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ABSTRACT

Lactate levels in humans reveal intensity and duration of exertion and provide a critical readout for the severity of life-threatening illnesses such as
pediatric sepsis. Using the lactate oxidase enzyme (Lox) from Aerococcus viridians, we demonstrated its functionality for lactate electrochemical
sensing in physiological fluids in a lab setting. The structure and dynamics of LOx were validated by crystallography, X-ray scattering, and hydroxyl
radical protein footprinting. This provided a validated protein template for understanding and designing an enzyme-based electrochemical sensing
elements. Using this template, LOx enzyme variants were generated and compared. Comparison of the variants demonstrates that one exhibits
effective lactate sensing at significantly reduced operating voltages. Additionally, we demonstrate that the four hexahistidine-tags on each enzyme
tetramer are sufficient for immobilization to create a durable, functional sensor, with no need for a covalent attachment, enabling self-
immobilization and eliminating the need for additional immobilization steps. The functionality of the LOx enzyme variants was verified at phys-
iological lactate concentrations in both human serum (0-4 mM) and artificial sweat (0-100 mM) using 3-electrode setups for analysis of the three
variants in parallel. Accuracy of measurement in both artificial sweat and human serum were high. Employing a microfluidic flow cell, we suc-
cessfully monitored varying lactate levels in physiological fluids continuously over a 2h period. Overall, this optimized LOx enzyme, which self-
immobilizes onto gold sensing electrodes, facilitates efficient and reliable lactate detection and continuous monitoring at reduced operating volt-
ages suitable for further development towards commercial use.

1. Introduction

Lactate (I-lactate or lactic acid) is produced from pyruvate by lactate dehydrogenase during normal and abnormal metabolism and
is directly related to levels of metabolic exertion during exercise and training [1,2]. In addition, lactate accumulation in humans can
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occur due to numerous medical conditions including heart disease, sepsis, and diabetes [3]. This over-accumulation of lactate can lead
to clinical complications including pain, muscle fatigue, pH imbalance, impaired muscle/limb performance, respiratory changes,
cardiovascular stress, and organ failure [4,5]. In clinical settings, lactate levels serve as a key biomarker for detecting sepsis, moni-
toring heart failure, assessing the severity of shock, and identifying metabolic acidosis, aiding in the early diagnosis and treatment of
these conditions [6]. In athletics, lactate levels serve as a key biomarker for gauging performance, fine-tuning training regimens,
assessing muscle fatigue, and ensuring safe training practices [7]. Currently, lactate measurement is predominantly conducted
discontinuously in centralized laboratories. There are limited technologies available that facilitate lactate detection at the point of care
(POC), and these technologies typically allow for intermittent detection, rather than continuous monitoring [8,9] and require a fresh
blood draw for each measure. Continuous monitoring of lactate in a POC setting offers significant benefits in predicting and managing
disorders associated with lactate imbalances, as well as providing valuable insights to optimize athletic performance and training
regimes [10,11].

Enzymatic electrochemical sensors utilizing lactate oxidase (LOx) offer rapid, sensitive, and selective lactate measurement, which
is ideal for precise and continuous lactate monitoring [12,13]. In these sensors, lactate is enzymatically oxidized by LOx to produce
pyruvate and hydrogen peroxide (H202) [14]. Then, the hydrogen peroxide is catalytically decomposed on the electrode surface to
produce oxygen gas (0O2), water (H20), and electrons (2e”) [15]. The sensing electrode quantitatively determines H20: levels by
monitoring these generated electrons, consequently inferring the concentration of lactate [16].

Despite advancements in the development of lactate electrochemical sensors, considerable challenges persist in the commercial-
ization of LOx-based electrochemical sensors. Detecting lactate using wildtype LOx without any electron mediator requires a relatively
high potential (0.6 V vs. standard Ag/AgCl in phosphate buffer saline (PBS), and ~0.65-0.8 V in sweat) [5,17]. This elevated potential
often results in non-specific or spontaneous electrochemical reactions, which in turn produce interfering signals and amplify noise,
hindering sensor effectiveness and reliability [18,19]. Additionally, high voltage in enzymatic sensors can cause electrode fouling,
characterized by the oxidative degradation of conductive materials, deactivation/loss of enzyme, and contamination due to the
adhesion of proteins or peptides [20,21]. Most sensors employ a mediator in the composition of the working electrode such as Prussian
Blue, tetrathiafulvalene (TTF), and phenazine ethosulfate (PES) [15,22,23] in order to lower the sensor operation voltage [15,22,23].
However, Prussian blue and TTF suffer from low solubility and complex synthesis processes, potentially posing difficulties for
large-scale commercial production of LOx sensors. Phenazine has been established as an innovative electron mediator, and the use of
phenazine-modified lactate oxidase has been shown to facilitate efficient lactate sensing [15] ostensibly by enabling a quasi-direct
electron sensing modality. Although phenazine-modified lactate oxidase has demonstrated feasibility in lactate detection, its func-
tionality has only been demonstrated in PBS solutions rather than actual biofluids [15]. Additionally, these previous studies only
demonstrated a limited range of linearity up to 5 mM for measured current against lactate concentration in PBS [15], whereas the
physiological lactate concentrations in sweat fall between 5 and 25 mM and can escalate to 43.7 mM during endurance exercise and
can peak at 115.8 mM in scenarios of exhaustive exercise [24,25]. Moreover, the selective lactate sensing using phenazine-modified
lactate oxidase required the application of a negative voltage [15]. These negative voltages are known to cause cathodic reduction of
dissolved oxygen molecules, which may potentially generate currents that interfere with accurate lactate detection [26-28].

