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Single-Use, Metabolite Absorbing, Resonant Transducer
(SMART) Culture Vessels for Label-Free, Continuous Cell

Culture Progression Monitoring

Yee Jher Chan, Dhananjay Dileep, Samuel M. Rothstein, Eric W. Cochran,

and Nigel F. Reuel*

Secreted metabolites are an important class of bio-process analytical
technology (PAT) targets that can correlate to cell conditions. However,
current strategies for measuring metabolites are limited to discrete
measurements, resulting in limited understanding and ability for feedback
control strategies. Herein, a continuous metabolite monitoring strategy is
demonstrated using a single-use metabolite absorbing resonant transducer
(SMART) to correlate with cell growth. Polyacrylate is shown to absorb
secreted metabolites from living cells containing hydroxyl and alkenyl groups
such as terpenoids, that act as a plasticizer. Upon softening, the polyacrylate
irreversibly conformed into engineered voids above a resonant sensor,
changing the local permittivity which is interrogated, contact-free, with a
vector network analyzer. Compared to sensing using the intrinsic permittivity
of cells, the SMART approach yields a 20-fold improvement in sensitivity.
Tracking growth of many cell types such as Chinese hamster ovary, HEK293,
K562, Hela, and E. coli cells as well as perturbations in cell proliferation
during drug screening assays are demonstrated. The sensor is benchmarked
to show continuous measurement over six days, ability to track different
growth conditions, selectivity to transducing active cell growth metabolites
against other components found in the media, and feasibility to scale out for

in biomanufacturing, as well as provide
insight to understand process effects on
cells.!15) Such tools are useful in tradi-
tional biomanufacturing to track progress
of cell factories used to generate end use
products (e.g., antibodies, small molecules);
however, with the advances in therapeutic
cells as “living medicines,” there is an even
greater need for PATs to control and un-
derstand the health of cells in these com-
plex bioproduction systems. For instance,
manufacturing of autologous chimeric anti-
gen receptor T cells can have highly vari-
able expansion rates and phenotypes due
to different genetic and treatment histo-
ries of patients.[*] Current process param-
eters continuously monitored in cell man-
ufacturing are limited to physical param-
eters such as temperature, pH, and dis-
solved oxygen concentration within the cul-
ture media.l'>13] Although these param-
eters can be used to maintain a healthy
growth environment, these measurements

high throughput campaigns.

1. Introduction

Process analytical technologies (PAT) for continuous monitor-
ing of cell cultures enable optimization and feedback control
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do not accurately indicate the growth pro-
gression of cells. Monitoring cell prolifera-
tion directly would inform feeding, stimu-
lation, and harvest decision time points.

Currently, most cell expansion processes in manufacturing
settings are being monitored by intermittent sampling and
analyzed in an external device (e.g., cell counter, microscope).
In discovery settings, fluorescence approaches can be used to
provide a high signal to background ratio on labeled cell parts
(e.g., nuclei) and the images can be automatically segmented for
high-throughput measurements of cellular properties. Although
microscopic techniques can provide real-time information
over a few hours, they are not readily scalable due to complex
instrumentation requirement and difficulty in coupling with
industrial reactors. Another widely used cell proliferation assay
is the colorimetric-based assay involving tetrazolium salts to
reflect metabolic activity via reduction reactions by mitochon-
drial enzymes.'¥! However, this approach is limited to end point
measurements.

For continuous measurement of cell growth, electric field-
based methods can be used to assess cell growth; these are non-
destructive and can be integrated into traditional vessels. For in-
stance, bio-capacitance probes, such as those offered by Aber and
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Hamilton, can be inserted into the sampling ports of large-scale
stirred bioreactors (>250 mL).">1] These larger probes are not
well-suited for use in small reactors. For some smaller bioreac-
tors, electric cell-substrate impedance (ECIS) technology, such as
the real time cell analyzer (xCELLigence) can be used to mea-
sure adhesion, transendothelial electrical resistance, and growth
progression of adherent monolayers.[2?7] Another electric field-
based approach is inductive-capacitive (LC) sensors, also known
as resonant sensors. Like bio-capacitance probes, resonant sen-
sors are affected by changes in local permittivity and can be used
to monitor presence of cells while neglecting effects from cell de-
bris. Studies have been performed to investigate their feasibility
to detect live cells, but these include microfluidic sampling chan-
nels to increase sensitivity.?8-32 To date, tracking cell growth di-
rectly in traditional culture vessels with resonant sensors has not
been a reliable approach.

While optical and electrical methods provide a non-invasive
way of probing the physical properties of biological systems, mea-
suring secreted metabolites represents an alternative approach
that can have minimal impact on cells while providing impli-
cations to many biological processes.**7] For instance, lactate
and glutamate concentrations are often measured from the sam-
pled culture media due to their correlation with metabolism, and
thereby cell growth. More recently, in-line glucose and lactate
sensors have been developed utilizing enzymatic redox reactions
with optical (colorimetry, fluorescence, luminescence) or electro-
chemical (potentiometry, amperometry) readout methods.***!
Other analytical tools such as mass spectrometry, Raman(40-#2I
and Nuclear Magnetic Resonance spectroscopy!**#¢ have re-
cently been investigated and developed for metabolites and other
biomolecules analysis. However, these methods typically require
a bypass line from bioreactors and depend strongly on calibration
curves, posing challenges for integration into diverse culture sys-
tems.

Another strategy for metabolite sensing is coupling a bio-
logical or synthetic receptor to a sensitive transducer. Biolog-
ical receptors such as antibodies and aptamers can be engi-
neered to have a strong binding affinity toward target metabo-
lites. However, their long-term stability within the culture envi-
ronment are limited by enzymatic degradation and they are also
not readily sterilizable by conventional techniques. Synthetic re-
ceptors, such as cross-linked polymers, have superior stability
and have demonstrated affinities to organic molecules, finding
use in passive, environmental air sampling.*’] In some cases,
these absorbed molecules can plasticize the polymer, chang-
ing its physical properties, such as with conducting polymers
and gas sensing.[*** Molecular imprinted polymers is an ap-
proach to engineer higher affinities to target molecules in poly-
mer receptors.l*"] Polymers as synthetic receptors have not been
widely applied in bioproduction, likely due to insufficient selec-
tivity, especially in complex culture media. Therefore, targeting a
class of molecules rather than a single metabolite target, might
be a more fruitful approach, especially when tracking a global
parameter, such as average cell growth.

In this work, we present the development and applications
of a resonant sensor coupled to a signal enhancing polyacrylate
to transduce cell growth through extracellular metabolites. First,
we evaluated the sensitivity of resonant sensors to cells with-
out the polymer, where the permittivity contrast between live
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cells and surrounding media is measured directly resulting in
a smaller sensitivity. Next, we explored the utility of a single-
use, metabolite-absorbing, transducing (SMART) material to in-
crease the sensitivity. We employed a polyacrylate adhesive film
as the SMART material and investigated its physical property re-
sponses when screened with primary and secondary metabolites.
We demonstrated the SMART sensor capability to continuously
monitor cell growth and death with a measurement interval of
10 min for up to 5 days where a steady-state signal was observed.
We show how fit parameters to the dynamic responses can be
used to correlate different culture conditions including growth
variations caused by various starting cell concentrations as well
as drug screening responses. Through this innovation, a continu-
ous cell progression monitoring platform that is compatible with
most single-use bioreactors is shown, showing wide application
in biomanufacturing and biological studies.

