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ARTICLE INFO ABSTRACT

Keywords: This work presents a bio-processing online device (bPod) platform, capable of real-time in situ monitoring of
Dissolved Oxygen bioreactor cell culture parameters, such as dissolved oxygen (DO). The bPod is an integrated system comprised of
Bioreactor

a potentiostat analog-front-end (AFE), a Bluetooth Low Energy (BLE) microcontroller, and a chemical sensor,
exemplified here by a Clark-type DO sensor, which enables monitoring of dissolved oxygen content. The Clark-
type electrochemical sensor performs chronoamperometric measurement of DO percent saturation, and the BLE
microcontroller wirelessly transmits data to a smartphone while submerged in aqueous media. After several
electrode design modifications, the bPod showed a linear electrochemical current response corresponding to DO
percent saturation levels with a sensitivity of 37.5nA/DO% and limit of detection of 8.26 DO%, covering
concentration ranges relevant for mammalian culture processes within bioreactors. The wireless bPod provides a
free-floating capsule architecture for monitoring DO and can be adapted for an array of electrochemical sensors,

Bluetooth Low Energy
Clark-type Sensor
Wireless Electronics

targeting different process parameters for diverse bioprocess monitoring applications.

1. Introduction

Recent advancements in continuous bioprocess monitoring have
enabled rapid, high quality, and high throughput production of a wide
variety of mammalian and bacterial cell cultures for pharmaceutical
products (i.e., biopharmaceuticals, antibiotics, and vaccines). By far,
monoclonal antibodies (mAbs) are the dominant biotherapeutic on the
market; they are also among the most important reagents in biologically
related research [1-3]. Monoclonal antibodies are produced in large
fully automated bioreactors and are synthesized by recombinant cell
lines (primarily of the Chinese hamster ovary, CHO) cultivated in
carefully designed cell culture media [4].

Existing commercial monitoring technologies, such as inline in-
strumental probes, represent a single-point measurement, taken as the
averaged value for an entire cell reactor. A major concern is their in-
ability to detect the presence of gradients or heterogeneity in physical
parameters (i.e. temperature/pH) and the concentration of compounds
of interest (i.e. glucose/oxygen) throughout the bioreactor [5,6]. More
specifically, varied distributions of common process parameters such as

dissolved oxygen (DO), pH, dissolved CO, (dCO,), and glucose, are
known to be a significant source of non-uniformity for mammalian cells
and related proteins in large-scale bioreactors [7]. In addition, forma-
tion of either hypoxic or hyperoxic regions produce varied glycosyla-
tion patterns [8,9], charge variants [10], aggregates [11], and low-
molecular-weight species [12], causing inconsistent performance of the
manufactured byproducts. Understanding the impact of heterogeneities
in process parameters on cell culture quality is critical for obtaining
higher process yields and more effective molecular products. Therefore,
sensors that can permeate the bioreactor flows and record spatially
relevant information are in high demand to achieve high precision
bioprocess monitoring.

Among the culture parameters of interest, DO plays a critical role in
cell proliferation in batch cultures and various bioreactor systems that
maintain a homogeneous oxygen distribution to achieve high cell
densities. As biomass increases, so too does the demand for DO, where
poor distribution of DO can form hypoxic zones which can result in
micro-heterogeneities of the culture products, resulting in production of
biologics with heterogeneous attributes. In most bioreactor systems,
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standard DO measurements typically rely on oxygen transport through
a gas permeable membrane [13]. In general, optical sensors are resilient
to flow and have greater sensitivity at lower DO concentrations, com-
pared to electrochemical sensors [14]. However, inline optical sensors
often have slower response times (~30s) and higher energy con-
sumption than their electrochemical counterparts (~9s). This tends to
hinder low-powered monitoring approaches that dynamically sample
within a bioreactor.

To this end, amperometric electrochemical sensors are most suitable
for interrogation of localized DO distributions in bioreactors. The Clark-
type sensor topology has been extensively explored for DO and exhibits
excellent linearity across a variety of biomedical and biomanufacturing
applications [15-18]. Most cell culture bioreactors utilize varied flows
of compressed gases and stirring speeds in order to control for the DO at
specific set points usually between 20-50% of air saturation [19,20].
On-line and automated measurements are essential to correct dissolved
oxygen drift and promote homogeneity [21]. Most notably, integration
of sensors with wireless monitoring systems have shown potential to
allow for significant improvements in process scale up and bioreactor
optimization [22]. Radio frequency identification (RFID) tags capable
of passively interrogating the reactor headspace have been demon-
strated for monitoring temperature and pressure within single-use
bioreactors [23-25]. The RFID tags are affixed to the bioreactor walls,
wirelessly powered using an external source, and directly sterilized.
However, RFID tags utilize near-field communication standards, which
limits their use to glass and plastic walled vessels and requires scaling of
the antenna size with increasing bioreactor volumes. They also are
limited to headspace and are not typically used to monitor media
analytes.