Besides the relatively high operating voltage requirement, immobilizing the LOx enzyme on sensing electrodes requires specific
techniques [29,30]. Various approaches to immobilization including entrapment in polymeric membranes [31-33], covalent immo-
bilization [34], confinement inside so-gel matrix [31], and cross-linking [35] have been developed to assist LOx enzyme immobili-
zation on electrode surfaces with materials including gold, graphene, platinum, and other materials [36-38]. However, these methods
involve advanced biosensors composed with nanoparticles [39], nanotubes [40], gels [31], or involvement with additional chemical
treatment during sensor fabrication [41]. As a result, this complexity not only complicates the manufacturing timeline and escalates
production costs but also demands enhanced quality control measures.

To address these challenges, we characterized engineered variants of LOx enzyme from Aerococcus viridians for their viability as
sensors under physiologically relevant ranges of lactate. The location of the hexahistidine affinity tag on these engineered LOx enzymes
allows self-immobilization onto gold electrodes absent any covalent coupling steps. Additionally, when modified with phenazine,
these LOx enzymes demonstrate their electrochemical sensing reactivity with lactate at reduced voltages in serum and sweat,
providing an increased range of linearity across physiological lactate levels. We first expressed and purified recombinant LOx, followed
by determining its atomic structure by xra-crystallography. We also characterized the LOx oligomeric state and interactions with
lactate using small-angle X-ray scattering and hydroxyl radical protein footprinting techniques. The recombinant LOx enzyme was
modified by altering two amino acids, A96L to reduce unnecessary oxygen transfer and N212K to allow covalent attachment of a
phenazine ethosulfate molecule near the FMN cofactor for quasi-direct electron transfer to the electrode. A hexahistidine tag was also
appended to all constructs to simplify purification {Hiraka, 2020 #45}. This allowed the comparison of three variants, v1-v3, rep-
resenting wild type, mutant, and mutant with phenazine attached, respectively. Interestingly, the v3 (phenazine modified) variant
shows effective lactate sensing at significantly reduced operating voltages at 0.29 V vs standard Ag/AgCl in human serum and 0.59 V
vs. standard Ag/AgCl in artificial sweat. The functionality of LOx enzyme variants was explored at physiological lactate concentrations
in both human serum (0-4 mM) and artificial sweat (0-100 mM) using 3-electrode setups to monitor variants in parallel. We further
demonstrated continuous monitoring of variable lactate concentrations over 2-h with a flow-cell setup. These developments form the
basis for further development toward commercial applications of the technology.
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2. Materials and methods
2.1. Chemicals and materials

The sodium salt of i-lactate (C3HsNaOg) was purchased from Sigma-Aldrich (MO, USA). The commercial LOx was purchased from
Sigma-Aldrich (MO, USA). Dulbecco’s Phosphate Buffered Saline (PBS) were obtained from Avantor (PA, USA). Amine Reactive
Electron Mediator (arPES) was obtained from Dojindo molecular technologies (Gaithersburg, MD). The screen-printed electrodes (SPE)
DRP-220AT (Metrohm, DropSens DRP-220AT, Working electrode: Gold, 12.56 mrnz, Reference electrode: Ag/AgCl, Counter electrode:
Gold) were obtained from Metrohm DropSens (Girona, Spain). Ag/AgCl reference electrode (part number: CHI111; CH Instruments,
Inc.) and Platinum Wire Counter Electrode (part number: CHI115) from Chinstruments (TX, USA). A Palmsens4 electrochemical work
station was purchased from Palmsens BV (Enschede, Netherlands). All chemicals were reagent grade. Bacterial expression constructs
for Aerococcus viridians LOx expression were designed in silico and synthesized and obtained from ATUM biotechnology (San Fran-
cisco, CA, USA).

2.2. LOx expression and purification

A synthetic vector construct consisting of a codon-optimized, N-terminally His-tagged Aerococcus viridians LOx construct was
designed and synthesized (ATUM Bio, Newark, CA). E. coli (BL21 (DE3)(pLysS)) were transformed with this vector and grown at 37 °C
with shaking to an OD600 of 0.65 in a modified terrific broth mixture supplemented to 1 mM MgCl,, 0.5 % glucose and 1.0 % glycerol;
upon achieving this value they were induced for 4 h with 1 mM IPTG. Induced cells were harvested by centrifugation and frozen at
—80 °C until purification. In a typical purification, 12 L of frozen cells were grounded under liquid nitrogen in a mortar and pestled to a
fine powder prior to thawing by dilution in Lysis buffer (20 mM HEPES pH 7.5, 100 mM NaCl) supplemented with 0.5 mg/g cell paste
of Lysozyme, 2 EDTA free protease inhibitor tablets (Roche) and Benzonase to reduce sample viscosity. Cells were passed twice
through a microfluidizer for lysis (typically at > 10,000 PSI). Supernatant was harvested by centrifugation (35,000xg, 30 min) to
gather the supernatant containing LOx. Supernatant was loaded onto a 5 ml Ni-NTA superflow column at 2 mL/min, column was
washed with 50 mL of high salt wash (20 mM HEPES 7.5, 300 mM NacCl, 10 mM imidazole), followed by 5 column volumes of low salt
wash (20 mM HEPES 7.5, 100 mM NaCl, 10 mM imidazole). LOx was then eluted from the column with elution buffer (20 mM HEPES
8.2, 100 mM NaCl, 300 mM imidazole) and 1 mL fractions were collected. The elution fractions were analyzed by SDS-PAGE to check
for protein quantity and purity. Fractions that exhibited LOx of high purity were pooled and concentrated to 10-15 mg/mL in an
Amicon Ultra 100 kDa MWCO concentrator and further purified using gel filtration chromatography using 20 mM HEPES pH 7.5, 100
mM NacCl buffer to remove imidazole and low molecular weight impurities. Protein purity was assessed by SDS-PAGE and high purity
(typically 95 %) fractions were pooled and concentrated in an Amicon Ultra 15,100 kDa MWCO concentrator to a final concentration
of 16-20 mg/mL. Pure LOx was frozen as 50 pL drops in liquid nitrogen and stored until further use. Purified LOx was buffer exchanged
three times into PBS prior to hydroxyl footprinting to remove HEPES buffer. All concentrations were assessed with Ajgy measurements
in a NanoDrop using an extinction coefficient of 205,360 M~'cm ™ for the tetrameric Lox assembly due to the nonstandard distribution
of aromatic residues in the LOx sequence.