2. Results

2.1. Resonant Sensors Directly Reporting Cell Growth —
Operating Principles

Resonant sensors, also known as passive LC sensors, are wire-
lessly interrogated through inductive coupling. The system is
comprised of a patterned sensor coill®!l and a reader antenna con-
nected to a reader (vector network analyzer or custom impedance
board)[>?! that sweeps through frequencies and observes changes
in reflected or transmitted power. The sensor coil has an intrin-
sic inductance and parasitic capacitance (LC), which upon induc-
tive coupling, oscillates at a specific resonant frequency. These
sensors are tuned to operate in the short-wave radio frequency
spectrum to balance sensor size and capability to transmit longer
distances through cell growth media. When sweeping and mea-
suring the impedance through the reader coil, the resonant fre-
quency is indicated by a loss in reflected power!>*] measured in
s-parameters, e.g., S;; (Figure 1b; Figure S1, Supporting Infor-
mation). Variation in permittivity proximal to the sensor in re-
sponse to the target analyte is a common sensing modality, as
this has a large effect on resonant frequency.>*

Two modes of signal transduction are possible when apply-
ing resonant sensors to cell culture sensing (Figure 1a). First,
cell membranes are composed of a low-conductivity phospho-
lipid bilayer that separates the intercellular contents from the sur-
rounding medium, functioning as a capacitor at low frequencies
(<100 kHz). Since the electric field is impeded by the cells, mea-
suring the impedance between two electrodes can reflect the ef-
fects introduced by cells, as in the case of ECIS. Similarly, the
presence of cells can alter the electromagnetic fields around the
resonant sensor and change the resonant frequency. However, as
lower resonant frequencies generally require a larger inductive
coil, the sensing area also proportionally increases. This results
in a negligible effect of the capacitance introduced by the cells
when compared to the bulk environment. Therefore, the cell as a
capacitor principle is not a good strategy for a passive LC sensor.
However, as the frequency increases (>100 MHz), the cell mem-
brane no longer functions as an insulator due to f-dispersion. At
this frequency range, cell conductivity decreases relative to the
bulk and the current begins to penetrate through the cytoplasm,
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Figure 1. Sensing principle of a resonant sensor coupled directly to cell growth. a) Schematic of electric field behavior on cells at different frequencies
showing that electric field does not penetrate through cells at low frequencies and only does so at higher frequency where g-dispersion occurs. b)
Schematic of the resonant sensor platform for in vitro cell growth monitoring. The resonant sensor sits on the bottom of a culture dish while a reader
coil inductively couples with the resonant sensor outside of the dish. Illustration of reflectance (S;;) response when swept over a range of frequencies
during the cell growth, depicting an increase in frequency of the reflectance minimum caused by decrease in relative permittivity local to the cell. c)
Schematic of operating principles of resonant sensor in biological cultures. €,,, and ¢, represent the permittivity of culture media and cell, respectively,
whereas o, and o, represent the conductivity of culture media and cell, respectively. Live cells around the sensor induce a difference in permittivity
around the sensor which can indicate growth. d) Equivalent circuit of resonant sensor sensing system. L, and L, are the inductance of reader coil
and resonant sensor, respectively. Inductive coupling between the two coils results in the mutual inductance, M. C; and C, represent the capacitance
change resulting from permittivity variation in the absence and presence of cells, respectively. R; and R, represent the resistance change resulting from
conductivity variation in the absence and presence of cells, respectively.

resulting in a resonant frequency that is sensitive to the intercel-
lular permittivity, e.. Fortunately, the intercellular permittivity dif-
fers from the culture media and is dependent on cellular proper-
ties such as water content and cell size. Therefore, the cell growth
can be detected by starting with media permittivity and conduc-
tivity (C,(€,,), R;(0,,)) and progressing to that of a mixture of cells
and media (C,(e,,.€.), R,(0,,,0,.)), shifting the resonant frequency
throughout the cell culture progression (Figure 1c,d).

2.2. Thin Coated Resonant Sensor Exhibits Lower Sensitivity
toward Cell Growth

Resonant sensors are highly sensitive to the surrounding con-
ductivity. A high conductivity environment can reduce the quality
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factor of the sensor, as in the case of culture media. Therefore,
an insulating layer is needed to preserve the sensor signal. Using
simulation (Ansys HFSS), the sensor system was investigated
to generate design guidelines to achieve maximum sensitivity
toward the cells. A thin (3 um) layer above the sensor and the in-
sulator was used to simulate a confluent layer of cells (Figure S2,
Supporting Information). The resulting resonant frequency
from different permittivity of the thin cell layer was simulated
(Figure 2a). The change in resonant frequency increases when
the permittivity of the cell layer decreases due to the stronger per-
mittivity contrast from surrounding media. In addition, a thicker
insulator (sensor coating) reduces the sensitivity of the sensor, as
noted by the steeper curve at lower insulator thickness. A coating
thickness of 50 um halved the sensor gain of a 10 um coating. This
simulation shows there is a balance between increased insulation
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Figure 2. Investigation of resonant sensor sensitivity to live cells caused by intrinsic cell permittivity contrast from the surrounding media. a) Simulation
of resonant sensor responses to permittivity variations of a thin 3 um film around the sensor at different insulator coating thicknesses. An insulator
protects the resonant sensor from shorting the signal. b) (Left) Image of the experiment setup for cell resuspension experiment. (Right) Top view of the
G-Rex10 culture flask containing resonant sensor. c¢) Schematic illustration of the cross sectional side view of G-Rex10 to show the layered structure.
d) Schematic illustration of the experimental design for rapid investigation of resonant sensor sensitivity toward live cells. Gradual resuspension process
of confluent K562 cell culture was used to simulate cell growth. e) Image of G-Rex10 containing dispersed cells (left, cloudy) and settled cells (right,
clear). f) Resonant frequency response to three resuspension events at insulator thickness of 63.5 um. Red arrows indicate each resuspension event
followed by settling of the cells. g) Resonant frequency response without cells (control) and with K562 cells over 4 days of culture using G-Rex membranes

as insulator (thickness = 200 um), showing limited signal above control.

thickness needed to preserve sensor signal strength and keeping
it thin enough to detect the cells and maintain a large sensor
gain.

The resonant sensor form factor and design can affect the sen-
sor sensitivity by changing its sensing region. For instance, reso-
nant sensors can be designed to have different overall diameters
with similar resonant frequencies (keeping the inductive coil as
the same overall trace length); however, a smaller sensor diame-
ter generates a smaller electric field and is more sensitive to the
permittivity within a smaller region. This feature is desired when
the target-induced permittivity change is confined locally around
the sensor as the cells settle in the electric field generated by the
sensor. With the design rules described, we have selected a reso-
nant sensor with 1 cm diameter. It was noted that further reduc-
ing the form factor reduced the interrogation step-off distance
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(antenna to sensor) and the coupling efficiency (increased signal
to noise).

As a proof of concept, the sensor sensitivity to the chang-
ing environment permittivity at micron scale under different
sensor coating (insulation) thicknesses was studied. As a proxy
to live cells, we suspended polyethylene beads (25 pm diame-
ter, € opernyiene & 3) into a phosphate-buffered solution and resus-
pended the mixture, simulating cell growth as the beads grad-
ually deposited into a 300 um multilayer. The sensor achieved
up to 7 MHz shift at an insulation thickness of 100 um and be-
low, whereas the response of a 200 um coated sensor reduced
to 2 MHz (Figures S3 and S4, Supporting Information). While
the reduced sensitivity at thicker insulation thickness is expected
due to weaker permittivity effects, further reducing the insula-
tion thickness below 100 um does not improve the sensitivity

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

85UB017 SUOWILIOD BA 181D 3|qeoljdde 8y} Aq pauenof a1e Sapiie O ‘88N JO S9IN1 10} ARG 1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBYW0D" A8 | 1M ARR1q 1 BUIIUO//SANY) SUORIPUOD PUe SWIS L 8U} 89S *[5202/TT/80] U0 A%eiqI BUIIUO AB]IM ‘092TOYZ0Z SAPR/Z00T OT/I0p/W0D" Ao | 1M AR1q Ul juo"paoueApe//SdNY WO} papeo|umMoq ‘Z€ ‘Y202 ‘v8E86Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

due to decreased resonant frequency at lower insulation thick-
ness (limiting the extent of shift), depicting an optimal sensor
coating thickness when measuring cells directly on the resonant
sensor.

