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Abstract.

Electrochemical sensors are used by millions of patients and health care providers every
year, yet these measurements are hindered by compounds that also exhibit inherent redox activity.
Acetaminophen (APAP) is one such interferent that falls into this extensive class. In this work, an
osmium-based redox polymer was used for electrochemical detection in a sensor that was operated
at a decreased voltage, allowing for decreased interference. These sensors demonstrated better
selectivity (40-fold for glucose and 200-fold for lactate) for their respective analyte over APAP,
possessed higher sensitivity (0.350 + 0.006 pA mM-! for glucose and 2.00 + 0.05 pA mM-! for
lactate) over a broad range of analyte concentrations (50 uM — 10 mM for glucose and 2-324 uM
for lactate), and displayed similar operational stability (26% decrease for glucose and 29%
decrease for lactate) over 7 days compared to first-generation sensors. To test this platform under
biologically-relevant conditions, glucose metabolism was monitored in a model liver cell line,
Alpha Mouse Liver 12 (AML12) after treatment with APAP and/or insulin. This work represents
a high-resolution electrochemical biosensor for microphysiological monitoring of glucose and
lactate in the presence of an APAP.
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Introduction.

Electrochemistry is a sensitive, stable, and selective analytical tool in diagnosing and monitoring
health and disease.' The most widely-used electrochemical sensors are first-generation enzymatic
sensors, relying on enzymes immobilized on an electrode for analyte detection. These biosensors quantify
the target analyte by means of an electroactive byproduct of the enzymatic reaction, hydrogen peroxide
(H,0,).#> For instance, glucose meters, commonly used to measure blood glucose in patients with
diabetes, use first-generation sensor technology and account for the large majority of first-generation
electrochemical sensors used commercially.® However, first-generation sensors are susceptible to
electroactive interferents, compounds that lead to signal contamination and therefore inaccurate results.”8
In this work, a polymer was developed to act as a mediator for electron transfer, allowing for decreased
interference compared to first-generation sensors. Using this polymer, we quantified glucose and lactate
over a background of an inherently redox-active compound and common interferent, acetaminophen
(APAP), by coupling an oxidase enzyme with this osmium redox polymer (Os-polymer) in a multianalyte
sensor platform.

Although first-generation biosensors are selective for the analyte of interest against a background
of electrochemically inactive species, they are still prone to interference. At the electrode surface of first-
generation biosensors, H,O,, acting as the electron transfer mediator from the enzyme to the electrode, is
oxidized with an electrode bias of 0.6 V (vs. Ag/AgCl), producing an amperometric signal.> However, at
this potential [0.6 V (vs. Ag/AgCl)], other electroactive species such as APAP are also oxidized, causing
signal interference.”-® Thus, biosensors that reduce or eliminate redox active interference are required for
accurate analysis of the analyte of interest.

There are a number of ways to reduce or eliminate interference including screening polymers or
electron transfer mediators (co-reactants).’"'% Although screening polymers increase selectivity by
preventing larger molecules from accessing the electrode surface, they still allow smaller molecules to

access the electrode and contribute to signal contamination since they use a higher potential like first-
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generation sensors. Furthermore, though they increase selectivity, they have decreased sensitivity due to
impeded analyte diffusion.!! However, the use of metallic co-reactants including Au, Pd, Rh, and Ru,
reduce peroxide at a lower potential and therefore decrease interference.®!>1> Still, the instability (Rh and
Pd) and expense (Au and Ru) of these materials have hamstrung their widespread implementation.
Therefore, there is a need for stable and less expensive co-reactants that accurately detect analytes in all
samples.

To address this need, a group of polymers that contains an osmium complex, acting as the co-
reactant, were developed and incorporated into sensors. Osmium redox polymers were first developed by
Heller et al. in the late 1980s to act as a mediator for electron transfer in glucose biosensors.'® These
osmium polymers are redox polymers that can be reversibly oxidized and reduced and, when they are
combined with an oxidase enzyme, these polymers can stably and selectively detect their respective
analyte at a lower potential, thereby decreasing interference (Figure 1). Previous work has shown current
densities do not vary with the Os content of the polymers, so the overall redox efficiency of these sensors
similarly would not change with the Os content.!” Since their inception, their use has extended to other
analytes and biological systems'®2% such as detecting acetylcholine release from rat frontal cortex

samples.?!
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A. First-Generation Sensor B. Osmium-based Sensor
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Figure 1. A) Representation of the redox process/electron flow mechanism for the first-generation GOx
sensor. There is a high potential of 0.6 V (vs. Ag/AgCl) required to oxidize the H,O, that also oxidizes
APAP, leading to signal interference and inaccurate results. B) Representation of the redox
process/electron flow mechanism for the Os-based GOx sensor. The electrode bias 0f 0.2 V (vs. Ag/AgCl)
required for the Os-polymer and GOx system mitigates the interference from the oxidation of APAP.
Inset: Representation of the Os-polymer structure.