2.3. LOx small and Wide-angle X-ray scattering (SAXS/WAXS)

SAXS/WAXS data was collected simultaneously at the Life Sciences X-ray beamline (LiX) at NSLS-II. Samples were prepared and
shipped to NSLS-II and measured using the Size Exclusion Chromatography coupled with SAXS (SEC-SAXS) setup at LiX. Briefly, 60 pL
of sample was injected into a Superdex 200 Increase 5/150 GL column (Cytiva) using an Agilent 1260 Infinity II Bio Inert HPLC system
and multisampler. Details of the experimental setup and mail-in procedure can be found here [42,43].

The column was equilibrated in several column volumes of 1 x PBS at a flow rate of 0.35 mL/min. SAXS/WAXS data were
simultaneously collected on a Pilatus 1 M and Pilatus 900K respectively, with a 2 s exposure time. Detector images were merged, scaled
and peak regions were determined using beamline specific software, py4xs (https://github.com/NSLS-II-LIX/py4xs.git) and lixtools
(https://github.com/NSLS-1I-LIX/lixtools.git). Guinier fitting, Kratky generation, P(r) function were performed using GNOM [44].

Bead model construction employed DAMMIF and alignment with the crystal structure was performed with SUPCOMB and visu-
alized using PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC).

2.4. LOx crystallization, X-ray data collection and structure determination

Initial crystallization studies were conducted utilizing a variety of commercial sparse matrix screen as well as screens designed
around prior LOx crystallization conditions. Initial crystals were observed at a variety of pH values ranging from 4 to 7.5 and a large
range of Ethylene glycol concentrations (15-40 %) as the precipitant. Optimal crystal conditions were found to be 30 % Ethylene
glycol, 100 mM Citrate pH 5.5, 50 mM NaCl and 100 mM sodium lactate (pH adjusted to pH 5.5). Crystals were grown in VDX sitting
drop plates with a well volume of 500 pL and 2 pL purified protein, 2 pL well solution and 20 pL 18.3 MQ water at 18 °C. Crystals
appeared after 3-4 days and grew to maximum size over 2-3 weeks. Crystals were harvested and cryoprotected by transfer into
perfluoropolyether Cryo oil (Hampton Research) in appropriately sized microloops (Mitegen), and frozen in and stored in Unipucks
(CPS, Inc) under liquid Nitrogen until data collection.

Data collection was performed at the Advanced Photon Source, 19-ID-C beamline as well as at the AMX beamline at NSLS-II. The
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ability to switch to a short wavelength and move the large format detector close to sample was essential to obtaining high resolution
diffraction data. Initial snapshots separated by 90° were employed to determine optimal starting point and rotational range. Data were
collected utilizing the vector translation strategy to optimize fresh crystal exposure and maximize dose/minimize damage to crystals.
We utilized a wavelength of 0.7293 10\, as well as a sample to crystal distance of 100 mm to minimize spot spacing enabling capture of
high angle reflections.

Data were processed with a pipeline approach using DIALS for initial data reduction and pointless/aimless for scaling and
assignment of Rgee. An initial model was solved by molecular replacement using PHASER, and then model was initially completed
using ARP/WARP. Model was examined and rebuilt by hand in COOT and refined using PHENIX refine, with more than 20 full model
building and refinement iterations. During model building, we omitted the loop between residues 205 and 220, and rebuilt into the
resultant Fo-Fc density maps. Despite this approach, there was a significantly poor RSCC for this region, perhaps explaining the
variability of this region in multiple prior PDB deposits. Ultimately, we decided to remove these residues in the deposited structure
(PDB: 8UFY) to reflect this structural variability; it should be noted that this region has little concordance amongst previously
determined structures further supporting the assessment of its structural dynamics.

2.5. LOx X-ray footprinting, mass spectrometry sample preparation and data analysis

A sample containing 2 pM LOx (0.3 mg/ml) in 1 x PBS (pH 7.4) was first reconstituted with Alexa488 dye (to a final Alexa488
concentration of 4 pM) in free form and with 800 puM lactate for determining appropriate X-ray dosage. Based on Alexa488 dose
response assay results, X-ray fluxes corresponding to different beam powers (at 400 mA NSLS-II ring current) were tuned by changing
aluminum thickness attenuation at exposure times of 0 ms, 12 ms, 20 ms, and 30 ms. Samples for Alexa488 dose response and mass
spectrometry analysis were exposed in 5 pL volumes in 200 pL PCR tubes, with 8 replicates for each sample and exposure condition
using a 96-well high-throughput apparatus and a plate reader for Alexa488 fluorescence readout [45,46].