There have been only a few reports demonstrating free-floating
wireless sensors capable of liquid measurements and that do not require
a physical connection to the bioreactor [26-29]. Todtenburg et al. de-
veloped a capsule for detecting biochemical parameters, such as pH,
glucose, and conductivity within a photobioreactor. By integrating
CMOS circuitry and COTS components, the device wirelessly trans-
ferred pH and RSSI data to an external receiver. The capsule consists of
a waterproof top to protect the electronics and a liquid permeable
bottom to expose the sensor to the culture media [27]. Zimmerman
et al. have utilized sensor spheres to characterize fluid dynamics within
turbulent flows of an aerated bioreactor [28]. The sensors modules
were reported to be neutrally buoyant monitoring capsules fabricated
from poly ether ketone (PEEK), known as smartCAP (smartINST, Lyon,
France), which support several sensing modalities, including tempera-
ture, conductivity, and agitation [30]. Among the examples provided
above, an in situ wireless monitor of DO using free-floating sensors in
bioreactors has not yet been achieved.

Similar microsystems have also been developed for vastly different
biologic environments, such as ingestible electronics or human wear-
ables. For example, Caffrey et al. developed an ingestible capsule
system capable of monitoring temperature, pH, and DO in the human
gastrointestinal tract (GI). This microsystem was later redesigned for
use in single-use bioreactors, where the capsule was allowed to freely
move around the bulk media of the bioreactor, however, transitioning
sensing capabilities from the human GI tract environment to the bior-
eactor has yet to be realized [5,31]. Additionally, commercial ap-
proaches for integrating microfabricated sensors with telecommunica-
tion have been developed, such as a blood glucose monitoring system
created by FreeStyle Libre, which similarly performs real-time con-
tinuous measurement [32]. By these examples, we and others are mo-
tivated to integrate commercial-off-the-shelf (COTS) components with
wireless modules for targeting specific environments [33-38]; however,
the implementation of free floating systems specifically in bioreactors,
have yet to be fully addressed, and extracting relevant cell culture in-
formation using integrated in situ sensors, telecommunication cap-
abilities, and biocompatible packaging remains a challenge.

In this work, a fully integrated free-floating platform was developed
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for real-time, wireless, and in situ electrochemical monitoring of che-
mical analytes. While we envision measurements of glucose, glutamine,
and lactate, we have first explored DO, owing to its importance in
maintaining cell productivity. The device is housed within a leak-proof
3D-printed package and utilizes a potentiostat analog-front-end (AFE)
paired with a BLE system-in-package (SiP) microcontroller for data
processing and wireless data transmission. The AFE is connected to an
amperometric electrochemical DO sensor, utilizing microfabrication
techniques to achieve a miniaturized Clark-type sensor topology.
Electrochemical characterization resulted in an optimal voltage bias,
determined through cyclic voltammetry, allowing real-time chron-
oamperometric detection of different DO percentages (DO%) using the
bPod under dynamically changing sparging conditions in DI water. The
current system is comprised of off-the-shelf electrical components, a
carefully designed and assembled Clark-type oxygen sensor, and a 3D-
printed housing for leak proof operation. The current bPod is 60 mm in
diameter and is deployed here as a prototype that will be scaled down
to less than half the current size for use in lab and pilot scale reactors.
Overall, this work highlights the integration and design of key system
components that specifically address challenges associated with wire-
less sensing within bioreactors yielding a proof-of-concept system for
DO monitoring.

2. Materials and methods
2.1. Chemicals

Potassium chloride (KCl), used for preparing 0.1 M electrolyte so-
lution, was obtained from Sigma Aldrich (St. Louis, MO) and used
without further purification. Sparging conditions in the bioreactor were
generated using compressed nitrogen (N») and oxygen (O,) gas cylin-
ders (K-type), purchased from Airgas (Radnor Township, PA). De-io-
nized (DI) water (> 18 MQ-cm) was obtained from an E-pure Ultrapure
Water Purification Systems (Thermo Scientific, Waltham, MA).