To validate and identify the sensitivity toward actual cell cul-
ture, we performed a similar resuspension experiment with a
fully expanded K562 cell culture in a breathable static cell cul-
ture vessel (G-Rex10, Wilson Wolf) (Figure 2b—e). The tall static
culture vessel was used to provide sufficient liquid height to min-
imize the signal effect of cells when dispersed. Similar to the
beads and modeled experiments, we observed a sudden decrease
in the resonant frequency (1.4 MHz) immediately after resus-
pending the fully grown cells (Figure 2f). This is consistent with
the reported cell relative permittivity of 30-70,1°>°%] as the culture
media replacing the cells has a higher permittivity (¢,,,45:, ~ 80),
thereby increasing the capacitance and reducing the resonant fre-
quency immediately. The resonant frequency gradually returns to
the initial frequency as the cells slowly redeposit after ~90 min of
settling (Figure 2f). A lower sensitivity compared to the beads was
expected due to different diameters and permittivity (e
3).

After confirming sensitivity toward the cells, we proceeded
with monitoring the cell growth in its native in vitro culture en-
vironment. We cultured the cells in the G-Rex10 and measured
the resonant frequency change over 4 days after cell inoculation
(Figure 2g). Unfortunately, the resonant frequency response was
0.9 MHz from noise level of the control vessel (no cells inocu-
lated) due to the exposed sensor being susceptible to many back-
ground factors such as humidity and temperature changes in the
incubator, resulting in a background signal drift that covered the
majority of the sensor response especially at low cell concentra-
tions. The sensor stability could be further improved with a back
coating that shields from environmental fluctuations, although
this would limit the signal strength, and the response would still
be limited to a few MHz shift. We therefore put our attention
on advanced materials to increase the sensor gain (extent of fre-
quency shift to equivalent cell growth).

~
~

polyethylene

2.3. Study of Acrylic Adhesives for Mechanical Sensitivity to
Secretomes

As shown above, cell growth can be monitored directly with reso-
nant sensors using the intrinsic permittivity difference of cells to
media, however, this has limited sensitivity due to small changes
in cell internal permittivity and the requirement to keep sensors
proximal to the cell growth area. After initial testing we utilized
a polyacrylate adhesive film as the biomolecule-responsive mate-
rial to amplify the signal due to its solvent resistance (will not lift
off during long cell growth experiments) and extent of published
plasticizers. Polyacrylate has a tunable modulus when mixed with
plasticizers such as terpene and certain hydrocarbon resins.’]
Since biological cells are known to secrete a wide range of hydro-
carbon molecules, we employed an agnostic screening approach
(targeting a range of molecules with a certain functional group,
rather than a single molecule) by examining the polymer property
in response to biomolecules found in cell culture. The impreg-
nated polymer likely has a small change in relative permittivity,
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but we realized that the resulting mechanical change could be
transduced into a larger resonant frequency shift; the polyacrylate
adhesive film was applied onto a wire wound resonant sensor in a
dish, intentionally creating voids around the wire (Figure 3b). As
the polyacrylate film absorbs biomarkers, it plasticizes and soft-
ens, closing out the air voids, which creates a strong permittiv-
ity contrast (from e, & 1 t0 €, & 5 and €4, ~ 80) when
the mechanical property changes (Figure 3a, right). This result-
ing prototype is abbreviated as a single-use metabolite absorbing
resonant transducer (SMART) system.

To examine the sensitivity and selectivity of the SMART setup
toward different classes of biomolecules, we evaluated the sig-
nal response resulting from biomolecules containing different
functional groups under 37 °C, humidified environment. An
ideal sensor will be non-responsive to proteins and most pri-
mary metabolites that are abundantly present in fresh media as
they would interfere with cell growth monitoring by creating an
irreversible mechanical response upon initial exposure to these
common molecules present in media. Secondary metabolites, on
the other hand, are produced in proportion to the biological pro-
cesses within the cells that can be used to indicate cell growth.
We selected several molecules of different molecular weights and
solubility from each secondary metabolite class (phenolics, alka-
loids, polyketides, and terpenoids) for screening (Figure 3c). Phe-
nolics and terpenoids, specifically phenol and prenol, resulted
in a higher sensitivity compared to other classes, giving a 3.5
and 20 MHz signal change, respectively. Notably, the molecules
that exhibited a higher sensitivity contain alkenyl and hydroxyl
functional groups. Geraniol (another terpenoid molecule) re-
sulted in a 2 MHz response; however, the signal continuously
changed after 10 h while the signals from other molecules typi-
cally plateaued, suggesting a diffusion-limited response due to a
longer carbon chain and lower solubility (Figure S5, Supporting
Information). Menthol, which is absent of unsaturated carbon
bonds, exhibited only 1 MHz response.

To examine the effect from other free-flowing biomolecules,
we performed further screening using commonly known se-
creted biomolecules such as nucleotides, proteins, and extracel-
lular vesicles. The SMART dish was first incubated with DMEM
culture media for ~20 h to allow signal equilibration resulting
from the media diffusion into the adhesive. The initial addition
of media to SMART resulted in a signal change, but eventually
reaches steady-state (Figure S6, Supporting Information). Fur-
ther addition or replacement of the culture media did not result
in an appreciable signal response (<2 MHz), suggesting minimal
effect from amino acids and ions that are abundantly present.
Similarly, addition of serum did not cause a signal change, sug-
gesting that the SMART is not selective to proteins and nu-
cleic acids (37 ng uL™') (Figure S7, Supporting Information). For
sensitivity toward extracellular vesicles or lipids, liposomes (4:1
dipalmitoylphosphatidylcholine:cholesterol, 3 mg mL™!, 135-
140 nm) were added and resulted in no signal change (Figure S8,
Supporting Information). These implied that the sensor signal
will not be affected by media components and most undesired
molecules. Importantly, we observed that the spent media (end
of cell growth) did not contain enough metabolite to cause a shift,
indicating that there would need to be a transient buildup of the
metabolite to induce a change — again a desirable feature as we
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Figure 3. Working principle and selectivity screening of SMART dish. a) Schematic illustration of the working principle of polyacrylate film: softening
upon exposure to growth metabolites inducing a permittivity contrast detected by the resonant sensor. b) Exploded view and image of the SMART dish.
) Resonant frequency response to different classes of metabolites including the fresh and spent media that includes mixture of all primary and secondary
metabolites. d) Temporal resonant frequency response to different concentrations of prenol. Experimental data is shown in solid lines and fitted model
using Equation (4) is shown in dashed lines. e) Total resonant frequency change at steady state at different prenol concentrations. Data was fitted with
a quadratic model (ax? + bx) as shown by red line, R? = 0.987. f) Maximum rate of resonant frequency response at various prenol concentrations. Data

was fitted with a linear model as shown by red line, R? = 0.966.

want the sensor to respond to active cell growth or cessation of
growth.

Noticing exceptional sensitivity toward molecules containing
alkenyl and hydroxyl groups such as prenol, we performed fur-
ther investigation under various prenol concentrations ranging
from 140 to 900 um. Although the selected concentrations are
higher than typical metabolite concentrations found in culture
media, we hypothesized that this concentration could be achieved
cumulatively throughout the long-term growth of cell culture.
We observed increasing resonant frequency shift with increasing
prenol concentration, reaching steady state after several hours
(Figure 3d). Extraction of the end point resonant frequency shift
at 10 h resulted in a linear relationship within the tested prenol
concentration range; however, prenol concentration lower than
140 um resulted in minimal response. The end point resonant
frequency shift and prenol concentration was fitted with a sec-
ond order polynomial (passing through origin) and resulted in
R? = 0.987. In addition, the rate of frequency shift at maximum
(time = 0) also increases linearly at increasing prenol concentra-
tions (R? = 0.966) (Figure 3f), suggesting that the concentration
of absorbed prenol and the rate of absorption varies depending
on the prenol concentration around the polyacrylate film. The dif-
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fusion reaction of the system can therefore be simply modeled as
follow:

A — AP 1)

where A is the prenol molecules in the bulk solution and AP is
the embedded molecules within the polymer film. Assuming the
concentration of AP is reflected by the resonant frequency, the
rate of formation of AP can be described as

dcyp

el ky ¢} ()

where k; is the rate constant. According to linear correlation
shown in Figure 3f, we can infer that & = 1. Applying mass bal-
ance (c, = €49 — C4p) and solving the linear equation gives

Cap = Cag (1 - Efklt) (3)

Letting the resonant frequency to be correlated with ¢,, by a
constant m, the equation can be rewritten as:

RF = mcy, (1 —e™) )
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Figure 4. Validation of mechanical response and characterization of polyacrylate film to metabolite exposure. a) Exploded view of the experimental setup
used to validate the mechanical response of polyacrylate film. Black trace across the PET cut well was marked under the polyacrylate film (above PET
film) to provide contrast for height profiling. b) Schematic illustration of side cross sectional view of the conformation of polyacrylate film into the voids
in response to cell growth. c) Top-down microscopic view of the setup in (a) after 4 days of incubation without cells (top) and with cells (bottom). Red
dotted line represents the cross section at which the height profile was obtained with a digital metrology microscope. d) Height profile of polyacrylate
adhesive without cells (top) and with cells (bottom). e,f) Rheological characteristics of polyacrylate without any treatment, treatment with media, and
treatment with cells. g) FTIR spectra of polyacrylate treated with media and with cells.

Evaluating Equation (4) as t — oo (steady state), the con-
stant m can be determined from the fitted parameters obtained
in Figure 3e, m = —0.2562c,, (1/um) — 0.0058 MHz pum™.
Subsequently, k; can be determined by taking the deriva-
tive of Equation (4) and compared to the slope in Figure 3f,
k; =—0.0012 m min~". Note that the rate constant is negative due
to the decreasing resonant frequency. This model matches with
the exponential decay response curve obtained from prenol plas-
ticizing into polyacrylate (Figure 3d) and suggests concentration-
dependent absorption. This equilibrium behavior is critical for
the continuous measurement. Using this model, the response
times were determined to be 0.6, 0.9, 1.1, 1.3, 1.6, 1.8, and 2.0 h
for 140, 270, 400, 530, 660, 780, and 900 um of prenol, respec-
tively.

2.4. Validation of Polymer Mechanical Responses to
Biomolecules

We next validated that the exposure of this film to secreted
biomolecules caused a mechanical change, as we hypothesized
in our mechanism (Figure 3a). We layered the adhesive film on
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top of a polyethylene terephthalate film with patterned channels
to create air voids (Figure 4a). As the adhesive interacts with the
secreted biomolecules in the presence of cells, changes in the
mechanical property can cause the adhesive film to sink into the
voids (Figure 4b). In the setup where cells were introduced, we in-
deed observed that the polymer film conformed into the air voids
whereas the film that was only incubated in the culture media did
not (Figure 4c,d). This confirmed the mechanical response to cell
culture and indicated a permittivity variation resulted from this
response.

To further evaluate the mechanical properties, rheological in-
formation was obtained for polyacrylate with and without expo-
sure to cells. After exposure to fresh media or cell suspension
over 4 days, polyacrylate in both conditions resulted in a lower
complex modulus (G*) and phase angle (6) compared to the un-
treated polyacrylate (Figure 4e,f). Treated polyacrylate in cell sus-
pension exhibited a lower G* and 6 compared to media-only ex-
posure, suggesting that the stiffness decreased and a more elastic
behavior in the cell-exposed polyacrylate due to a higher degree of
plasticization from the secretion. Differential scanning calorime-
try and thermogravimetric analysis of polyacrylate were also per-
formed to examine the thermal properties but exhibited similar
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characteristics in both conditions (Figure S9, Supporting Infor-
mation).

We then performed molecular characterization on polyacry-
late to identify the molecules and chemical properties us-
ing Fourier transform infrared spectroscopy (FTIR) and liquid
chromatography-mass spectrometry (LCMS). It is notable that
the polyacrylate adhesive turned slightly yellowish upon treat-
ment with cell growth. For the FTIR spectra, the cell-treated
polyacrylate resulted in two additional characteristic peaks com-
pared to the media-treated at 3402 and 1566 cm™! (Figure 4g).
The intense broad peak at 3401 cm™ is indicative of multiple
hydrogen-bonded interactions due to the presence of a free hy-
droxyl group, which is not uncommon in the terpenoid class.
Further, a weak but broad peak at 1566 cm™! can arise due to
C(sp2)-C(sp2) stretching modes. Typically, higher frequencies
(1600-1650 cm™!) are more common for alkenes; however, ex-
tended conjugation (often found in carotenoids) can often re-
duce the energetics of the stretch, causing a bathochromic shift.
This is consistent with the greater response observed with the ter-
penoids class (Figure 3c), demonstrating a higher affinity toward
molecules containing these functional groups, though not all the
molecules may specifically be terpenoids. To validate this, the
polyacrylate was swollen with acetone to extract the embedded
molecules and analyzed using LCMS. Both the media-treated and
cell-treated polyacrylate resulted in many features. Among the
differentially expressed molecules in the cell-treated polyacrylate,
most of the molecules contained hydroxyl and alkenyl/benzyl
functional groups (See Supporting Information for a complete
list of upregulated molecules).

2.5. Polyacrylate Adhesive as a Signal Amplifier for Cell Growth
When Coupled to Resonant Sensors

We next investigated if the SMART system could monitor cell cul-
ture progression using the mechanical change as a transducing
parameter to convert the cell growth metabolites into an electri-
cal signal through the resonant sensor. HeLa cells were selected
as the model as the adherent property could reflect cell physiol-
ogy. A reader coil integrated with a frugal microscopic imaging
system (Figure S10, Supporting Information) was built to syn-
chronously examine the sensor responses and cell growth im-
ages (Figure 5a,b). After 4 days of culture with seeding concen-
tration of 60000 cells cm~2, we observed over 30 MHz of res-
onant frequency shift (Figure 5c), a sharp improvement to the
1.4 MHz response from sensing using intrinsic cell permittiv-
ity. The dynamic sensor response illustrated a sigmoidal curve,
where a slight decrease in resonant frequency was first observed
in the first 45 h after cell seeding, followed by a dramatic de-
crease that lasted for ~30 h, and finally plateaued. Time-lapse
microscopic images of the cells confirmed the proliferation of
cells throughout the experiment (Figure 5d). At 0 h, Hela cells
were seeded at 60000 cells cm~2 and began attaching to the cul-
ture dish and the adhesive. Cell expansion was not prominent
in the first 24 h, maintaining at ~70% confluency, as shown in
time stamp 1. At time stamp 2 (48 h), the resonant frequency
entered the exponential phase, and the cells expanded rapidly to
form a fully confluent monolayer. At time stamp 3 (65 h), the res-
onant frequency response began slowing while the cells formed
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a more compact monolayer. At time stamp 4 (94 h), the resonant
frequency plateaued, and the cells remained compact and slowly
built a secondary layer. This strongly indicates that the resonant
frequency change correlates to cell proliferation.

The sigmoidal response is a result of metabolite accumulation
in the polyacrylate and can be attributed to the typical growth
curve of cells (increased metabolite secretion with more cells),
albeit in reverse magnitude. As shown in Figure 3c, the spent
media alone did not result in a similar resonant frequency shift.
Media exchange during the cell growth also demonstrated a sim-
ilar sigmoidal response (Figure S11, Supporting Information).
These results show that the corresponding metabolites can un-
dergo degradation and the SMART responses reflect the cumu-
lative measurement of metabolites, omitting needs for high de-
tection limit.