The microclinical analyzer (WCA) provides automation, increased ease of use, real-time
monitoring, and multiple analyte detection. This platform is composed of a microfluidic housing for a
screen-printed electrode that is used for detection of metabolites as well as an automated pump and valve
system. There is increased ease of use due to increased sample throughput and decreased user intervention
from automated sensor calibration and sample input. Furthermore, the sensor and small volume-
microfluidic housing allow for real-time monitoring with the ability to detect small metabolic changes.??
Lastly, monitoring multiple analytes concurrently provides a better understanding of the cellular processes
and pathways of toxicity in healthy and diseased states. This platform provides a versatile system that can

be extended to many analytes and biological systems.
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Because the liver has a direct role in energy and metabolism, producing, storing, and releasing
glucose,? hepatic models are important for the comprehensive understanding of pathways and functions
in the body. Alpha Mouse Liver 12 (AML12) is a cell line that models the liver and can be used to study
lipid metabolism, liver injury and hepatotoxicity.?* These cells are amply available, cost effective, and
show decreased variation in quality since the cell line is both immortalized and comes from a healthy
host. Furthermore, these cells most closely resemble basal and insulin-stimulated glucose metabolism in
primary mouse hepatocyte cultures.”® To answer biological questions about insulin and APAP and
specifically their interactions with liver cells, glucose metabolism in a model liver system was investigated
to gain insight into these relationships.

In this work, we present an Os-polymer that couples with glucose and lactate oxidases to comprise
a multianalyte sensor platform for quantification that produces minimal signal interference with APAP
present. Together, this system represents a new method to rapidly analyze biological systems by
electrochemically monitoring cellular viability, performing toxicity screenings, and elucidating metabolic
pathways. Selectivity assays demonstrated that this platform is insensitive to APAP, an electroactive
interferent, and calibrations were performed in this work to cover biologically relevant linear ranges while
maintaining sensitivity. Longevity studies of the sensor performance indicated that this novel platform
was ideal for interfacing with continuously operational systems such as liver-on-chips. We used the
AMLI12 cell line to study the effects of treating the cells with APAP based on its clinical relevance and
hepatotoxicity, known redox activities, and insulin-dependent pathways for glucose metabolism. The
platform was applied to model liver cells to detect glucose metabolism changes and monitor the effects

of insulin and APAP.
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Experimental
Material Procurement

N-vinylimidazole, allylamine, azobisisobutyronitrile (AIBN), 2,2’-bipyridine, ammonium
hexachoroosmate (IV), poly(ethylene glycol) diglcidyl ether (PEGDGE), potassium chloride, bovine
serum albumin (BSA), GOx from Aspergillus niger (152.54 U mg™), LOx from Aerococcus viridians
(11.29 U mg"), and glutaraldehyde (25% by wt. aqueous solution) were purchased from Sigma Aldrich
(St. Louis, MO). Sodium phosphate monobasic and sodium phosphate dibasic (buffer) were procured
from Fisher Scientific (Hampton, NH). B-D-Glucose was purchased from Calbiochem (San Diego, CA),
and sodium L-lactate was purchased from Alfa Aesar (Haverhill, MA) and for use in calibrations.
Dulbecco’s Modified Eagle Medium supplemented with F12 (DMEM/F12), glucose-free DMEM, F12,
fetal bovine serum (FBS) and a primary hepatocyte maintenance supplement kit (dexamethasone,
penicillin-streptomycin (p/s), insulin, transferrin, selenium complex, BSA, linoleic acid, GlutaMAX, and
HEPES) were purchased from Gibco (Gaithersburg, MD). All reagents were used as received and without
additional purification.

The microclinical analyzer (LCA) housing was designed by The Vanderbilt Institute for
Integrative Biosystems Research and Education (VIIBRE, Nashville, TN) and made of
polymethylmethacrylate by the Vanderbilt Microfabrication Core (VMFC, Nashville, TN) that is operated
by VIIBRE.?¢ More detailed information for the materials of this device and the screen-printed electrodes
can be found elsewhere.?> To automate the system, rotary planar peristaltic micropumps (RPPM, US
patents 9,874,285 and 9,725,687 and applications claiming priority from US patent application
13/877,925), rotary planar peristaltic five-port valves (RPPV, US patent 9,618,129), microcontrollers, and
computer software were implemented in the system (VIIBRE/VMFC). CHI 1440 and 1030 potentiostats
were purchased from CH Instruments (Austin, TX) and used in the electrochemical measurements.

Synthesis and Characterization of the Os-based Metallopolymer
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To produce the final Os-based redox polymer, Os(bpy),CIl-PVI, a polymer and an Os complex
must be synthesized initially. First, the polymer backbone that connects the Os complex to the electrode,
poly(N-vinylimidazole-allylamine) (PVI) was polymerized and purified. To randomly copolymerize with
the N-vinylimidazole monomer and provide additional primary amine crosslinking sites, allylamine was
mixed with the monomer in a 1:1 ratio (equimolar) in absolute ethanol (10-15 mL).?’ This mixture was
then added to a septum-sealed round bottom flask and nitrogen purged (~15 minutes). Then, the initiator,
AIBN (60:1 molar ratio of monomer to initiator), was dissolved in absolute ethanol (2-3 mL) and added
through the septum to induce free radical polymerization in the reaction mixture.?® After initiation, the
reaction mixture was heated in an oil bath (85 °C, 2 hours) to complete polymerization, resulting in a
solid. To remove the unwanted contaminants, ethanol (5-10 mL) was added to this solid, stirred overnight
for full dissolution, and added dropwise to a beaker of rapidly stirring diethyl ether (40 mL), precipitating
and purifying the PVI polymer. This purified PVI was collected on a coarse vacuum frit (Pyrex, Corning,
NY), washed with cold diethyl ether (5-mL aliquots), and dried under vacuum until the solvent was fully
removed (~30 minutes). The PVI was then further purified via dialysis against DI water using tubing with
a 10 kDa mass limit. This PVI was used as the backbone for the Os complexes in all future experiments
and was set aside until the Os complex was synthesized.