2.2. bPod system overview

An overview of the system operation is shown in Fig. 1. The bPod
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Fig. 1. (A) Overview schematic detailing implementation of the wireless bPod
platform within an industrial-scale bioreactor. System components include an
electronic module, electrochemical DO sensor, and 3D-printed enclosure. (B)
The platform is evaluated in a bench-scale bioreactor (10-L) and data is ob-
tained using Bluetooth Low Energy communication between the bPod and a
mobile phone.
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platform was designed for implementation into large-scale bioreactors
and contains three main components: the electronic module, a leak-
proof 3D-printed package, and the electrochemical DO sensor. The
electronic module utilizes a BLE chipset and a portable potentiostat AFE
to enable amperometric monitoring of DO. The microcontroller is
programmed to remain in a low-power mode, only waking up peri-
odically to perform measurements and wirelessly transmit data to a
modified phone app. The leak-proof packaging is 3D-printed using
biocompatible MED610 to isolate the electronics from the liquid en-
vironment. The electrochemical DO sensor is fabricated using a three-
electrode amperometric configuration for chronoamperometry, al-
lowing quantification of oxygen partial pressure [39]. To establish an
electrolyte reservoir for the sensor, a fluorinated ethylene propylene
(FEP) membrane is attached to the sensor surface, encapsulating po-
tassium chloride (0.1 M KCl) electrolyte onto the electrodes, creating an
oxygen selective barrier between the bioreactor solution and the KCl
electrolyte to enable measurement of DO partial pressure. The platform
is evaluated at the bench scale in a 10-L BioFlo 310 fermenter with data
recorded wirelessly to a phone using BLE (Fig. 1B).

2.2.1. Fabrication and assembly of Clark-type dissolved oxygen sensor
Here, a three-electrode sensor with a thin-film gold (Au) working
electrode (4 mm diameter), gold counter electrode, and a silver (Ag)
reference electrode is fabricated as depicted in Fig. 2A. Cr/Au (20 nm/
200 nm) layers were deposited onto a 4-inch Pyrex wafer using an
Angstrom E-beam Evaporator (Angstrom Engineering Inc.), followed by
deposition of Ag (250 nm) for the reference electrode. The concentric
electrodes are patterned via use of a laser cut (Epilog Laser Fusion M2
laser cutter) shadow mask made of cleanroom paper, which was affixed
to the Pyrex wafer. The mask was first taped to the edges of the wafer
surface for the working and counter electrodes, which were subse-
quently covered for deposition of the silver reference electrode. The
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wafer is then diced into individual sensors (9 mm X 20 mm) using a
dicing saw (Microautomation) and cleaned with a combination of
acetone, methanol, and isopropanol, followed by rinsing with DI water
and drying with nitrogen gas.

An electrolyte solution reservoir is created above the Clark-type
electrode, using electroplating tape (118um) (3M Type-470,
Maplewood, MN) and a FEP membrane (25um) (Strathkelvin, North
Lanarkshire, Scotland). Electroplating tape had shown to be both
moisture and chemically resistant, as well as capable of forming a
watertight interface between the Pyrex surface. Two layers of electro-
plating tape are aligned with the sensor contacts and cut to form a 5 mm
circular well using a biopsy punch. The first tape layer is adhered di-
rectly to the glass substrate centered around the concentric sensor, and
20 pL of electrolyte solution (0.1 M KCl) is pipetted onto the electrode
surface. The circular tape opening prevents the electrolyte solution
from spreading and shorting the contact pads. Using the second tape
layer, a small FEP membrane square (7 mm X 7 mm) is brought into
contact with the KCI droplet and carefully sealed by applying pressure
between the first and second tape layers, such that no bubbles are
trapped in the reservoir. A summary of the assembly process is provided
in Supplemental Fig. 1. This method of encapsulation is compatible
with low electrolyte volumes (20 pL) and reduces the distance between
the FEP membrane and the sensor surface (on the order of the FEP
membrane thickness), ensuring that only diffusion through the FEP
membrane would limit sensor response time (T. J. Kim et al., 2001).
The KCl electrolyte, provides ions that enhance electron transport, al-
lowing the reduction of oxygen at the working electrode surface, as
illustrated in the sensor cross-section of Fig. 2A [40]. To prevent eva-
poration of the electrolyte solution through the FEP membrane, the
sensors were stored in DI water between successive trials. Park et al.
have achieved a similar DO sensor using a 3-electrode configuration
with Au working and Ag/AgCl reference electrode on a glass substrate.
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Fig. 2. System components. (A) Illustration of assembled DO sensor and a cross-sectional diagram of the chemical reaction for the Clark-type electrode. The
electrolyte solution is injected at very low volume (20 u L) and the distance between the reactor and the electrode is 118 u m (for rapid diffusion).The oxygen
reduction reaction is measured using a three-electrode system with gold working and counter electrodes, and a silver reference electrode. (B) Circuit schematic of the
electronic module, including the BGM121 microcontroller and LMP91000 readout circuit. Chronoamperometric measurements are performed by the AFE and

controlled by the BLE MCU to allow for portable and wireless monitoring of DO.
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Fig. 3. Process flow for measurement sequence.