2.6. Effects of Cell Growth Inhibitors on Sensor Response

Having confirmed signal response to cell growth, we next char-
acterized response to cell death or non-proliferation. SMART
dishes were cultured with HeLa cells and the resonant frequency
and microscopic images were obtained as described above. Af-
ter 52 h, once the exponential growth phase was transduced
with the rapid decrease in resonant frequency, niclosamide (an
antihelminthic drug that interrupts the canonical Wnt signal-
ing) was administered into the cell culture (30 ym final con-
centration). The resonant frequency stopped decreasing within
a minute upon the drug administration (Figure 5e). Simultane-
ous microscopy further confirmed that the cells were proliferat-
ing, reaching a confluent state prior to introducing the drug and
then stopped proliferating after drug addition (Figure 5f). Twenty
hours after drug addition, the cells began to shrink and detach,
indicating cell death had occurred. Another 20 h later, most of
the cells have detached from the dish. These results indicate that
the transducing metabolites stopped being synthesized when cell
expansion was disturbed and that was sufficient to turn off the
SMART response. This indicates that the sensor can dynamically
track both progression and cessation of proliferation. In addition,
while the microscopic images took time to show gradual shrink-
age of the cells, the SMART dish was able to inform perturbation
instantaneously. The gradual increase in resonant frequency af-
ter the drug addition is still being studied, and could be due to
a small amount of reversibility in the film stiffness (leaching out
some of the bound metabolites). Generally, the SMART dish gen-
erates an irreversible response that is complementary to single-
use reactors.

2.7. High Throughput SMART Readout System for Tracking
Growth Rates and Correlating with Cell Confluency by
Microscopy

In-line sensors can provide real-time information of biological
culture, but should be scalable for high-throughput measure-
ment. The resonant sensor system holds an advantage in this
aspect as a multiplexer can easily be integrated to the VNA to in-
crease the measurement throughput without the need of complex
system (Figure 6a,b). For instance, high-throughput microscopic
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Figure 6. High throughput SMART setup and characterization of sensor response under different growth conditions and cell lines. a) Schematic illustra-
tion of the high throughput, multiplexed SMART setup. b) Image of operating SMART setup at high throughput. c,d) Characterization of cell growth and
viability of K562 cells in the presence of polyacrylate (n = 3). c) p-value = 0.161 d) p-value = 0.722. e) Resonant frequency profiles at different seeding
densities. f) Resonant frequency profiles at different seeding densities benchmarked to confluency. Lines indicate the continuous resonant frequency
profile and circles show confluency from sampled images. Negative confluency values were used to match the resonant frequency trend. g) Resonant
frequency profiles for E. coli growth. Blue data points represent the continuous resonant frequency profile and red circles represent the ODg, value.

Negative of ODg, values was used to match the resonant frequency trend.

imaging system requires a highly precise 3D translation stage to
acquire images. This is not required in the SMART prototype as
the sensor measures the bulk culture property, driving the capital
cost down in the SMART system. Additionally, the SMART dish
demonstrated no significant effect on the cell growth and viability
(Figure 6¢,d).

To evaluate the SMART dish ability to transduce different
growth rates, we varied the seeding concentration of Hela
cells (Figure 6e). We observed clearly distinguished response
curves between the different seeding concentrations. At seed-
ing concentration of 15000 cells cm~2, the resonant frequency
response did not vary greatly from the control with no cells.
Microscopic images at the end of culture period showed lit-
tle sign of growth, likely due to insufficient seeding concentra-
tion to support the growth. At seeding concentrations of 30 000,
60000, and 120000 cells cm~2, the resonant sensor generated
17, 21, and 27 MHz shifts, respectively, resulting in a gain of
0.105 MHz/1000 seeded cells cm™ (Figure S12, Supporting In-
formation) More importantly, the resonant frequency profile at
higher seeding concentration demonstrated a more rapid change
in resonant frequency and plateaued more quickly. Similar re-
sults were also obtained with varying concentration of serum, in
which higher serum concentration of serum resulted in a faster
growth and thus the earlier rapid decrease in resonant frequency
(Figure S13, Supporting Information). These results suggest that
the sensor prototype can differentiate not only the growth extent,
but also the dynamic growth property between different cultures,
a significant advantage over other, single time point, off-line pro-
liferation assays.
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To quantitatively compare the resonant frequency response to
cell expansion, we calculated the confluency via manual anno-
tation of HeLa cells microscopic images (Figure S14, Support-
ing Information) during which the resonant sensor measure-
ment was taken. As expected, both the resonant frequency and
confluency profiles exhibited variable responses at seeding con-
centrations of 30000, 45000, and 60000 cells cm= (Figure 6f).
Note that the confluency profile was plotted in negative values
to match the trend of resonant frequency profile. The conflu-
ency profiles showed a more linear and earlier increase than
the fast change in resonant frequency, which indicates that the
target metabolites are secreted during a more mature growth
phase. In addition, the confluency and resonant frequency pro-
files plateaued almost consistently, especially the profiles for
30000 cells cm™2. For the 30000 cells cm™ seeding concentra-
tion, the plateaued signal indicated nutrient depletion and this
feature could be useful in bioprocess monitoring (signaling need
for media change). At higher seeding concentrations, the conflu-
ency eventually achieved saturation and was unable to be further
quantified using microscopic images. Since the automated seg-
mentation of microscopic images has been used as a cell progres-
sion technique, the SMART system presented another modal-
ity with a higher detectable range and one that is not limited to
monolayer cultures.

2.8. Sensor Response to Other Cell Lines

Although the SMART setup demonstrated promising results
using the Hela cell line, it is critical to assess if the same

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

85UB017 SUOWILIOD BA 181D 3|qeoljdde 8y} Aq pauenof a1e Sapiie O ‘88N JO S9IN1 10} ARG 1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBYW0D" A8 | 1M ARR1q 1 BUIIUO//SANY) SUORIPUOD PUe SWIS L 8U} 89S *[5202/TT/80] U0 A%eiqI BUIIUO AB]IM ‘092TOYZ0Z SAPR/Z00T OT/I0p/W0D" Ao | 1M AR1q Ul juo"paoueApe//SdNY WO} papeo|umMoq ‘Z€ ‘Y202 ‘v8E86Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

—_
Q
~

-
=)

—100
—167
500

o

N
=)

A Resonant Frequency (MHz)
& R v
o o

A
S

&
=]

0 20 40 60 80 100 120
Time (hr)
(c)

0
§ 10
-
>
Q
(-]
g 20
o
©
'S
-
£ 30
<
o
7]
i
& 40
<

0 10 20 30 40 50 60 70 80
Time (hr)

www.advancedscience.com

(b)

I
2 o

=N

N
o

—100
—167
500

d A Resonant Frequency / dt (MHz/hr)

[
=)

20 40 60 80 100 120
Time (hr)

(d)

-

& ) LN )

A

d A Resonant Frequency / dt (MHz/hr)
&

&
=

10 20 30 40 50 60 70 80
Time (hr)

Figure 7. Reproducibility and reliability characterization and evaluation of SMART responses. a) Resonant frequency profiles at different K562 starting
concentrations (n = 3). Shaded regions represent the standard deviation of the sensor responses. b) First order derivative of resonant frequency
profile from (a). Data was fitted with Gaussian function as shown in by the thicker lines. c) Resonant frequency profile of a saturated, grown culture
on a fresh SMART dish. d) First order derivative of resonant frequency profile from (c). Data was fitted with Gaussian function as shown in by

red line.

metabolite secretion transduction method works with other
common cell lines. Similar response curves were observed when
tested with HEK293, K562, Jurkat, Chinese hamster ovary cells,
and Escherichia coli. This indicates that the SMART dish could be
applied to both eukaryotes and prokaryotes, as well as adherent
and suspension cell types. We next attempted to benchmark
the resonant frequency profile to the E. coli growth through
0Dy, measurements. The resonant frequency entered the rapid
change phase after ~4 h of culture. Consistently, the OD,, mea-
surements showed that the rapid change in resonant frequency
occurred during the exponential phase (Figure 6g). According
to the ODy,, profile, the culture entered the stationary phase at
~11 h. Although the resonant frequency profile was not able to
distinguish the decrease in ODy,, due to the irreversible trans-
duction mechanism, the resonant frequency profile plateaued
around the stationary phase. Interestingly, when the same culture
suspension (after resonant frequency plateaued) was transferred
into a new SMART dish, the resonant frequency gradually
decreased and eventually plateaued even though the cell culture
did not further increase in ODy,. As the bacteria are known for
being resilient, it was likely that the bacteria were still dividing
and secreting the metabolites despite no increase in ODyy,
due to the rate of cell death compensating for the rate of cell
growth.
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2.9. SMART Signal Consistency and Characterization