Next, the Os portion that forms the redox component of the final Os redox polymer was
synthesized and purified. This synthesis was adapted from a previous method with slight changes made
for this polymer.?® Briefly, this Os redox compound, osmium[bis(2,2’-bipyridine)dichloride]
(Os(bpy),Cl,), was synthesized by refluxing (45 minutes) ammonium hexachloroosmate with two-molar
equivalents of 2,2’-bipyridine in ethylene glycol (~50 mL) in a 100-mL round bottom flask under N, and
cooled (2 hours). The reaction mixture was then added dropwise to the rapidly stirring aqueous solution
of sodium dithionite (~0.1 g mL-! in DI water, 25 mL) to reduce all Os complexes to the Os(II) state. The
reaction mixture was then chilled on ice and filtered using a fine sintered glass frit (4-5.5 um) (Pyrex,

Corning, NY). Once filtered, the resulting crystals were washed with three aliquots of cold water (5 mL)
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and dried on the frit under vacuum (>1 hour), and then in an oven (65 °C, overnight). Oxygen exclusion
may result in higher yield.

To form the final Os polymer, Os(bpy),CI-PVI, the Os(bpy),Cl, and the PVI components were
reacted and then '"H-NMR and cyclic voltammetry (CV) were used to characterize the product. First,
Os(bpy),Cl, and PVI were dissolved separately in absolute ethanol (10-15 mL), vortexed, and gently
heated. Then, these solutions were combined together in a 100-mL round bottom flask, so the Os(bpy),Cl,
was loaded onto the PVI backbone under reflux (1:10 molar ratio Os to imidazole) while stirring in an oil
bath (48 hours at 85 °C). The reflux condenser was capped to limit ethanol evaporation during reflux.
Then, the reaction mixture was cooled, and ethanol was slowly evaporated under gentle heating and N,-
stream until 6-10 mL were left. The reaction mixture was slowly added dropwise to a stirring solution of
diethyl ether (~30 mL) on an ice bath. This Os polymer-ether mixture was then chilled on dry ice, and the
precipitate was filtered on a fine sintered glass funnel. This precipitate was then washed with excess
volumes (>30 mL) of cold ether to remove unbound Os(bpy),Cl, and dried under vacuum (<10-* Torr,
overnight). The product, Os(bpy),CI-PVI, was characterized by 'H-NMR (Supplemental Figure 1) and
CV (Supplemental Figure 2) to determine the approximate metal-loading percentage and redox potential,
respectively. This product was stored in the dark and was used for all experiments (up to 3 years).
Electrochemical Housing Configuration

Comprised of a screen-printed electrode (SPE) in a flow chamber, the pnCA was used for
calibrations and sample analysis. SPEs served as the underlying substrate for this platform and were
modified for sensitivity and selectivity.?® The SPE featured three parallel 1.8 mm? circular working
electrodes, a 19 mm? auxiliary electrode, and a 0.08 mm? reference electrode, all printed in platinum on a
ceramic base. Each working electrode was modified for a specific analyte of interest. Experiments were
performed using the modified SPEs in a polymethylmethacrylate flow chamber that was aligned with

magnets and compressed with screws. An O-ring sandwiched tightly between the SPE face and the
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polymethylmethacrylate created the 26-uL. flow chamber, ultimately forming the housing for the SPE,
known as the pCA. This apparatus is depicted in detail elsewhere.??-6
Electrode Modification

To make these biosensors, reference and working electrodes were generated through
electrodeposition and enzyme solution modifications. Initially to make the internal reference electrode,
silver was electrodeposited on the electrode followed by immersion in an FeCl; solution, creating the
Ag/AgCl interface with slight modifications from previously developed methods.?>3° Then, working
electrodes had either an Os-polymer-enzyme mixture or a first-generation enzyme solution for
comparison deposited on the electrode for detection of glucose or lactate.

To prepare a sensor with an internal reference of Ag/AgCl, a preconditioning step and plating
method were performed in a stirring silver nitrate solution (0.3 M AgNO;, 1 M NH,OH) with an external
Ag/AgCl (3 M KCl) reference electrode and a platinum mesh counter electrode. A preconditioning step
was first applied (0.3 to 0.95 V, 0.5 V s'1), which was followed by a potential hold (0.95 V, 30 s). Then,
the electrode was scanned (0.95 to -0.15 V, 0.5 V s'!) with a subsequent plating potential hold (-0.15 V
for 450 s). Following plating, the electrode array was removed from the silver nitrate solution and
immediately immersed and agitated in FeCl; (50 mM, 1 minute) to form a silver chloride layer, generating
the internal reference electrode.