They used a fluorinated ethylene propylene (FEP) membrane and
trapped an electrolyte using a molded PDMS structure to achieve rapid
sensor response [15]. While this assembly strategy allowed for minimal
distance between the sensor surface and FEP membrane, the perme-
ability of the PDMS was not ideal for long-term DO monitoring as
compared to our tape-based sensor approach.

2.2.2. System enclosure

bPod biocompatibility and electronics preservation is achieved by
packaging the sensor and electronic module in a 3D-printed MED610
enclosure, printed using a Connex Objet500 PolyJet printer (Stratasys,
Eden Prairie, MN). MED610 is biocompatible, autoclavable, and ex-
hibits low liquid retention. The spherical pod, with an outer diameter of
60 mm, is assembled from two attachable parts as shown in Fig. 1A. The
two halves (top and bottom) of the packaging are connected via a
bayonet twist lock and sealed with three silicone O-rings. A small rec-
tangular slit (10 mm X 2 mm) is used to align the DO sensor with a card
edge connector (CEC) for interfacing with the electronic module. To
provide a robust connection between the sensor contacts and the CEC, a
tapered spacer was utilized to add thickness to the sensor and to pro-
vide support during system testing and sensor replacement. To prevent
leaking between the DO sensor and the 3D-printed enclosure, the rec-
tangular slit was sealed with epoxy. Following a trial with the as-
sembled bPod, the DO sensor was replaced by removing the epoxy seal
and inserting another DO sensor.

2.2.3. Design of wireless amperometric circuit

A simplified schematic of the electronic module is shown in Fig. 2B.
A BLE 4.0 microcontroller was chosen for data processing and trans-
mission to an external user device, such as a mobile phone or laptop.
Specifically, the BGM121 SiP chipset used (6.5mm X 6.5mm X 1 mm)
includes a programmable microcontroller and an integrated 2.45 GHz
transceiver antenna (0 to +8 dBm). The BGM121 utilizes several en-
ergy saving modes to control current consumption depending on the
required function, thus, extending the operational lifetime of the de-
vice. When transmitting and receiving data, the device enters ‘active
mode’ and draws 25 mA of current. While idling for an event interrupt
to occur, the device is set in ‘low-power’ mode, consuming 2.5 pA.
Additionally, to further minimize power consumption, a temporary
shutdown of the device is available using ‘hibernate’ mode, which
consumes 0.58 pA. The available peripherals include a 12-bit analog-to-
digital converter (ADC), several GPIO pins used for toggling the enable
pin of the AFE, and two I°C lines allowing bidirectional communication
between the amperometric circuit and MCU. An LMP91000 AFE po-
tentiostat was chosen to provide a stable voltage bias, or excitation

voltage, between the working and reference electrodes of the sensor
and monitor the resulting output current. The currents measured at the
working electrode are converted into a voltage by a transimpedance
amplifier, then digitized by the BGM121 ADC. The LMP91000 was
programmed using an I°C interface to toggle between an internal sleep
mode and a three-electrode amperometric configuration. The electronic
module is powered by a single 3.7 V lithium polymer (Li-Po) battery
(GM301014H, PowerStream) with 14 mAh capacity. A 3.3V linear
voltage regulator (TLV7033, Texas Instruments) was used to stabilize
and step-down the battery output for each of the electronic compo-
nents. Finally, the electronic module is attached to a 3-pin CEC
(2.54 mm pitch) to interface with the DO sensor assembly.