After investigating the characteristics of the SMART system, we
attempted to examine the sensor’s consistency and reliability
by having multiple sensors (n = 3 and 3.5 cm apart from each
other) into a single 9 cm dish to remove the potential variabil-
ity from different cultures and investigated the sensor consis-
tency. We cultured K562 cells at seeding concentrations of 0.1,
0.167, and 0.5 million cells mL™" (unit switched to per volume
basis for conventional cell counting unit). All three conditions
resulted in the sigmoidal response as attained above (Figure 7a).
The cell concentrations at the end of experiment were 1.1, 1.1,
and 1.5 million cells mL~! for 0.1, 0.167, and 0.5 million cells mL
seeding concentrations, resulting in a 11-, 6.6-, and 3-fold ex-
pansion, respectively. The maximum standard deviation (a mea-
sure of consistency) for 0.1, 0.167, and 0.5 million cells mL™?
seeding concentration was 5.3, 5.7, and 5.2 MHz, respectively.
The highest standard deviation typically occurs around the expo-
nential phase, possibly due to different diffusion and adhesive
conformation patterns occurred between different sensors, as
also noted by the better consistency before the exponential phase
where less secretion occurs. Regardless, the SMART system can
clearly distinguish between the different culture conditions. We
next parameterized the SMART response curve by taking the first
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Table 1. Parameters from resonant frequency response curve.

Parameters Description
Afy Total change in resonant frequency.
Fmax Maximum rate of change in resonant frequency.
Peak height of the Gaussian function fitted on the first
derivative response curve.
Enax Time at maximum rate.
Peak position of the Gaussian function.
texp Duration of exponential change in resonant frequency.
Two times of the standard deviation of the Gaussian function.
t Time to reach resonant frequency plateau.
tf =tpax T texp
A Area of resonant frequency response curve.

A= [(&f - M) dt

derivative (center finite difference) and fitting the rate with a
Gaussian equation (Figure 7b). The five parameters are summa-
rized in Table 1.

The parameters for each culture condition in Figure 7a,b was
determined and tabulated in Table 2. The Af; increases with
increasing K562 seeding concentration, resulting in a gain of
0.032 MHz/1000 cells mL~! (Figure S15, Supporting Informa-
tion) and indicating a higher metabolite synthesis that causes the
culture media to alter the acrylic property at a higher degree. Note
that the Af;is different between the 0.167 and 0.1 seeding concen-
trations but has a similar concentration at the end point, indicat-
ing that Af;is a result of cells secretion at the end point as well as
the proliferation process. However, further investigation needs
to be done due to the noise that could result from the SMART
sensor and the hemacytometer. In addition, the different Af; sug-
gests that the resonant frequency at equilibrium is determined by
the metabolite concentration and not saturated by continuous ac-
cumulation. The r,,,, increases with increasing seeding concen-
tration, indicating that the secretion increases at higher cell con-
centration. The t,,,, decreases with increasing seeding concentra-
tion, suggesting that the cultures enter the exponential phase in a
shorter time. The t,,, is longest at the lowest seeding concentra-
tion, probably due to a longer and slower proliferation process.
Interestingly, t,,, is similar between the 0.167 and 0.5 million
cells mL™! starting concentration. This parameter could there-
fore be used to indicate cell physiology where a longer exponen-
tial duration may indicate slower growth process and potentially
unhealthy state (example shown in next section). The area of the
response curve, A, decreases with increasing seeding concentra-
tion. This metric combines the resonant frequency shift, and cell

Table 2. Parameter analysis of K562 cell culture at different seeding con-
centrations.

Cell seeding Parameters
concentration

[X1000 cells mL™"]  Af;[MHZ] r,

m

o MHZ DTt (W] 2o, ] t[h] A (x10°)

100 243 0.54 67.0 43.6 110.6 1443
167 315 1.13 48.1 25.7 738 1337
500 39.0 1.53 26.4 259 523 1013
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growth time, £ Although a higher seeding concentration resulted
in a larger change in Af; the short t, reduces the overall magni-
tude. One potential use case is in bioprocesses where the value is
kept within an optimized range to maximize growth within the
shortest time.

As we observed that Af; at equilibrium was not due to satura-
tion of biomolecules within the polyacrylate film, we then inves-
tigated upper limit of r,,,, by replacing the fresh media used to
pre-equilibrate the sensor with a fully expanded, stationary phase
K562 culture (Figure 7c,d). The r,,,,, t,.., and t,, were deter-

max’ “max’ exp

mined to be 4.8 MHz h™!, 6.4, and 10.2 h, respectively. Ther,,,. is
much lower than the effects from prenol (Figure 3d), suggesting
that the diffusion process into the polyacrylate film is not limited
by the high concentration of metabolites; instead, this indicates
that Af; is indeed resulted from the temporal accumulation of
metabolites, providing information over the entire culture pro-
gression and justifying that spent media would not cause a sig-
nificant response due to lack of metabolite secreting source.

2.10. Drug Screening Application

To demonstrate the use of SMART dishes in drug discovery, the
sensor response to marimastat during cell culture was studied.
Marimastat is an inhibitor to a broad spectrum of matrix met-
alloproteinase as well as metalloprotease-disintegrins that have
effects on cell proliferation by interrupting cell communications.
The interrupted cellular function can result in reduced biologi-
cal processes and was hypothesized to have a reduced metabo-
lite secretion. SMART dishes were first set up and seeded with
60000 HeLa cells cm™2. At 20 h post-inoculation, marimastat
was administrated into four dishes at 0 (control), 7.5, 15, and
30 um (final concentrations) and continued culturing for up to 4
days (Figure 8a). The marimastat resulted in 32.5, 25.2, 22.2, and
8.3 MHz A]; at 107 h for marimastat concentrations of 7.5, 15,
and 30 um, respectively. Microscopic images at the end of culture
validated that the introduction of marimastat resulted in reduced
growth compared to the control. The results of the other param-
eters defined above are tabulated in Table 3. The r,,,, decreased
with increasing marimastat concentration. At 30 um concentra-
tion, the resonant frequency did not result in a sigmoidal curve
and microscopic images confirmed the minimal growth from
this condition, suggesting that exponential growth was inhibited
at this concentration. The t,,, increased with increasing mari-
mastat concentration, indicating that marimastat delayed the ex-
ponential growth process due to slowing of normal growth. ¢,
first decreased at 7.5 um and increased at 15 um, indicating two
ways of growth inhibition by shortening ¢,,, or lengthening ¢
but much lower r,,,,,.

A similar study was also performed using K562 cells at 0.2
million cells mL~! seeding concentration. Marimastat was intro-
duced at 24 h post-inoculation and the resulting response curve
parameters are shown in Table 4. In general, similar effects with
the treatment on HeLa cells were obtained. The cell counts and
viability at the end for treatment concentrations of 0, 7.5, 15, and
30 um were 1.41, 1.42, 0.97, 0.40 million cells mL~! and 92, 92,
90, and 91%, respectively. High cell viability indicates that the re-
sulting response profiles metalloprotease inhibition reduces the
cell proliferation but less effect on the metabolite secretion.

exp exp
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Figure 8. Drug screening using polyacrylate transduced resonant sensor. a) Resonant frequency profiles of HeLa cells in response to marimastat con-
centrations of 0, 7.5, 15, and 30 um. b) First derivative of resonant frequency profiles obtained in (a) fitted with Gaussian function. c) Microscopic
images of HelLa cells under different marimastat concentrations treatment after 107 h of culture. Scale bar = 100 um. d) Resonant frequency profiles
of K562 cells (seeding concentration = 0.2 x 108 cells mL™") in response to marimastat concentrations of 0, 7.5, 15, and 30 um. e) First derivative of
resonant frequency profiles obtained in (d) fitted with Gaussian function. f) Microscopic images of K562 cells under different marimastat concentrations

treatment after 125 h of culture. Scale bar = 100 um.
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Table 3. Parameter analysis of HeLa cell culture in treatment with marima-
stat.