Next, an Os-polymer-enzyme mixture was deposited on a working electrode and dried overnight
for detection of glucose or lactate. Glucose-specific electrodes were modified using a solution of GOx
(0.25 mg mL! in 50 mM buffer), Os(bpy),CI-PVI (50 mg mL! in 50 mM buffer), and PEGDGE (5%
v/v). For instance, 5 puL of a more concentrated GOx solution (0.5 mg mL-! in 50 mM buffer) is added to
4.5 uL of the Os(bpy),CI-PVI solution (111 mg mL-! in 50 mM buffer) and 0.5 pL of neat PEGDGE.
Lactate-specific electrodes were prepared similarly with PEGDGE (5% v/v), except with LOx (2.5 mg
mL! in 50 mM buffer) and Os(bpy),CI-PVI (22.5 mg mL"! in 50 mM buffer). Similarly, for a LOx Os-

polymer sensor, 5 uLL of a LOx solution (5 mg mL"! in 50 mM buffer) is added to 4.5 pL of the Os(bpy),Cl-
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PVI solution (50 mg mL! in 50 mM buffer) and 0.5 uL of neat PEGDGE. These solutions were vortexed
(5 seconds) in small tubes and then rested to ensure sufficient crosslinking (1 hour, room temperature).
These Os-polymer-enzyme solutions were dropcast by pipetting 0.5-uL aliquots onto the working
electrodes to create enzyme films. Films were dried at room temperature and then moved to the
refrigerator for overnight crosslinking. After the initial use, sensors were then stored (2 °C) in buffered
saline solution (2 mM buffer, 120 mM KCI, pH 7.00) to prevent Ag oxidation.

Simultaneously, first-generation enzyme-BSA crosslinked films were prepared similarly for
comparative purposes. The sensors were prepared with the same enzyme concentrations used for Os-
polymer sensors. However, BSA (31 mg mL"") in buffer (50 mM) replaced the Os-polymer, and
glutaraldehyde (0.25% w/v) replaced the PEGDGE crosslinker in the electrode modification solutions.
These solutions were also vortexed (5 seconds) but were immediately deposited, unlike the Os-based
sensors. Similar to the procedure for the Os-polymer-enzyme solutions, the enzyme-BSA-glutaraldehyde
solutions were dropcast as 0.5-uL aliquots onto the working electrodes to create enzyme films. These
sensors were dried at room temperature and stored in the same manner as the previously mentioned Os-
polymer sensors.

Sensor Calibrations

Calibrations were completed from glucose, lactate, and APAP standards using a system comprised
of automated pumps and valves, the uCA, and a potentiostat. Standards for all three of the chemicals were
prepared in buffered saline solution. Each calibrant solution contained increasing quantities of glucose
and lactate such that simultaneous calibrations could be performed for the analytes. Comprised of 18
calibrants, the analyte ranges used in this study were 0-23 mM for glucose (Supplemental Figure 1) and
0-2.5 mM for lactate, which allowed for the linear range of each analyte to be determined. Separately,
APAP was calibrated in the system with five calibrants increasing from 0 to 10 mM APAP for use in later
selectivity studies. To establish a baseline for all of the calibrations, the same background buffered saline

solution was flowed between every calibrant. A pump and valve system (flow rate of 100 uL min!) was
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used for automation, increased sample/calibrant throughput, and ease of use.?> The pCA described above
was operated in conjunction with the potentiostats to measure the calibrant signals. CHI 1440 and 1030
multichannel potentiostats were used to record the amperometric signals (glucose, lactate, and APAP,
sampling frequency of 1 sec’!). The potential for analyte quantification is held at 0.2 V (vs. internal
Ag/AgCl) for the Os-based sensors since it is a slightly more oxidative potential relative to the redox
potential of the coordination complex — Os(bpy),CI-PVI (Os**?*) or at 0.6 V (vs. internal Ag/AgCl) for
the first-generation sensors.

Using linear and non-linear regression of the current versus concentration, limit of quantitation,
the maximum limit of linearity, sensitivity of the electrode, maximum rate of reaction, and concentration
at 50% saturation of the enzyme were determined. By adding the signal of the blank (buffered saline
solution) to ten times the error of the blank and dividing by the sensitivity, the limit of quantitation was
determined. To set the upper limit of linearity, the slope between calibration points was used to determine
the approximate limit point. Subsequently, the next calibration point was added. If the slope changed by
5% or more from the previous slope without that point then the limit remained the same and the previous
datapoint is the maximum limit of linearity.?? Using the linear range of the data set (limit of quantitation
to maximum limit of linearity), a regression of this data set determined the sensitivity of the electrode
based on the slope of the line. A non-linear regression was performed on both of the Os-based sensors
(glucose and lactate) to determine the maximum rate of reaction for the enzyme, Vi, and the
concentration at 50% saturation of the enzyme, K,,.

Operational Longevity

Calibrations (7 calibrants within linear range) were completed daily for Os-polymer GOx and LOx
sensors to ensure operational longevity for continuously operational systems. Standards for both of the
analytes of interest contained increasing quantities of glucose and lactate such that simultaneous
calibrations could be performed in buffered saline solution. This same buffered saline solution was also

used as the baseline for all of the calibrations and flowed between every calibrant. Similar parameters
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were used for the sensor calibrations previously stated above. In short, the same system comprised of
automated pumps (flow rate of 100 uL min!) and valves, the uCA (potential held at 0.2 V vs internal
Ag/AgCl), and a potentiostats (CHI 1440/1030) were used in these experiments. However, after each
calibration, the sensor was removed from the pCA and stored (2 °C) in buffered saline solution overnight.
Then on the next day, another calibration was completed until calibrations for seven days was completed.
Selectivity Assay

A selectivity assay was performed to compare the signal contribution from interference (APAP)
and analyte (glucose or lactate) in first-generation and Os-polymer sensors based on selectivity
coefficients. The contribution of interference in an amperometric sensor can be represented by a
selectivity coefficient, Kq";P, where a is the analyte for a specific sensor and i is the interferent.>! The
amperometric selectivity coefficient is the quotient of the signal (current) produced from an interferent

relative to the interferent concentration, and the current from the analyte relative to the analyte

concentration. This relationship is summarized below in Equation 1.