2.2.4. Event scheduling for wireless transmission

The BGM121 microcontroller was programmed to receive com-
mands from a modified BLE smartphone app (Silicon Labs) for data
acquisition and setting the device into one of three operational states:
OFF, MEASURE, and CALIBRATE. The default energy mode of the de-
vice is ‘low-power’ mode. The oxygen level in the reactor equilibrates
rapidly with the electrolyte; this in turn is measured using chron-
oamperometry, where an excitation voltage is applied over a short time
window across the working and reference electrodes and read as cur-
rent. Current values are recorded and transmitted every 50 ms for 30's
to produce a characteristic chronoamperometric response; this is de-
fined as the measurement sequence. The CALIBRATE state performs a
single measurement sequence used to perform single-point measure-
ments desired for calibrating the bPod at both air-saturated and ni-
trogen-saturated conditions. Similarly, the MEASURE state will repeat
the measurement sequence a user-defined number of times at a 5 min
interval. Between measurements, the working and reference electrodes
are shorted to ground by the LMP91000, and the bPod is maintained in
‘low-power’ mode, as described in section 2.2.3. Once the desired
amount of data has been collected, the device will return to ‘low-power’
mode until another external command is given. The process flow for the
MEASURE operational state is shown in Fig. 3; the measurement
duration is defined as the Duration timer, and the measurement interval
is defined as the Wait timer. The OFF state enters the device into the
‘hibernate’ mode, effectively turning off the MCU so that it consumes
minimal current. In this mode, the device disconnects from the phone
app and enables assembly of the bPod and sensor replacement between
experiments. Using the software timers and external write commands
available for BLE communication allows the state of the bPod to be
user-controllable in real time and enables the bPod to operate auton-
omously when electrochemically monitoring DO percent saturation.
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2.3. Electrochemical characterization and calibration

Electrochemical characterization of the bPod was performed in
three separate settings: (1) a 250 mL beaker for the DO sensor assembly,
using a benchtop potentiostat, (2) a 2L vessel for optimizing bPod
testing parameters, and (3) a 10-L BioFlo 310 bioreactor for dynami-
cally monitoring the bPod platform at several DO saturation percen-
tages.

2.3.1. Beaker-level DO sensor characterization

Beaker-level testing utilized cyclic voltammetry and chron-
oamperometry, performed by a VSP-300 BioLogic potentiostat
(Warminster, PA) to determine an excitation voltage and evaluate the
dynamic current range of the fabricated DO sensor. The electrochemical
analysis of the three-electrode system was first conducted in 0.1 M KCl
at room temperature. 0% and 100% DO saturation states were created
by flowing N, and compressed air into the solution for 10 minutes,
respectively. Separate gas lines were connected to a 250 mL beaker
using polyethylene tubing and filtered through a stone bubble diffuser
to improve solubility of the DO in the solution. Since the FEP membrane
was not attached during the beaker-level testing, sparging of N, and
compressed air into the beaker was interrupted during electrochemical
evaluation in order to avoid interference of the measured signal due to
bubbles. Cyclic voltammetry was performed by sweeping a linear vol-
tage from -0.1 to -0.6 V at a scan rate of 20 mV/s. To evaluate the ion
impermeability of the FEP membrane and the efficacy of the tape-based
sensor interface, DO sensors with and without the FEP membrane at-
tached were compared (see section 2.2.1) in an ambient DO% satura-
tion (~20 %) in DI water. Cyclic voltammetry was performed by
sweeping a linear voltage from 0 to -0.65V at a scan rate of 20 mV/s.
This verification step was repeated for each assembled DO sensor prior
to integration with the bPod. To account for discrepancies in the testing
system and sensor fabrication, a two-point calibration of the DO sensor
and bPod was performed in the 2L glass vessel, as shown in Supple-
mental Fig. 2. DO% was calculated based on the current response in an
air-saturated state and a Nj-saturated state using the determined ex-
citation voltage. A saturation state was produced by sparging 0.1 M KCl
with either air or N, at room temperature for 10 minutes and using a
polarographic DO electrode to ensure steady state. Testing parameters,
including measurement duration, sampling rate, and transimpedance
amplifier (TIA) gain, were adjusted for evaluation in the 10-L bioreactor
and are described in the Supplementary information.

2.3.2. Electrochemical evaluation of bPod in 10-L bioreactor

After testing the performance of the DO sensor in 0.1 M KCl and DI
water, the electronic module was integrated with the DO sensor in the
bPod enclosure, as described in section 2.2.2. The bPod was placed into
the 10-L bioreactor setup, as shown in Fig. 1B, filled with DI water, and