Marimastat Parameters

concentration

[um] Aff[MHzZ] 1,0, [MHZ h=1 t,.. [h] tap [Nl tel] A (x10°)
0 325 0.81 48.8 40.7 89.5 1484
7.5 252 0.66 51.0 34.9 85.9 1136
15 22.2 0.32 60.6 79.1  139.7 1192
30 83 - - - - 331

3. Discussion and Future Directions

As a summary of major findings, we have developed a sensor
that measures metabolically active cells, which tracks cell growth
(similar to tetrazolium assays) rather than a direct measurement
of cell concentration (such as at-line techniques like automated
cell counters). This explains the different responses observed
in experiments with varied seeding concentrations that end at
same final concentration as well as metabolically active but non-
proliferating cultures (Figure 7a,c respectively). In the former
case, the lower seeding concentration results in lower metabolic
activity and a lower Af;, compared to the higher seeding con-
centration. With similar final cell concentration between differ-
ent seeding concentrations (e.g., 0.1 and 0.167 million seeded
cells mL~" in Figure 7a) the higher seeding concentration would
have a higher metabolism rate throughout the culture progres-
sion, resulting in a higher metabolite concentration and a higher
Af; In the second case, non-proliferating cultures maintain their
metabolic activity despite the net concentration not increasing.
This enables the sensor to react continuously with secreted
metabolites and eventually achieve a Af; similar to the original
growth response curve. Conversely, the sensor response dimin-
ished in the absence of living cells (spent media), suggesting pos-
sible degradation or consumption of the metabolites, suggesting
that a continuous signal from the living cells is transduced. In
summary, the sensor response is dependent on the metabolic ac-
tivity/metabolite secretion, which in turn is a combined measure-
ment of cell concentration, viability, and proliferation.

The non-proliferating but metabolically active cells maintain-
ing high metabolite secretion (Figure 7¢) suggest a few insights to
the metabolic pathways involved in SMART measurement. Since
a high growth rate is accompanied by high energy metabolism,
metabolic pathways involved in energy production are of interest.
Immortalized cell lines rely on aerobic glycolysis to supply the en-
ergy demand, but the metabolism shifts to the pentose phosphate

Table 4. Parameter analysis of K562 cell culture in treatment with marima-
stat.

Marimastat Parameters

concentration

[um] Aff[MHzZ] 1,6, [MHZ h™1] t,.. [h] tap [Nl telh] A (x10°)
0 29.1 0.94 40.4 27.7 68.1 1258
7.5 27.8 0.97 48.0 25.2 732 1283
15 255 0.53 55.1 49.7  104.8 1284
30 21.5 0.30 68.4 78.8  147.2 1310
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pathway and TCA cycle during stationary phase,>®! suggesting
the sensor does not directly measure glycolysis. Instead, the sen-
sitivity to terpenoids and C=C containing molecules points to
secondary metabolite biosynthesis and anabolic pathways that oc-
cur during downstream carbon source utilization. These path-
ways are crucial for cell maintenance in stationary phase (espe-
cially cancer cells) and biomass production.

Comparing this platform to other cell growth monitoring ap-
proaches reveals some advantages and limitations. First, the
polyacrylate approach used in this study operates by continu-
ous absorption of secreted metabolites in contrast to tetrazolium
salt assays (e.g., MTT) that utilize intracellular enzymes to re-
duce the salts, forming colored products that remain within the
cells." These characteristics enable the SMART platform to
perform continuous, real-time measurement as opposed to end
point measurement in tetrazolium-based assays. Another real-
time measurement system, the Agilent Seahorse XF Analyzer,
uses solid-state sensor probes to measure oxygen consumption
and proton efflux rates. These parameters provide insight to
the energy metabolism which can have implication on prolifer-
ation, toxicity, and other cellular functions. In this system, a mi-
crochamber is created in the vicinity of the cell monolayer to per-
form the measurement, but this can be a constraint in many ap-
plications. Other approaches use adenosine triphosphate (ATP)
as a growth biomarker as ATP concentration is associated with
viable cell concentration. While earlier ATP assays involved cell
lysis for ATP measurement (end point assay), real-time assays
have been developed by targeting extracellular ATPs (e.g., Real-
Time-Glo Extracellular ATP assay). Extracellular ATP level is typ-
ically correlated with loss of membrane integrity, though studies
have suggested evidence between ATP level and cell growth.!
The extracellular concentration of ATP can be detected via lumi-
nescence from luciferase-luciferin reactions. Another biolumi-
nescence modality involves using a pro-substrate and engineered
luciferase with enhanced stability to monitor cell growth (Real-
time-Glo MT cell viability). This is achieved by the reduction of
pro-substrate by viable cells into a substrate, which subsequently
diffuses into the media and reacts with luciferase. However, bio-
luminescence approaches require sensitive instrumentation and
expensive substrates, that might also interfere with native cell
growth; you could not use a harvested cell culture for clinical ap-
plications after being exposed to these assays. Compared to this
work, the SMART system does not require additional reagents
nor complex instrumentation (compatible with conventional in-
cubators); it can be integrated into many existing single-use ves-
sel and reactor formats with production cells, causing no distur-
bance to growth or downstream use. Another approach is to sam-
ple media to monitor glucose and lactate in real-time, 1?3 but the
electrochemical or optical readout methods are not simple to inte-
grate into many bioreactors. The SMART system demonstrates a
cost-efficient approach in both biomolecule targeting and readout
method with facile integration into most glass or plastic culture
vessels.

As with any measurement tool, the SMART system has in-
herent limitations. For instance, the SMART system may en-
counter difficulty in culture vessels with thicker walls or made
with metal due to the insufficient permeation of electromagnetic
waves between the sensor and reader antenna. The SMART plat-
form has been tested to work with conventional culture dishes,
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flasks, well-plates, and static breathable vessels (e.g., G-Rex). In
commercial prototypes, these sensors have also been used to
measure non-adherent cells in agitated vessels (Figure S16, Sup-
porting Information). The current SMART setup requires up to
12 h of pre-incubation with culture media before cell addition to
achieve equilibrium and a stable, baseline resonant frequency. Al-
though this resonant frequency shift in the beginning has been
observed, the shift has been consistent and can be eliminated
by background subtraction. Future research directions could in-
clude chemical modification of polyacrylate or other polymer ma-
terials to adjust the affinity toward other biomarkers that enable
the possibility to investigate other biological parameters or se-
creted products. The roles of metabolic or signaling pathways in-
volved in the transduction and their respective applications also
remain to be further explored and detailed.

4, Conclusion

A new modality of continuous metabolite monitoring via affinity-
based absorption of polymers has been developed. Secreted
metabolites can be used to track biological processes such as cell
growth; however, current metabolite monitoring strategies rely
on intermittent sampling and are not well-suited for continu-
ous monitoring. Herein, we utilized the affinity of cross-linked
polyacrylate to molecules containing C=C and O—H functional
groups like secreted terpenoids; these plasticize the polymer in
a concentration-dependent manner. By coupling this membrane
with resonant sensors to transduce the mechanical changes to
shifts in resonant frequency, we demonstrated SMART dishes
that enable continuous monitoring of metabolites within closed
vessels through non-destructive, continuous metabolite absorp-
tion. The SMART system resulted in over a 30 MHz resonant
frequency shift, over 20-fold increase in sensitivity compared to
sensing solely through intrinsic cell permittivity. The SMART
dish signal was successfully correlated to cell proliferation and in-
terrupted cell growth. The dynamic response curve subsequently
enables the extraction of multiple parameters that indicate cul-
ture conditions such as starting cell concentration and inhibitory
drug effects. The wireless interface, scalability, and high acquisi-
tion rate should enable applications in pharmacological discovery
as well as biomanufacturing.