i

-~

amp _
Ka,ip—

(1)

s &l

The signal produced at a certain concentration of the interferent, C;, is defined as i;. Similarly, i, is the
current detected for the specific analyte at a defined concentration, C,. This calculation is used in a
comparative study of the Os-polymer sensors and first generation sensors with respect to the analytes and
model interferent. By performing a calibration with the Os-based sensors using increasing concentrations
of the interferent or analyte independently, the signal contributions of interferent and analyte were

separately determined. Then, Kg"P values for the Os-polymer and first-generation sensors were

calculated. The amperometric selectivity coefficients are presented as log(Kg"t?) values for ease of

comparison. Sensors in which the interferent signal dominates over analyte have selectivity values that
are positive (APAP-selective), whereas favorable (analyte-selective) coefficients are negative. These

values are later used to demonstrate the selectivities of the sensors.
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Cell Culture

AMLI12 cells (ATCC, Manassas, VA) were grown from cryopreserve, incubated, and plated onto
a 12-well plate for treatment. The cells were first thawed from a liquid nitrogen cryopreserve and added
to warmed media (DMEM/F12 with 10% FBS, 1% p/s, and a primary hepatocyte maintenance supplement
kit). Then, the cell suspension was spun down (125 x g, 7 minutes). After discarding the supernatant, 1
mL of media was added to the cell pellet, and the cells were counted. Cells were subsequently added to
~10 mL of media in a T75 flask so that the flask contained ~250,000 cells (50,000 cells mL-!), and it was
then incubated (37°C, 5% CO,). After the cells reached 90% confluency, they were trypsinized (0.25%
w/v trypsin-EDTA), spun down (125 x g, 7 minutes), resuspended in media, and plated onto a 12-well
plate (50,000 cells mL!). The cells on the well plate were grown to 90% confluency before treatment.
APAP and Insulin Treatment

To determine the effects of APAP and/or insulin on cellular metabolism, cells were subjected to
one of five treatment protocols and then analyzed using the Os-based sensor. One day before the APAP
treatment, the AML12 cell media was switched to a minimal media (DMEM/F12, 50% v/v, 5 mM glucose,
without both serum and the primary hepatocyte maintenance supplement kit). For treatment, cell media
was changed to one of four conditions: minimal media with protocol 1) no additives (media change);
protocol 2) APAP only (1.4 mM ); protocol 3) insulin only (10 pg mL-"); or protocol 4) APAP and insulin.
The treatment media was removed after 2 hours in experiments without insulin and after 24 hours in those
containing insulin for analysis by a GOx Os-based sensor. Basal and treatment unconditioned media

inputs were also analyzed by both types of sensors for comparison.
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Results.
Synthesis and Characterization of the Os- flow rate of 100 uL min!)

Prior to analysis, the Os-polymer was characterized by "H-NMR and CV. Based on the ratio of
proton integration values in the "H-NMR spectra, the polymer had a metal-loading percentage of 9%
(Supplemental Figure 2). The redox potential of the Os-based polymer was identified as +156 mV (vs.
Ag/AgCl) by CV (Supplemental Figure 3). These methods confirmed the structure of the Os-polymer
and that it oxidized at a lower potential than APAP as anticipated.?®
Selectivity Assay

To compare differences between the Os-based sensors presented here and first-generation sensors,
selectivities between the analyte and interferent were investigated. Direct comparison of these sensor
types indicated the increased selectivity of Os-polymer sensors to the analyte of interest over a model
interferent, APAP. The first-generation sensors showed approximately a 0.3-fold selectivity of glucose
and 1.79-fold selectivity of lactate over APAP in the same saline buffered solution (Supplemental Figure
4, left). In comparison, the Os-based sensors were approximately 40-fold more selective for glucose and
200-fold more selective for lactate over APAP in a saline buffered solution (Supplemental Figure 4,
right). Therefore, the Os-based sensors have about 2 orders of magnitude (100x) more selectivity for both
analytes over first generation sensors.
Sensor Calibrations

Calibrations were performed for glucose and lactate to compare the sensitivities of both types of
sensors. The sensitivities of the first-generation and Os-based GOx sensors were 0.166 £ 0.013 pA mM-
I'and 0.350 + 0.006 A mM-!, respectively (Figure 2, left). A first-generation LOx sensor showed a
sensitivity of 1.71 £ 0.03 uA mM-!, but the Os-polymer LOx sensor had a higher sensitivity at 2.00 + 0.05
uA mM-!' (Figure 2, right). Both the Os-based GOx and LOx sensors offered increased sensitivity

compared to the first-generation sensors.
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Figure 2. Representative calibration curves of anodic current vs. analyte concentration showing the limits
of linearity, limits of quantitation, V,, and K, for Os-based GOx (left) and LOx (right) sensors. The
linear range, indicated by the two dotted red lines, were 50 uM to 10 mM and 2 to 324 uM for glucose
and lactate, respectively. The slopes are represented by solid blue lines [y = (0.350 £ 0.006)x — (0.02 £+
0.03), R = 0.99] for the Os-polymer GOx sensor and [y = (2.00 £ 0.05)x — (0.016 £+ 0.007), R? = 0.99]
for the Os-based LOx sensor. Using non-linear regression, shown in solid red, V.« and K, were
calculated for both analytes. For the Os-based GOx sensor, V. was 4.4 x 10 mol min-! and K, was 33
mM. The Os-polymer LOx had a V5, 0f 6.0 x 10-1° mol min'! and K., of 0.67 mM. Inset: zoom-in of the
lower concentrations of each analyte showing the lower limit of linearity (limit of quantitation).
Experiments were performed in buffered saline solution (ambient conditions).