Excitation Points
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tethered to minimize measurement failures from collisions, as well as
connected to an external 3.3 V power supply (Agilent, Santa Clara, CA).
In order to generate the various DO saturation states, two pressure
regulated (5 psi) inputs of O, and N, respectively, were inserted into
the BioFlo 310 fermenter and combined using a built-in flow controller.
A single gas inlet was then connected to the 10-L vessel with poly-
ethylene tubing, and gases were bubbled into the solution at a set vo-
lumetric flow rate (2.0 SLPM) and varied by adjusting the percent ratio
of Oy and N, (02:N,). For each configuration, saturation points were
determined after 15 minutes of sparging and referenced to a commer-
cial polarographic DO probe (Mettler Toledo, Columbus, OH). The so-
lution was stirred using an impeller speed of 75 rpm throughout all
experiments, coinciding with lower rpm used for mammalian cell cul-
ture [41]. Chronoamperometric measurements of DO were performed
under the chosen excitation voltage using the CALIBRATE command
described in section 2.2.4. The oxygen level in the bioreactor’s aqueous
media is typically normalized as a percentage of the total saturated DO
concentration. The level varies greatly depending on the cell density,
pressure, tank agitation, flow rate of the gas mixtures, and temperature.
Prior to assessing intermediate oxygen concentrations, the bPod sensor
was calibrated at room temperature in DI water using two set points, a
nitrogen-saturated state (0:100) and oxygen-saturated state (100:0),
which equates to an oxygen concentration of ~8.9 mg/L. Following
15 minutes of sparging under each configuration, the measured DO
sensor voltage output was assigned to 0 and 100% DO saturation states,
respectively. The current response of the sensor corresponds to positive
readout voltage from the bPod (between 0 and 1.65 V), calculated as
shown in Supplemental Eq. (1). Increasingly negative currents corre-
spond to values closer to 0V and are dependent on the previously set
current bounds. The sensitivity and limit of detection of the DO sensor
are determined from a calibration plot and expressed in terms of the
sensor current output.

2.3.3. Validation of fully integrated bPod

For real-time monitoring, the 3.7 V Li-Po battery was connected to
the electronic module, and the bPod was left untethered and suspended
within the 10-L bioreactor filled. The MEASURE command was used to
record a measurement every 5 minutes for 1.5 hours (18 total), while
the DO% saturation was varied incrementally between 0 and 100%
every 10 minutes and compared to a commercial inline DO probe. Data
was wirelessly transmitted by the BGM121, which was powered by the
3.7 V Li-Po battery. By utilizing external commands and the low-power
energy modes of the BGM121, the bPod lifetime was estimated to be
roughly 30 hours.

Fig. 4. Electrochemical characterization of as-
sembled DO sensor using benchtop potentio-
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Fig. 5. Electrochemical characterization of the

bPod for wireless amperometric measurements
in DI water. (A) Chronoamperogram depicting
the averaged output voltage recorded by the
bPod with 3 repeats at a 5-minute interval
(N = 3). The O4:N,, gas ratio was adjusted from
...... 100:0 to 0:100 at a 25% interval. (B) Resulting
- calibration curve taken at 10 s and compared to
the commercial polarographic DO probe.
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3. Results and Discussion
3.1. Electrochemical characterization

The electrochemical response of the fabricated DO sensor was
evaluated in 0.1 M KCl using the beaker-level setup. Fig. 4A presents the
cyclic voltammogram of the unmodified Au sensor at both air and N,
saturated states. Cathodic current was maximal in the potential range of
-0.4V - -0.6 V, where it shows diffusion-limited behavior (plateaued
current response). As a result, two voltages, or excitation points, (vs.
Ag) were identified as suitable for amperometric measurements: -0.42 V
and -0.5V. These values corresponded to the voltage biases that could
be generated within the observed diffusion-limited range (plateaued
current response) using the AFE, namely the LMP91000. Chron-
oamperometry was applied at a fixed voltage bias of -0.42V for 45
seconds to identify a minimum dynamic range for the sensor. Fig. 4B
shows the chronoamperogram alternating between a 0 and 100% DO
saturation states at 10-minute intervals. By analyzing the chron-
oamperometric response of the sensor using the benchtop potentiostat,
an average current difference of 2.5 uA was observed between the air
purged state (-3.1pA) and the N, sparged state (-0.6 pA). Further,
during each measurement at N, saturation a slight drift, or decrease in
the current response was seen, corresponding to an increasing DO sa-
turation. This phenomenon was likely due to the absence of N, sparging
into the beaker, as the solution returned to an equilibrium DO con-
centration (ambient air). This behavior was not observed with the FEP
membrane equipped sensor or in the controlled environment of the 10-
L bioreactor. However, it was found that the -0.5V excitation voltage
was more compatible with the observed output voltage bounds of the
LMP91000, as determined by testing in the 2 L glass vessel. Therefore,
-0.5V was utilized as the voltage bias pulse for the bPod. This experi-
ment verifies the viability of the electrochemical DO sensor materials
and assembly for sensing at DO concentrations relevant for bioprocess
monitoring applications and creates a reference system that can be used
to configure the AFE (LMP91000).