5. Experimental Section

Materials: Hela cells (ATCC, CCL-2) were obtained from Prof. Surya
Mallapragada’s laboratory (lowa State University). Jurkat and K562 cells
were obtained from ATCC (TIB-152 and CCL-243, respectively). Lipo-
somes (4:1 dipalmitoylphosphatidylcholine:cholesterol, 3 mg mL~", 135—
140 nm) were obtained from Prof. Rizia Bardhan’s laboratory (lowa State
University).

Polyacrylate adhesive (3 M 467MP) was obtained from Grainger. Phenol
(P1037-25G), menthol (M2772-5G-A), geraniol (163333-25G), trigonelline
hydrochloride (T5509-1G), pyridine hydrochloride (243086-5G), quinine
hemisulfate salt monohydrate (Q1250-5G), erythromycin (E5389-1G),
and 1-hydroxyanthra-9,10-quinone (CDS000522-1G) were purchased from
Sigma.

SMART Fabrication: Resonant sensors were fabricated either using
chemical etching or wire wound methods. Fabrication through chemical
etching method was described in previous work.[>" Briefly, a mask was
first created on a copper laminate (Pyralux) using a solid ink printer or
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a lithography method. The spiral design on the mask was 0.2 mm trace
width, 9 mm outer diameter, 0.25 mm pitch, and 9 turns. The unmasked
copper was removed in an etching solution containing a 1:1 volume ra-
tio of 3 wt.% hydrogen peroxide and concentrated hydrochloric acid. Fi-
nally, the mask was removed by acetone rinsing. For SMART setups, wire
wound resonant sensor was used to enable sufficient air voids. The wire
wound resonant sensor was fabricated using an enameled copper wire of
18 cm, 32 AWG and a spiral making tool. The fabricated resonant sensor
was then immobilized onto a polyacrylate adhesive in a culture dish. An-
other polyacrylate adhesive was applied onto the resonant sensor, creating
a polyacrylate-resonant sensor-polyacrylate layered structure. The SMART
dishes were sterilized using 70% ethanol and air-dried in a UV chamber
before use.

High-Throughput Resonant Sensor Readout System and Microscope Imag-
ing System: A vector network analyzer (Copper Mountain Technologies
TR1300) was used to measure the reflectance over a frequency range. For
high-throughput measurements, a multiplexer (Cytec) was used to con-
nect multiple readout coils and the vector network analyzer. The readout
coil was fabricated using a single loop, 20 AWG copper wire of the same
diameter as the resonant sensor. A holder for the readout coil was fabri-
cated by 3D printing (Ultimaker S3) using acrylonitrile butadiene styrene
(ABS) filament. For microscopic image acquisition, a path was created in
the center of the readout coil holder to allow light penetration through the
magnification lens. A 20x magnification lens in combination with a cam-
era (Raspberry Pi High Quality Camera, 12.3 megapixel) was programmed
to capture images ata 15 min interval. To obtain confluency, the pixels con-
taining cells were manually annotated. The confluency was determined by
the number of pixels containing cells divided by the total number of pixels.
For the reflectance measurement, the spectrum in the frequency range of
10 to 200 MHz containing 5000 points was obtained every 5 min. Back-
ground subtraction was performed prior to the resonant frequency extrac-
tion. The represented change (A) in resonant frequency was calculated
subtracting the initial resonant frequency (t = 0).

Cell Culture: Hela cells were cultivated in DMEM (Corning 10017CV)
supplemented with 10% (v/v) FBS (Corning 35011CV) and 1% (v/v)
penicillin-streptomycin (Gibco by Life Technologies 15 140 122). Jurkat,
CHO, and K562 cells were cultivated in RPMI-1640 (Cytiva SH30027.FS)
supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin.
Due to potential variability between different batches of FBS, each experi-
ment uses the same batch of FBS to ensure comparable growth rates. E.
coli BL21 cells were cultivated in M9 media (Sigma M6030) supplemented
with 2% (v/v) of Tm glucose and 0.2% (v/v) of 1M magnesium sulfate.
All cells were cultured in a humidified atmosphere at 37 °C and 5% CO,,
except e. coli was cultured without CO,. Media exchange (media addition
for suspension cells) was performed every other day, but not during the
experiment unless specifically stated.

Cell counting was mainly performed using hemocytometer except for
the study of the polyacrylate effect on cell growth (Figure 6c). Cell sus-
pension was mixed with trypan blue in 1:1 volume ratio for viability as-
sessment. For the study of the polyacrylate effect on cells, K562 cells were
seeded at 0.3 million cells mL™" into well plates containing polyacrylate
films (n = 3) and without polyacrylate films (n = 3) and cultured for 4
days. After 4 days, counting beads (Invitrogen C36995) was added into
the cell suspension to a final concentration of 0.48 x 10° beads mL~" and
counted using a flow cytometer (FACSCanto).

Chemical Screening:  Organic chemicals with poor solubility were dis-
solved to saturation in ethanol (see Table S1, Supporting Information for
details). Prior to the addition of each chemical, the SMART sensor was
pre-equilibrated in water or culture media for 20 h or until the signal sta-
bilized under 37 °C, humidified environment.

Polyacrylate Topography Validation: A polyethylene terephthalate (PET)
of 0.1 mm thickness was laser cut (Glowforge) at a speed setting of 300
and at full power, creating wells of 0.2 X 10 mm?. An adhesive transfer
tape was marked with a straight line and applied onto the PET film (with
the marked side of the adhesive in contact with the film). The PET matrix
was transferred to a culture dish, sterilized with ethanol, and proceeded
with culturing of Hela cells or remained culture media (control) for 4
days. After 4 days, the cells were removed with trypsin and the height
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profile of the matrix was analyzed using a digital microscope (Olympus
DSX 110).

Characterization: The polyacrylate adhesive was cut into 2.5 x 2.5 cm?
slices and placed into a petri dish containing only media or expanded K562
culture (1.5 x 108 cells mL™") for at least 2 days. The polyacrylate film was
gently placed on the media surface while the cells were suspended at the
bottom to reduce the likelihood of cells embedding into the polyacrylate.
After 3 days, the polyacrylate films were rinsed with deionized water and
analyzed without drying.

The polyacrylate-containing adhesive was characterized by FTIR spec-
troscopy to track evidence of chemical changes upon exposure to cell
metabolites using an Attenuated Total Reflection (ATR) FTIR spectrometer
equipped with an (iD7-ATR accessory, Thermo Fisher Scientific NicoletiS
5 Spectrometer). The spectral range of observation was 4000-400 cm™!
with a resolution of 8 cm™', collecting 64 scans per sample.

Rheological properties of polyacrylate adhesive were characterized us-
ing a rheometer (ARES-G2, TA Instrument). Two slices of treated polyacry-
late films were compressed and analyzed using an 8 mm parallel plate.
The frequency was set at 1 Hz and the temperature was set at 35 °C.

Thermal characterization of the polyacrylate adhesives was carried out
by differential scanning calorimetry performed on the DSC-Discovery 2500
series (TA instruments). Polyacrylate samples (4—7 mg) were weighed and
hermetically sealed in aluminum pans. The method involved heating the
samples from —80 to 250 C at a ramp rate of 10C min~! under constant
nitrogen sparge maintained at 50 ml min~".

Thermal stability was characterized by TGA (STA 449 F1 NETZSCH).

For characterization of embedded molecules, the treated polyacrylate
films after the preparation steps were mixed with 6 mL of acetone for 1 h
at 37 °C. After swelling, 500 pL of the acetone solution was extracted and
analyzed using LCMS (Agilent 6540 LC-Q-TOF).

Statistical Analysis: Data with replicates (n = 3) were shown as the
mean values + standard deviation. Error bars represent the standard devi-
ation. Significance or p-value was computed using unpaired t-test in MAT-
LAB.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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