Following X-ray exposures, samples were immediately quenched with methionine amide to a final concentration of 10 mM, frozen
in liquid nitrogen, shipped on dry ice to CWRU for mass spectrometric analysis, and stored at —80 °C. Frozen hydroxyl labeled LOx
samples were retrieved from —80 °C storage and thawed on ice, with four aliquots (~6.7 pg) mixed for each exposure condition. LOx
samples were prepared for protease digestion at 1.6 M urea, 20 mM Tris pH 8.5 concentrations by reconstitution with 8 M urea and
100 mM Tris pH 8.5 stock solutions. Two different proteolysis protocols were used for bottom-up proteomics of LOx samples. In the
first method, the 0.2 pg/ml stock solution of trypsin protease (3 pL) was added to LOx samples in a 1:10 ratio followed by their
overnight digestion at 37 °C. Digestion was stopped by acidifying samples to pH < 3.0 with 2 % formic acid. In the second method, the
trypsin proteolysis as described above was followed by addition of 0.2 pg/mL stock solution of AspN protease (3 pL) to LOx samples
(free form and with 800 pM Lactate) in a 1:10 ratio followed by 12-h digestion at 37 °C. Digestion was stopped by acidifying samples to
pH < 3.0 with 2 % formic acid.

Digested LOx samples were diluted with 0.1 % formic acid and analyzed by a Waters nanoACQUITY UPLC coupled to a Thermo
OrbitrapTM Eclipse Tribrid mass spectrometer as described earlier [47]. MassMatrix Xtreme (v3.0.10.25, MassMatrix) was used to
search for unmodified and eOH labeled peptides (variable ¢OH modifications, no fixed modifications). Xcalibur software was used for
manually extracting ion chromatograms (EIC) and analyzing the modification of LOx peptides based on MassMatrix Xtreme output.
The modification extent of LOx peptides was measured by calculating the unmodified fraction as the ratio of EIC peak area of un-
modified peptide to the sum of EIC peak areas of unmodified and all modified products. OriginLab software was used to generate
dose-response curves by plotting the fraction of unmodified peptides vs. X-ray exposure times, and the curves were fit to a single
exponential equation to calculate modification rates as described by:

y=exp

where K is the rate of modification in s~! and t is exposure time in seconds. The observed modification rate data was converted to
protection factor (PF) values for a peptide as follows,

PF (peptide) = LR
kXFP
where R; is the reactivity of residue i, summed over the peptide referenced to the observed peptide footprinting rate (kxgp). PF values
are converted to log scale (1ogPF) as logPF values are significantly negatively correlated to residue-weighted solvent accessibility area
(SASA, A?) of a peptide [48].
The SASA values for LOx peptides were calculated as:
S"R; x SASA;
<SASA >=-' e —
>k
L

Theoretical measures of solvent accessibility (SASA) for all residues in LOx for tetrameric and monomeric states were calculated
using the above algorithm and the LOx crystal structure (PDB:8UFY).
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2.6. Preparation of phenazine-modified mutant lactate oxidase (v3 LOx)

Phenazine-modified LOx was prepared by the following previously established protocols [15,49]. Briefly, a solution containing 6
pM of v2 LOx and 0.4 mM of activated PES (arPES) was prepared in 20 mM Tricine buffer (pH 8.3). The prepared solution was
incubated at 25 °C with gentle agitation in a thermomixer for 2 h. To eliminate any unreacted arPES, the reactant was subjected to
ultrafiltration at 4 °C, applying a centrifugal force of 14,000 g for durations of 5 min, and repeated across ten dilution/concentration
cycles. Phosphate-buffered saline (PBS) at pH 7.0 was added prior to each ultrafiltration step to facilitate buffer exchange. The
resulting phenazine-modified and histidine-tagged LOx is designated as v3 LOx herein. For comparison, v2 LOx denotes the un-
modified enzyme variant without phenazine modification but with histidine-tag, whereas vl LOx represents the histidine-tagged
wild-type sequence. Prior to further experiments, all three LOx variants and commercially available LOx were adjusted to a uni-
form concentration of 4.5 pM in PBS.

2.7. Engyme sensor electrode preparation

LOx-coated electrodes were prepared through the direct deposition of 10 pL of a 4.5 pM LOx stock solution onto the working
electrode surface of a three-electrode, screen-printed gold electrode system. Following deposition, the electrodes with LOx application
were incubated at ambient temperature for 1 h within a humidity-controlled environment to prevent the LOx solution droplet from
drying. After incubation, the electrode was thoroughly washed three times with PBS to eliminate free LOx enzyme. The sensor’s surface
was subsequently air-dried and stored at 4 °C until use.

To confirm the successful self-immobilization of v1-v3 LOx enzymes, cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were performed using a portable electrochemical analyzer, PalmSens4 (PalmSens, Inc.). Briefly, CV scans were
performed using electrodes immobilized with v1-v3 LOx enzymes with 100 pL of 50 mM Sodium-i-lactate (Sigma Aldrich) in artificial
sweat (Pickering Laboratories) with potential range from —0.6 V to 0.3 V at the scan rate of 100 mV/s for 20 cycles following pre-
viously established protocols. EIS were performed from 1 MHz to 0.1 Hz, at 10 mV and 8.6/dec, with 100 pL of 5 mM potassium
ferricyanide/potassium ferrocyanide (K4[Fe(CN)g]) solution in 1 M potassium chloride (Sigma Aldrich).