To test the linear range of the Os-based sensor, calibrations were performed for both glucose and
lactate. Glucose was detected as low as 43 uM and quantified as low as 50 uM. At higher concentrations
of glucose, the data began to deviate from linearity at ~10 mM, so the linear range was 50 uM to 10 mM
(Figure 2, left). Non-linear regression identified the V., and K, for glucose as 4.4 x 10 mol min-! and

32.9 mM, respectively. Similarly, the newly developed lactate sensor was tested to determine the linear

1
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range. The limit of detection was 1 uM while the limit of quantitation was 2 uM for lactate. The data
began to deviate from linearity at 324 uM. Based on a non-linear regression model of the data, the V,ax
and K, were 6.0 x 1071 mol min! and 0.67 mM, respectively. Therefore, the linear range for the lactate
sensor spanned from 2 to 324 uM (Figure 2, right). Both of the Os-based sensors offered a wide
biologically-relevant linear range.
Operational Longevity

The sensitivities of the Os-based sensors were monitored over time to investigate the long-term
stability of sensor performance. To do this, a calibration was carried out daily for a week for the Os-based
GOx and LOx sensors. The sensitivity of the GOx sensor decreased from 420 + 7 nA mM-'to 313 £ 7 nA
mM-!, a 26% decrease, while the sensitivity decreased from 2460 + 70 nA mM-! to 1730 = 70 nA mM-!,

a 29% decrease for the LOx sensor over the weeklong experiment (Figure 3).

Current (nA)
Current (nA)
s g

[
(=3
=

.

. s o s & 0 . 6 =
Time (days) ¢ ® Glucose Conc. (mM) Time (days) 70 Lactate Conc. (uM)

Figure 3. Operational longevity of the Os-based GOx (A) and LOx (B) sensors was tested by calibrating
daily for seven days. Anodic (oxidative) current vs. calibration day vs. analyte concentration reported
above. The sensitivity of the GOx sensor decreased from 420 + 7 nA mM-! to 313 = 7 nA mM-!, and the
LOx sensor sensitivity decreased from 2460 + 70 nA mM-! to 1730 £ 70 nA mM-! in the course of the
week. Experiments were performed in buffered saline solution (ambient conditions) at 0.2 V. Data
represented as the average, n = 3 replicates.

APAP and Insulin Treatment
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To test the biological relevance of the Os-polymer sensors, AML12 glucose metabolism was
observed with and without the addition of a background interferent. A glucose concentration above 5 mM
(basal media concentration) denotes produced glucose while a glucose concentration below 5 mM
signifies consumed glucose. Four control media samples were measured for glucose using the Os-polymer
sensor. The basal media was treated with: protocol 1) no additives (4.78 + 0.09 mM glucose, Figure 4,
solid blue); protocol 2) added APAP (4.91 + 0.05 mM glucose); protocol 3) added insulin (4.63 £ 0.14
mM glucose); and protocol 4) added both APAP and insulin (4.79 £ 0.10 mM glucose). These values are
not significantly different (p = 0.28), so the basal media without additives is shown below as a
representative for the control media. When compared to the control media, cells cultured in only basal
media, protocol 1, and basal media with APAP, protocol 2, showed increased concentrations of glucose
(7.15 £ 0.06 mM glucose and 6.78 £ 0.09 mM glucose, respectively) when compared to the control media
(Figure 4, striped). In contrast, the glucose concentration decreased in cells challenged with protocol 3,
media with insulin, (4.43 £ 0.11 mM glucose) and protocol 4, insulin-containing media from APAP-

treated cells (3.83 + 0.09 mM glucose, Figure 4, checkered) when compared to the control media.
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Figure 4. Bar graph displaying the glucose concentration analyzed using an Os-based sensor vs. sample
type including control and cellular samples. AML 12 cells were grown to 90% confluency in four different
growth protocols and their glucose metabolism was monitored using the Os-based sensor and compared
to a control without cells. Reduced glucose media is shown as the control with 4.78 + 0.09 mM glucose.
Cellular media without insulin was analyzed after two hours of exposure and is represented with stripes.
Protocol 1 was the cellular media (reduced glucose DMEM/F12) without APAP and had 7.15 £ 0.06 mM
glucose. Denoted as protocol 2, cells treated with APAP (1.4 mM) had 6.78 + 0.09 mM glucose. The
samples, illustrated with diamonds, were cultured in insulin-containing media and analyzed after 24 hours
of exposure. The cells cultured in media with insulin (10 pg mL-!) but without APAP were protocol 3 and
had 4.43 + 0.11 mM glucose, while the media from insulin- (10 ug mL-") and APAP- (1.4 mM) treated
cells was protocol 4 and had 3.84 + 0.09 mM glucose. Experiments were performed in reduced glucose
DMEM/F12 media (ambient conditions). Data represented as an average and standard error with n = 3
biological replicates.