Ion impermeability of the FEP membrane and the efficacy of the
tape-based sensor interface were evaluated using cyclic voltammetry as
described in section 2.3.1. The assembled electrochemical DO sensor
was able to successfully detect DO in DI water under ambient sparged
conditions, compared to the unmodified Au sensor, which was unable
to measure DO in the absence of an electrolyte (KCl), as shown in
Supplemental Fig. 3. The current responses were found to be -4 pA and-
0.2 uA, respectively. Measurements were performed simultaneously
with system sparging into the glass beaker, and no artifacts from bubble
formation and agitation were observed. In this simulated environment
we were unable to fully assess the effects of fouling of the sensor
membrane due to accumulation of proteins and lipids, which usually
lead to a deteriorated sensor response, and is the subject of ongoing
research efforts. However, the sensor limitations were identified, first,

40 60 80 100

DO Percent Saturation

within an ideal aqueous media for several hours of continuous DO
monitoring. Furthermore, brief measurement of the bPod in Dulbecco
Modified Eagle Medium (DMEM) with CV using the benchtop po-
tentiostat showed no deviation from the results depicted in Supple-
mental Fig. 3. As a result, the bPod was found capable of monitoring DO
under continuous agitation and aeration conditions, which are pre-
valent within the bioreactor environments.

3.2. Calibration of tethered bPod in 10-L bioreactor

The bPod was tethered to the 3.3V power supply and submerged
into the 10-L bioreactor filled with DI water for calibration at multiple
DO saturation percentages, as described in section 2.3.2. The DO%
saturation state measurement profile starts with a two-point calibration
of 0% and 100% DO, then descends from 100% to 0% at a 25% interval
(100:0. 75:25. 50:50, 25:75, and 0:100). The bPod ‘CALIBRATE’ state
was set to excite the DO sensor at -0.5V for 30s. The current response
was sampled every 50 ms with the BLE microcontroller with a 5-minute
interval, then wirelessly transmitted to the phone app. The resulting
chronoamperogram are recorded in Fig. 5A and calibrated with the
inline DO probe. During the first 6s the voltage response of the
chronoamperogram increased rapidly until, after 10s, the voltage
began to saturate, allowing the different DO saturation states to become
distinguishable. It was critical for the long-term operation of the bPod
that the measurement duration was minimized in order to reduce the
power consumption. Therefore, the DO% saturation was calculated
from Supplemental Eq. (2) using the saturated voltage output observed
at 10 seconds. The resulting calibration plot is shown in Fig. 5B, ex-
hibiting a linear response (correlation coefficient R? = 0.98) with a
sensitivity of 37.5nA/D0% and limit of detection of 8.26 DO%. Based
on the extracted DO% saturation at 10s, the sensitivity was calculated
using the slope of the calibration curve, and the limit of detection was
derived by multiplying the standard deviation (at 10s) by three and
dividing by the sensitivity. These parameters were used to assess the
bPod’s sensing capabilities and the validity of the identified 10 s time-
point. Additional testing is necessary to achieve dynamic sampling at
various locations for untethered experiments, which would require
extrapolation of the current response at lower measurement times (i.e.
5 seconds) and correlating it to the DO% saturation.

3.3. Real-time monitoring of DO with untethered bPod in 10-L bioreactor

To evaluate the stability and continuous monitoring capabilities of
the untethered system, the bPod was deployed in a 10-L glass bior-
eactor, controlled by the BioFlo 310 fermenter (see section 2.3.3). The
bPod could freely move in the bioreactor vessel; however, the mass of
the bPod modified to maintain a floating condition with the sensor fully
submerged in the vessel, minimizing collisions with the bioreactor
impellers and glass wall. The MEASUREMENT command, as described
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in section 2.2.4, was utilized to perform chronoamperometric mea-
surements of DO every 5 minutes for 1.5hours. The DO% saturation
was adjusted from 100 to 0% DO at 25% intervals every 10 minutes.
Fig. 6A depicts the output voltage response of the bPod, taken at
10 seconds. In agreement with calibration results, the output voltage
was found to linearly increase, inversely proportional with DO% sa-
turation, signifying excellent reproducibility using the taped sensor
interface.