2.8. Bare screen-printed electrode (SPE) characterization

To determine the potential difference between the reference electrode on the SPE and the standard Ag/AgCl reference electrode,
the open circuit potential detection method was used. The reference and counter electrode on SPE were used as the reference and
counter electrode respectively. Standard Ag/AgCl reference electrode (CH Instruments, Inc.) was used as the working electrode. The
stable potential obtained by the open-circuit potential test is the difference potential (E_x) between the SPE reference electrode and the
standard Ag/AgCl electrode.

2.9. Enzyme sensor characterization

To compare the performance of 3 versions of LOx, and to determine the detection voltage for the following studies, CV scans were
performed using 50 mM lactate in artificial sweat, and 3 mM lactate in human serum, on sensors immobilized with v1, v2, and v3 LOx,
respectively. The sweep potential for the detection test ranged from —0.1 V to 0.8 V at the scan rate of 100 mV/s for 20 cycles.

2.10. 2.10. electrochemical detection and monitoring of lactic levels

The performance of v3 LOx for lactate detection was tested in both human serum at 0.4 V vs. SPE reference electrode (0.29 V vs.
standard Ag/AgCl) and artificial sweat using fast amperometry at 0.7 V vs. SPE reference electrode (0.59 V vs. standard Ag/AgCl),
respectively. The performance of v3 LOx for continuous monitoring of lactate was evaluated in 75, 50, 25, and 10 mM lactate in
artificial sweat using chronoamperometry, in a customized fluidic system including an InfusionONE Single Channel Syringe Pump for
introducing the test lactate solution into a flow cell (Metrohm, DRP-FLWCL) that contains v3 LOx immobilized electrode.

3. Results and discussion
3.1. Biophysical and structural characterization of lactate oxidase

As part of our development of A. viridians LOx based lactate sensors, we wanted to ensure that our protein construct, which was
evolutionarily optimized to bind lactate efficiently was fully structurally and biophysically characterized and understood in terms of
substrate-binding relationships. This provides structural rationale for routes of optimization needed for specific commercial appli-
cations. The techniques used to establish this structural insight included small angle X-ray scattering and gel filtration analysis to
determine distribution of oligomeric states and changes therein driven by substrate binding, a full crystallographic study in the
presence of saturating concentration of lactate, and a radiolytic protein footprinting study to characterize structural dynamics and
variability of ligand binding effects. While there are quite a few crystal structures of this enzyme, there are significant uncertainties as
to the conformation of the dynamic loop region, residues 205-222, with multiple “choices” chosen for this region within the prior
published studies. With the highest resolution structure of LOx determined to date and integrated protein biophysics measures, our
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holistic structural and biophysical study provides much needed clarity as to the dynamics of this region in the protein as well as
establishing our framework for sensor protein engineering.

Gel filtration and SAXS study of oligomeric state and response to substrate binding. While all structures of LOx determined to date
capture the LOx oligomer as a tetramer or octamer (comprised of two pseudo-symmetric tetramers), for a durable implanted or
reusable sensor module it is important to ensure that there is no loss of individual protomers during long term measurements as this
would result in a loss of performance over time. Furthermore, this characterization provides a baseline characterization to which any
engineered mutants can be compared to ensure that a desired oligomeric state is retained. As part of the purification of heterologously
expressed LOx, we performed a gel filtration step to exchange buffer; analysis of the chromatograms and SDS PAGE studies of elution
fractions during this process did not indicate any appreciable/measurable peak where a monomer or a dimer of LOx would be
expected.

We also conducted small-angle X-ray scattering studies (SAXS) of LOx, which confirmed the tetrameric state as the predominant
state in solution (Fig. 1A). Furthermore, comparison of SAXS profiles of lactate bound (Rg = 37.8 /1’\) and free (Rg = 37.9 A) forms
showed no major conformational reorganizations based on the Guinier and Distance Distribution Function (Fig. 1B-D). These ob-
servations provided certainty that in a biosensor, the leaching of monomer or other major rearrangements are not likely to occur, and
that the LOx enzyme is entirely tetrameric. Interestingly, the Kratky plot shows that both LOx alone and in the presence of lactate are
well folded with a certain degree of flexibility in the solution states (Fig. 1C), which may account for the differences observed in the
crystal/solution structure comparisons.

Crystallographic structure determination and refinement. We employed molecular replacement to solve initial structure, using a single
LOx monomer from 4RJE as a search model due to the inference in crystallographic space groups (I4 vs. C2). The initial model
contained 2 copies per asymmetric unit and the crystallographic 4-fold axis recapitulated the 4-fold tetramer observed in the 4RJE
model. Initial maps were subjected to automatic model building to reduce phase bias using ARP/WARP prior to hand building and
model adjustment. 20 cycles of model building and refinement were performed, resulting in a 1.2 A resolution structure (Supple-
mentary Table 1. Summary of crystallographic data, Fig. 2, panels a,b). Due to the structural dynamics of residues 206-219, we also
refined an ensemble of structures against the data using phenix_ensemble_refinement (Fig. 2, panel c¢). Ryork and Rgee improved
substantially in ensemble refinement indicating that this ensemble model better fits to the structure of the protein than a single static
structure. Note that the regions where loops are missing in the traditionally refined structure Fig. 2a) and b) are widely variable in the
ensemble refined structure, indicating their dynamics within the structure, this correlates with their greater than expected solvent
accessibility observed in the protein footprinting studies detailed below. The traditionally refined structure and data were deposited in
the protein databank under accession code: 8UFY.