To determine the effect of insulin on glucose metabolism, AMLI12 cells were cultured with and
without insulin and analyzed by the Os-polymer sensor. Glucose concentration changes due to the addition
or removal of insulin were compared between cells treated the same (basal media or APAP-added). In
comparing the cells that were left untreated and were either cultured with insulin (4.43 £ 0.11 mM
glucose) or without it (7.15 £ 0.06 mM glucose), the glucose metabolism showed a significant difference
(p <0.01). Similarly, the APAP-treated cells were significantly different in glucose metabolism between
those with (3.83 = 0.09 mM glucose) and without insulin (6.78 £ 0.09 mM glucose) in the media (p <
0.01). Cells that were cultured without insulin had a larger glucose concentration than those with it.

While further examining glucose metabolism, the effect of APAP was analyzed using the Os-
polymer sensor by treating cells with either basal media alone (untreated) or basal media with APAP.

Samples from the media without insulin had a significantly decreased glucose concentration (p < 0.01)
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for those cells treated with APAP (6.78 + 0.09 mM glucose) compared to the untreated cells (7.15 £ 0.06
mM glucose). The untreated cells (4.43 + 0.11 mM glucose) had significantly increased glucose compared
to the APAP-treated cells (3.83 £ 0.09 mM glucose) in media containing insulin as well (p < 0.02). Based
on these results, the APAP-treated cells have less glucose in the media compared to the untreated cells.
To demonstrate the decreased sensitivity of the Os-based sensor to the model interferent basal
media with and without APAP was analyzed using both types of sensors. When analyzed by a first-
generation sensor, the basal media with insulin (3.0 £ 0.6 mM glucose) had a lower glucose concentration
than the same basal media and insulin with added APAP (24 £ 2 mM glucose) (Supplemental Figure 5).
There was a significant difference in the basal media with and without APAP (p < 0.01). However, the
same comparison between basal media with insulin (4.63 + 0.14 mM glucose) and basal media with
insulin and APAP (4.79 = 0.10 mM glucose), but analyzed by an Os-based GOx sensor was not
significantly different (p = 0.44). Since the Os-based sensors did not show significantly different results

while the first-generation sensors did, it was confirmed the Os-based sensors had decreased sensitivity to

APAP.
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Discussion.

Electrochemical microphysiometry is an effective method in studying cellular bioenergetics and
toxicity.>?> However, electroactive signal interference may prevent accurate detection of the analytes of
interest. In this work, Os-polymer sensors were used to mitigate interference by reducing the potential
bias of the electrode. These sensors showed high analyte-selectivity, had a biologically-relevant linear
range with increased sensitivity for the analyte compared to first-generation sensors, and established
operational stability for use with model organ-on-chip systems. Together with the nCA, this system
provided an easy-to-use and versatile format for sensing metabolites to improve diagnosing and
monitoring health and disease.!3

First, selectivities between the analyte and interferent were investigated for the developed Os-
based sensors for comparison with the first-generation sensors. These Os-based sensors were
approximately two orders of magnitude more selective than first-generation sensors for both analytes,
demonstrating the reduced interference from APAP due to the presence of the Os-polymer that allowed
for a reduced potential bias. Because the Os-based sensors were less affected by the interferent, the results
from these sensors provided more accurate details about the system. This interferent insensitivity makes
the high-resolution Os-polymer sensors ideal for monitoring changes in multiple biological analytes over
a high background of an electroactive interferent, APAP.

Both of the new Os-based biosensors for glucose and lactate showed higher selectivity for their
respective analytes compared to the redox-active interferent, APAP, since the Os-polymer allowed for a
lower potential to be applied at the electrode surface. Because the Os-polymer biosensors were operated
at 0.2 V (vs. Ag/AgCl), minimal APAP signal was generated. This reduced signal is expected, because
0.2 V (vs. Ag/AgCl) is well below the potential threshold for bulk APAP oxidation. Conversely, the 0.6
V (vs. Ag/AgCl) electrode bias required to transduce a signal from the O,-H,0, couple in first-generation
sensors was high enough to oxidize interferents in the solution. Additionally, the observation of an anodic

(negative) current in these sensors confirmed the predicted electron flow mechanism (Figure 1), in which
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electron donation occurs first from the oxidase enzyme to the reduced osmium (Os*") complex and finally
to the SPE.

These polymers not only decrease interference, they are also predicted to improve sensitivity of
the sensor over first-generation sensors. Os-based GOx sensors have shown to have better sensitivity
compared to first-generation GOx sensors (Supplemental Figure 6). Because there are increase amine
sites because of the imidazole there is increased crosslinking and increased electron transfer. Os(bpy),Cl-
PVTI had higher crosslinking efficiency with increased amine sites from the imidazole in the polymer while
maintaining higher electron transfer from the osmium complex. Covalent linking of the enzyme to the
hydrogel provided an enhanced pathway for electron transfer, thus increasing the sensitivity of the Os-
based sensors compared to first-generation sensors.3?

