MWCNTs/TB configuration did not yield any bio-
electrocatalytic currents, Fig. S20. As both the entrapped and grafted
configurations boosted the currents above 100uA/cm? they have
proven suitable as bioanodes for power generation.

Therefore, entrapped and grafted bioanodes were then coupled with
a previously developed bilirubin oxidase(BOD)-based biocathode to
construct a biofuel cell device[42,43]. These BFC configurations
generated up to 126 + 2 yW/cm? under oxygen saturation and 110.2 +
2 uW/cm? under atmospheric conditions, Fig. 6a and Fig. 6¢. The open-
circuit voltage was found to be 730 mV, which correlates with the
theoretical redox values of both mediators, Fig. 2b and S21. These
numbers lay with the top electrical power densities achieved using a
LOx-based biofuel cell device, see Table 2. In addition to the entrapped
bioanode, the grafted bioanode was also used to construct a BFC device,
Fig. 6b, and Fig. 6d. The constructed BFC had reached 78.4 + 6 pyW/cm?
under atmospheric conditions and 157.4 + 56 pW/cm? under oxygen
saturation. It should be noted that under atmospheric conditions, the
BOD biocathode appears to be the limiting factor for power generation,
yet under oxygen enrichment, this limitation is canceled. The develop-
ment of lactate biofuel cells is an attractive scientific goal with many
required applications. Unlike other biomarkers, lactate concentration
levels are relatively high and can be detected internally or on our skin.
The correlation between metabolic diseases and lactate concentration
changes has been suggested, but not fully determined. Continuous
monitoring of lactate could enable physicians to elucidate this broad
phenomenon. Therefore, as continuous monitors become more
commonly used, the next step should be a multi-sensing device that
captures additional essential data. Moreover, lactate levels in sweat
reach as high as 25 mM and could therefore be utilized for biofuel cell
activation or battery charging. In turn, the generated electrical power
could enable integrated smart devices or IoT capabilities that push the
boundaries between machines and humans to the next level.

4. Conclusions

In this work, we have presented the development of an oxygen-
independent, 1-lactate amperometric biosensors. For that, FMN-LDH
from Saccharomyces cerevisiae was cloned, isolated, and purified from
E. coli. The full FNM-LDH, including the FMN catalytic and heme-
containing subunits, was utilized for amperometric biosensing. The
standalone catalytic domain was used as well, yet both DET and MET
processes favored the full protein. The fabricated devices presented su-
perior 1-lactate detection capabilities with higher bioelectrocatalytic
current at lower activation potentials as compared with previous FMN-
LDH developed configurations. We investigated the enzyme-to-electrode
electron transfer process and showed that both DET and MET processes
can be achieved. We further show that the MET configurations reach
higher bioelectrocatalytic currents with better operational stability. The
bioelectrocatalytic currents reached by the developed sensors are ~
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300uA/cm? with a linear detection ranging between 0.5 and 8 mM. This
range encompasses the average r-lactate intravenous values of ~ 1 mM
and most of the topical lactate range. The developed configuration can
operate in both direct and mediated electron transfer processes at low
overpotentials which are required for interference-free measurements.
The biosensor also operates in an oxygen-independent manner to avoid
the limitations of LOx-based biosensors. Additionally, a grafting meth-
odology was implemented for improved stability. Grafted toluidine blue
significantly increased the biosensor’s operational stability to at least 20
h of continuous operation while maintaining a linear detection range of
up to 6 mM. This greatly exceeded the operational stability of mediated
configurations, which lasted several hours including both DCPIP and
thionine. Both the grafted and the redox mediator entrapment config-
uration have presented desirable properties for future continuous
amperometric lactate biosensors. The developed bioanodes were
coupled with a BOD biocathode to form lactate/O, enzymatic biofuel
cell devices. These cells yielded a maximal power output exceeding 110
pW/cm? under atmospheric conditions. The grafted configuration yiel-
ded lower open circuit voltage due to the ~ 200 mV onset potential shift
formed in the grafting process. Even so, the grafted BFC reached up to
200 uW/cm? under oxygen saturation due to higher currents. The gained
electrical power outputs of both configurations are similar to previously
developed lactate biofuel cells[25,44]. Overall, these results show
promise for grafting-based r-lactate Oz-independent sensing or energy-
generating devices.
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