Radiolytic footprinting analysis to characterize dynamics of flexible regions in LOx. LOx is a large homo-tetrameric enzyme of MW 164
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Fig. 1. SAXS data of LOx tetramer with and without lactate indicates LOx tetramer is obligate. (A) Overlay of 1D SAXS profiles show no
changes in LOX tetrameric state upon addition of lactate. LOx tetramer crystal structure was superposed over SAXS derived molecular envelope
(inset). (B) Guinier plot was used to calculate radius of gyration (Rg) and compare the size of lactate free (green, Ry = 37.9 ;\) and lactate bound
(black, Ry = 37.8 A) LOx states. (C) Dimensionless Kratky Plot is similar in both conditions and shows some degree of flexibility in the molecule,
potentially capturing the flexibility of the 205-220 loop. (D) Distance Distribution Function shows similar Dmax sizes and overall spherical shape.
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Fig. 2. Crystallographic structure of LOx. (A) The tetramer observed within the crystal structure. Note that all four N-termini (depicted in blue)
are oriented in the same direction providing 24 histidine residues (four 6x His-tags) in the same locale, likely explaining why this construct can be
noncovalently, but permanently linked to a rough gold substrate. Regions shown as dotted lines are disordered in the structure. (B) close up of the
LOx monomer. Lactate entering the active site is shown in magenta. (C) Backbone representation of the ensemble refinement of the LOx monomer.
This represents 200 models which were simultaneously refined whilst restrained against the X-ray data. Note that the two dotted regions (AAs
206-219) seen in Panels A and B are structurally the most variable, indicating their high level of structural variability.

kDa which binds a very small lactate molecule of 89 Da. Using hydroxyl radical protein footprinting (HPRF) we assessed the overall
conformational changes of lactate oxidase binding to lactate in solution, in particular this was intended to provide a unique readout of
the monomer/tetramer differences, probe the dynamic loop region, as well as correctly pinpoint the active site binding. HPRF studies
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Fig. 3. X-ray footprinting results agree with a tetrameric arrangement. Correlations between the protection factors of LOx peptides (logPF)
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—0.90 when red outlier points were removed for tetramer, while there was less improvement for monomer (p = —0.41).
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were performed at the XFP beamline (17-BM) at the National Synchrotron Light Source II (NSLS-II). A “bottom-up” proteomics
assessment was performed to quantify oxidative modifications on LOx peptides. This assessment compared the fraction of unmodified
peptide to X-ray exposure time, from which we determined modification rates and the associated correlated protection factor (logPF)
of LOx peptides (Supplementary Table 2). Further, Supplementary Table 2 shows the solvent accessible surface area (SASA) of each
peptide for both a tetramer and monomer assumption. Fig. 3 shows plots of the measured peptide based logPF values (x-axis) vs. SASA
with a tetramer assumption (Fig. 3a) compared to a monomer assumption (Fig. 3b). The logPF values of LOx peptides had a negative
correlation with the SASA of the LOx tetramer (p = —0.70), while the correlation with the SASA of the LOx monomer was far lower (p
= —0.45) supporting a tetramer structure assignment in solution. We observed that the theoretical SASA was higher than predicted by
protection factor for two LOx segments (16-31 and 204-219). These regions are flexible in the LOx X-ray structure and their poor
correlation with observed logPF values are likely due to variability of coordinates of these regions as well as reflecting potential high
mobility in comparison to the rest of the tetramer.

We followed the evaluation of LOx oligomeric state by determining differences in solvent accessibility for lactate-bound and free
LOx forms at a peptide level by HRPF. We calculated the ratio of OH modification rates for the free and lactate bound LOx states
(Supplementary Table 3). Fig. 3C shows these data in histogram form. As lactate is ~500 times smaller in mass than LOx, the baseline
expectation is that most peptides should not show much change in solvent accessibility upon lactate binding, with ratios of rates of
+lactate near 1.0. The histogram reflects this clearly, with 12 out of 16 observed peptides having ratios between 0.9 and 1.4. On the
other hand, several peptides had either significant increases in ratio or were reduced significantly. Two of the highly varying peptides
were in the immediate vicinity of three highly mobile regions (111-129, ratio = 0.5; 189-200, ratio = 1.7; 210-219 ratio = 1.4) of the
LOx crystal structure indicating that lactate binding changes the conformation of these regions, specifically in a loop that caps the FMN
cofactor and lactate substrate site. Further, the protection of 2.6-fold for peptide 142-149 properly reflects lactate direct binding at this
site. Overall, these structural analyses provide a solid framework for analyzing the performance of the variants in actual sensing
applications.