Further evidence for the advantage of the Os-based sensors was the improved sensitivity while
simultaneously spanning a large linear range necessary for monitoring a variety of biological processes.
The first-generation sensors had a lower sensitivity for both glucose and lactate compared to the Os-
polymer sensors. As predicted, the Os-polymer mediates an enhanced electron pathway, producing a
higher sensitivity. More specifically, there was a 111% increase in sensitivity for the Os-polymer GOx
sensors and a 17% increase in the sensitivity for Os-based LOx sensors compared to their respective first-
generation sensors. This increased sensitivity allowed for a low level of detection and quantitation while
still including higher concentrations which are both necessary for model organ systems and other
biological applications. While there was slightly less sensitivity for Os-based glucose sensors compared
to previous Os-polymer sensor, there was an improved sensitivity for the Os-based LOx sensors.3433
Based on previous data, the V,,,x value for the glucose Os-based sensor was similar to that of a first-
generation, but the lactate Os-polymer sensor was a magnitude less than a first-generation sensor.3® The
lactate sensor does not need to measure as high as the glucose so a lower V,,,, value is acceptable.?
Furthermore, the Os-polymer GOx sensor had a higher limit of quantitation but also had a much higher

limit of linearity compared to a previously developed glucose Os-based sensor.’” This is helpful when
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using media that has higher glucose concentrations in it such as in this work with the AMLI12 cells. In
addition, both types of these Os-polymer sensors had a higher limit of detection but a lower limit of
linearity when compared to first-generation sensors.?® These sensors offered improved sensitivity and a
wide linear range for glucose (50 uM to 10 mM) and lactate (2 to 324 uM) that is suitable for monitoring
cellular function and biological processes.! 33842

Finally, considering the utility of this sensor platform in tandem with a continuously operational
system, the longevity of sensor performance was investigated. In both sensors, after an expected initial
sensitivity decrease was observed from enzymatic activity loss, the sensitivity decreased slightly and
stayed stable over the weeklong study (Supplemental Figure 7). These sensitivity decreases were
expected in first-generation sensors as well, so the operational stability was not compromised by the
addition of the Os-polymer.?¢ First-generation sensors have been tested previously for longevity, showing
loss of sensitivity attributed to enzyme degradation.?® Although the first-generation sensors showed they
could be used up to three weeks for glucose and two weeks for lactate, the current Os-based sensors were
only tested for seven days and may have longer operational longevity than tested.?® Furthermore, the
electrodes still yielded a significant analyte response, upon which a new calibration curve was prepared.
Another Os-based glucose sensor showed similar stability of a week as the Os-based sensor presented
here.3” The slight decrease in sensitivity throughout the week emphasized the need for regular
recalibration in continuously operational sensors. These sensors may be promising for their use in
monitoring multiple biological analytes over extended periods of time.

The culturing media dysregulated glucose metabolism of AMLI2 cells with the addition or
removal of insulin. The cells cultured in media with insulin had decreased glucose concentrations when
compared to control media. Presumably, the cells were consuming glucose and exhibiting the regular
insulin-stimulated glucose metabolism shown in AMLI12 cells.?> Both of the samples without insulin
showed increased concentrations of glucose compared to the control media. Therefore, glucose was

produced, which is consistent with previous results from AMLI12 cells without insulin.?*?5 These results
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validate the Os-based sensor as an accurate detection method. Glucose metabolism of AMLI12 cells
reversed with the addition of insulin to the culturing media.

Glucose metabolism of treated and untreated AML12 cells was investigated with a background
interferent to test the Os-polymer sensors’ biological relevance and application to model organ systems.
Because there is a risk of liver damage with a blood level of APAP at 200 ug/mL (1.3 mM for the average
person) after four hours of ingestion, a concentration of 1.4 mM APAP was chosen to induce liver changes
in glucose metabolism.** Both sets of APAP-treated cell media had a lower glucose concentration than
the accompanying untreated cells, indicating the APAP-treated cells had dysregulated glucose
metabolism. The cells were likely consuming more glucose to compensate for the stress of APAP
exposure and the onset of toxicity, thus changing the glucose metabolism of the cell. Therefore, we
accurately measured glucose metabolism in the presence of APAP and showed the dysregulation due to
the toxicant with the Os-based sensor.

Finally, a comparison of the two different sensors was investigated, highlighting the strength of
the Os-polymer sensors to mitigate interference. There was a large difference between the basal media
with and without APAP when analyzed by the first-generation sensor, but no difference is seen in the
same media samples analyzed by the Os-based sensors. This juxtaposition emphasized the increased
resolution of the developed sensors while maintaining the integrity of the sensor for a more accurate

detection method than first-generation sensors.
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Conclusions.

A new multianalyte biosensor platform was constructed to directly quantify changes in glucose
and lactate over high backgrounds of an electroactive interferent, APAP. Os-based redox hydrogels were
utilized to mediate electron transport from the enzyme to the electrode, reducing the need for high
electrode potentials, and therefore mitigating the effects of APAP on the electrochemical signal. Flow-
based experiments using the pCA were performed simultaneously for glucose and lactate Os-based
sensors. The automation that the nCA offers and the addition of these sensors to the ever-expanding
toolbox of measurable analytes provides an efficient and versatile format. Selectivity assays indicated
greatly diminished signal contributions from interferent with improved sensitivity in the Os-based sensors
when compared to first-generation biosensors. The Os-polymer sensors offered a wide linear range that
can be used for measuring changes in the metabolic profile of biological systems. Finally, long-term
performance evaluations revealed that these sensors retain substantial analytical sensitivity after several
days of use and storage, indicating that this platform can successfully be integrated in-line with a
biological system for analysis. The results from cellular experiments indicated 1) the removal of insulin
from basal media reversed glucose metabolism in AML12 cells; 2) APAP reduced production of glucose
in the cells; and 3) the Os-based sensor had diminished signal interference compared to the first-generation
sensor. This high-resolution platform can easily be translated to other applications such as glucose meters

for diabetics,” lactate sensors for the food industry,* and biomimicry for pharmaceuticals (organs-on-

chips). 44
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