It was observed that measurements taken from the DO sensor shifted
slightly as the reactor dissolved oxygen was maintained at a steady
level. That is, the second data point depicted at each saturation level
was found to increase or decrease in the same direction as the reactor
vessel. This may have been due to (1) the reactor dissolved oxygen level
or (2) the electrode equilibration time. We subsequently converted
these values into a DO% saturation and compared our results to the
gold standard in-line polarographic DO probe, shown in Fig. 6B. The
results from the polarographic probe also shifted in the same direction
as the level of saturation, but to a far lesser extent. This suggests that
the response time of the polarographic probe was quicker than our
bPod. In Fig. 6B, we corrected the bPod values for the observed sus-
tained shift over time using a linear correction factor to obtain the data
points shown in gray boxes. The remaining discrepancy while less than
4% was likely due to error associated with differences in the response
time of the probe and bPod.

Initial measurements varied less than 4% for the first 45 minutes,
however, the difference between the bPod and the DO probe was ob-
served to shift over the remaining measurements. We suspect this dis-
crepancy may have been due to a transient degradation of either the
gold or silver (reference) electrodes owing to repeated excitation. The
sensor design was vastly improved over the initial attempts, which in-
corporated a 3D-printed electrolyte well, a PTFE membrane, and an O-
ring used to bond the membrane to a snap-on 3D-printed housing.
Several iterations were developed until we settled on the current tape-
based sensor interface. Potential improvements are still envisioned,
however we can improve the response by: increasing the ratio between
the surface area of the counter and working electrodes (CE:WE > 2:1)
to minimize the potential difference between CE and WE during mea-
surements [42], or by operating at a lower voltage bias (-0.42 V). Using
the data from Fig. 6A, we applied a linear calibration correction term to
enable better tracking of the measurement to the Ingold polarographic
electrode. For example, a suggested method to account for the shift in
DO% saturation, is to apply a correction factor (CF). As shown in
Supplemental Fig. 4, the absolute value of the difference between the
bPod and DO probe DO% were recorded for each measurement,
showing a linear deviation for values greater than 5% after 45 minutes.
A linear fit was applied and reflected in Fig. 6B, where the modified
bPod values with the CF (bPod-CF) show significantly reduced DO%
deviation (< 4%) across later measurements (after 45 minutes), as
compared to the reference inline probe. Therefore, offline correction of

linear DO% saturation shifts provides a viable solution to account for
degradation in the sensor response, prolonging device operation and
stabilizing the DO% saturation measurement of the bPod.

The voltage regulator maintained a stable 3.3 V supply voltage from
the 3.7 V Li-Po battery without degradation throughout the measure-
ment duration. Sampling time can be extended by using a larger ca-
pacity battery, such as a CR2032 coin cell (198 mW/hr, Energizer), in
order achieve operational lifetimes suitable for mammalian cell cultures
[43]. While the introduced bPod platform sufficiently validates the
practicality of free-floating wireless capsules for DO monitoring within
bioreactors, there are additional opportunities to extend this study in
terms of device scalability, sensor network size, process parameter lo-
calization, and continuous monitoring of cell culture products of in-
terest (i.e. monoclonal antibodies). The paradigm of integrating mi-
crosystems and biosensor technologies is well positioned to not only
enhance bioprocess monitoring capabilities but revolutionize the next
generation of bioreactor probes for investigating product heterogeneity
within bioreactors.

4. Conclusions

Growing global demand for culture products has led to the increased
use of large-scale bioreactors and a shift towards parallel processing.
This has increased the need for effective tools that continuously
monitor cell culture parameter levels and distribution throughout the
bioreactor. The presented work describes an integrated wireless plat-
form for real-time monitoring of DO. The bPod utilizes a Clark-type DO
sensor coupled with a BLE chipset for wireless data acquisition. The
system was characterized with chronoamperometry in various aqueous
solutions and vessels, resulting in a linear electrochemical response to
changes in DO concentrations. Future efforts will focus on the minia-
turization of system components to achieve a smaller form factor, as-
sessing biocompatibility with cell media, generation and implementa-
tion of multiple sensors in parallel, and localization of individual device
nodes, which may be implemented into a sensor network to distinguish
the distribution of culture parameters within large-scale and single-use
bioreactors. This platform presents significant progress towards scal-
able in situ applications ultimately targeting bioreactor heterogeneity.
Specifically, this technology can be paired with a variety of electro-
chemical sensors and allow for a modular means of monitoring not only
DO, but additional culture parameters. In summary, this work demon-
strates a systems integration approach to achieving a wireless am-
perometric DO sensor for bioprocess monitoring. Integration into
bioreactors and further development of similar innovative autonomous
approaches enables higher control toward modulating bioreactor con-
ditions, which will promote large scale production of increasingly
complex biologics.
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