3.2. Determination of SPE reference electrode potential

The potential difference (E_x) between the standard Ag/AgCl reference electrode and the SPE reference electrode is determined to
be —0.11V (Fig. S1). Since the actual potential of a standard Ag/AgCl electrode is 0.197 V, the potential of the SPE reference electrode
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Fig. 4. Characterization of electrochemical properties of electrode immobilized with LOx variants. (A) Cyclic voltammetry results of vl and
v3 LOx modified electrodes. The significantly altered redox peak compared to wt LOx (v1) indicated successful modification of phenazine on v3 LOx.
(B) Electrochemical impedance spectroscopy results of bare electrode, v1-v3 LOx modified electrodes, and electrode “modified” with commercial
LOx. The inset demonstrates a magnified view of the high-frequency regions. Electrode treated with commercial (non-his-tagged) LOx is indis-
tinguishable from (C, D) Cyclic voltammetry results generated using bare electrode, and electrodes immobilized with wildtype LOx (v1) and v3 LOx
for the detecting 3 mM lactate in human serum (C) and 50 mM lactate in artificial sweat (D). Phenazine modification improves the electron transfer
ability of v3 LOx and thus reduces the lactate operating in both human serum and artificial sweat, compared to the wildtype LOx (v1).
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can be determined by E_x = 0.197 - x, thus x = 0.308 V is the actual potential of the SPE reference electrode. In this manuscript, all
reported voltages are referenced against the SPE reference electrode. Therefore, unless otherwise specified, the applied voltages
relative to the standard Ag/AgCl reference electrode can be obtained by adjusting the voltages measured against the SPE reference
electrode by subtracting 0.11 V.

3.3. Electrochemical characterization of LOx modification and self-immobilization

3.3.1. Cyclic voltammetry characterization of phenazine-modified LOx

CV tests were conducted to confirm the successful modification by PES, resulting in the formation of v3 LOx. The CV test results
(Fig. 4A) exhibited a redox peak between —0.3 V and —0.5 V only for phenazine-modified LOx (v3), but not for wild type LOx (v1). This
result agrees with the prior research indicating that phenazine-modified LOx exhibits redox activity within this voltage window [15].
As a result, the presence of this redox peak conclusively confirmed the effective phenazine modification, thereby producing v3 LOx.

3.3.2. Electrochemical impedance spectroscopy characterization of LOx self-immobilization (Hexahistidine tag is both necessary and
sufficient for immobilization)

The LOx self-immobilization mechanism is evaluated using EIS studies, which is based on electron transfer resistance. In the EIS
curve, the semicircle diameter and the slope of the linear portion are correlated to the charge transfer resistance and diffusion process,
respectively [50,51]. In this work, EIS tests were performed using 5 mM potassium ferricyanide/potassium ferrocyanide (Kg[Fe
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Fig. 5. Results from rapid amperometry testing for lactate detection in human serum and artificial sweat with electrodes immobilized with v3 LOx.
(A) Lactate detection in human serum at 0, 1, 2, 3, and 4 mM. (B) The steady-state current recorded across a range of lactate concentrations in serum
exhibited strong linearity (R? = 0.986). (C) Lactate detection in artificial sweat at 0, 1, 2, 3, and 4 mM. (D) The steady-state current recorded across
arange of lactate concentrations in artificial sweat exhibited strong linearity (R% = 0.997). (E) Anti-interference tests of electrodes immobilized with
v3 LOx. The addition of 0.04 mM uric acid, 20 mM pyruvate, and 10 mg/L ascorbic acid did not significantly change the response current. (error
bars in B&D indicate standard deviation, n = 3).
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(CN)g1/K4[Fe(CN)g]) solution in 1 M KCI. The Nyquist diagram of v1 (green), v2 (blue), and v3 (red) LOx all exhibit larger semicircles
compared to the bare electrode without enzyme immobilization (brown), and compared to the electrode incubated with commercial
LOx (black) under higher frequency ranges (Fig. 4B, semicircles were shown in the inset figure). These results demonstrated that all 3
versions of customized LOx, but not commercial LOx, were successfully immobilized onto working electrodes through
self-immobilization without the need for any covalent treatment,. Comparative analysis of the semicircle diameters in the middle and
high frequency regions reveals that the order of diameters for the LOx-modified electrodes is v2 > v1 > v3. The reduced diameter
observed in electrodes modified with v3 LOx, as opposed to those modified with v1 and v2 LOX, is likely attributable to the presence of
phenazine molecules, which may enhance the rate of electron transfer. Finally, the linear portion of all electrode readouts exhibit a
similar slope, indicating that the LOx modification did not affect the rates of ion diffusion to electrode surfaces.

3.4. Cyclic voltammetry characterization of phenazine -modification of v3 LOx in lactate electrochemical sensing

Under physiological conditions, lactate levels in human blood range from 0.5 to 2.2 mM, with levels exceeding 2.2 mM potentially
signaling conditions including hypoxia or lactic acidosis, and with critical concern above 4 mM. Meanwhile, physiological lactate
concentrations in sweat fall between 5 and 25 mM but can escalate to 43.7 mM during endurance exercise and peak at 115.8 mM in
scenarios of exhaustive exercise [24,25]. The performance of v1 (wildtype LOx), and v3 (phenazine-modified LOx) enzymes were
evaluated and compared using CV tests at elevated lactate levels of 50 mM in artificial sweat (Fig. 4C) and 3 mM in human serum
(Fig. 4D). In human serum, electrodes immobilized with v3 LOx exhibited an oxidation peak at decreased voltage of 0.525 V vs. SPE
reference electrode, compared to the v1 LOx oxidation peak at 0.600 V. Based on these CV results and our extensive experimental tests,
0.4 V vs. SPE reference electrode (0.29 V vs. standard Ag/AgCl electrode) was selected in the subsequent lactate sensing tests in serum.
In artificial sweat, electrodes immobilized with v3 LOx exhibited increased current response compared to the ones immobilized with
vl LOx at 0.6-0.8 V vs. SPE reference electrode. Based on these CV results, 0.7 V vs. SPE reference electrode (0.59 V vs. standard
Ag/AgCl electrode) was selected in the subsequent lactate sensing tests in artificial sweat. Together, these results demonstrated that v3
LOx with phenazine modification indeed improved lactate detection sensitivity compared to wildtype LOx, in both human serum and
artificial sweat. However, the underlying mechanism of the role of phenazine in mediating lactate sensing at 0.29 V in human serum
and at 0.59 V in artificial sweat remains unclear, as this does not appear to be the result of direct electron measurement at the electrode
surface.

3.5. Fast amperometry characterization of v3 LOx in lactate detection

The performance of v3 LOx in detecting lactate in human serum (0, 1, 2, 3, and 4 mM, Fig. 5A&B) and in artificial sweat (0, 5, 10,
15, 25, 50, 75, and 100 mM, Fig. 5C&D) were tested using fast amperometry at 0.4 and 0.7 V vs. SPE reference electrode (0.29 V and
0.59 V vs. standard Ag/AgCl), respectively. These concentrations of lactate mimic physiological levels of lactate in serum during
hypoxia or lactic acidosis, and in sweat during endurance and exhaustive exercises. The amperometric response observed in human
serum indicates a linear increase in current with rising lactate concentrations. For the electrode modified with v3 LOx, the sensitivity to
lactate in sweat was determined to be 0.106 pA/mM. The relationship is best described by the linear equation y = 0.106x + 0.711,
where the coefficient of determination (R?) for this linear fit is 0.986 (Fig. SA&B). Similarly, the sensitivity to lactate in sweat was
determined to be 0.027 pA/mM and the relationship is best described by the linear equation y = 0.027x + 1.187, with R? of 0.997
(Fig. 5C&D). These findings highlight that the v3 LOx-modified sensors exhibit a robust linear response in detecting lactate in both
sweat and serum/blood, suggesting its applicability over a broad spectrum of physiologically relevant lactate concentrations.

The selectivity of the v3 LOx sensor is determined from the interference experiments (Fig. 5E). These experiments involved
measuring the sensor’s current response to a constant lactate concentration while introducing other sweat metabolites including 0.04
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Fig. 6. Continuous measurement of lactate in a flow cell based device.(A) Fluidic flow-based system enabling lactate continuous monitoring
under continuous fluid flow. (B) Chronoamperometry results revealed the functionality and stability of v3 LOx in continuous lactate monitoring in
artificial sweat under continuous flow over a 2 h test period. Current fluctuations across varying concentrations were attributed to flow disturbances
triggered by the transition between solutions.
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mM uric acid, 20 mM pyruvate, and 10 mg/L ascorbic acid. An optimal sensor would exhibit minimal current fluctuation with the
addition of each metabolite, a characteristic observed with the v3 LOx sensor in Fig. 5E. Notably, uric acid and ascorbic acid were
tested due to their low oxidation potentials, whereas pyruvate was included for its structural resemblance to lactate and potential for
product inhibition. The outcomes of these tests confirm that the v3 LOx sensor maintains its high selectivity for lactate.

3.6. Chronoamperometry characterization of v3 LOx in lactate monitoring

Continuous monitoring of lactate levels is crucial for real-time assessment of metabolic status and early detection of imbalances,
significantly impacting patient care and management. Chronoamperometry was conducted within a continuous flow system to test the
performance of v3 LOx in continuous monitoring using a range of lactate concentrations in artificial sweat (Fig. 6A). The sample flows
over the surface of the sensing area at a rate of 100 pL/min. Our test results revealed the functionality and stability of v3 LOx in
continuous lactate monitoring under fluid flow over a 2-h test period in a range of lactate concentrations ranging from 75, 50, 25, and
10 mM. These concentrations were selected to reflect both physiological conditions and conditions during endurance and exhaustive
exercises. Continuous monitoring across a range from high to low lactic acid concentrations serves to demonstrate the sensor’s stability
during extended test time of 2 h (Fig. 6B). The fluctuations in current are caused by flow disturbances that occurred during the ex-
change of solutions with varying lactate concentrations. Additionally, the relaxation time, i.e., duration for current to reach a steady
state, is due to the time required to fully replace the previous solution with the next solution.

4. Conclusion

By various modifications of lactate oxidase, we engineered an optimized self-immobilizable LOx variant v3. Due to its phenazine
modification, v3 LOx has excellent electron transport capability, which can significantly reduce the detection potential for lactate.
Based upon electrochemical characterization, the v3 LOx immobilized electrode shows the best sensitivity and stability among three
tested LOx electrode versions. The v3 LOx electrode can be used to detect lactate in a complex environment of sweat and serum with
sensitivities of 0.027 pA/mM in sweat and 0.106 pA/mM in blood. Further, v3 LOx shows good stability and repeatability in continuous
monitoring of flowing liquid samples over a period of more than 2 h. Overall, our results demonstrate that v3 LOx -modified lactic acid
sensor can be used for continuous monitoring in complex environments such as sweat and serum. Our integrated structure-
bioengineering approach to utilizing protein biophysics at the outset of this sensor design project provided structural, dynamic and
functional data to springboard sensor design optimized to the application needed. Further, this approach is not limited to enzyme or
even peptide-based modules as nucleic acid aptamers or other engineered binding elements are likewise amenable to high-resolution
structural and dynamic characterization to provide the foundation for directed and “fit-for-purpose” sensor development.
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