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Real-Time Monitoring in Biomanufacturing with Graphene
Field-Effect Transistor Sensors: Detection of pH, Glucose,
and Antibodies
Deependra K. Ban,1,† Reza Hajian,2,3,† Matthew Chan,2,† Shiva Abdolrahimi,4 Francie Barron,5 Saurav Datta,4

and Kiana Aran1,5,6,*

Abstract
In high-efficiency smart biomanufacturing, continuous monitoring of products, byproducts, and reagents is crucial for
optimizing production processes, improving yield, and ensuring product quality. This monitoring maintains optimal
conditions, reduces waste, and enables swift corrective actions, minimizing the risk of producing out-of-specification
products. With advancements in cell-free biomanufacturing, the importance of in-line sensing technologies has
increased, as they provide real-time tracking of biochemical processes, allowing immediate adjustments to keep man-
ufacturing efficient and consistent. In this study, we successfully developed a graphene field-effect transistor (gFET)
sensor to monitor key parameters such as glucose, pH, and immunoglobulin G antibody levels in cell culture media
from a CHO cells bioreactor. The gFET sensor accurately detected pH levels between 6.8 and 8.2, glucose concentra-
tions from 5 to 30 mM, and antibody levels ranging from 25 to 100 mg/mL, highlighting the potential of graphene
sensors for inline sensing in advanced biomanufacturing.

Inline monitoring in bioprocessing plays a crucial role in opti-
mizing the production process to ensure high product qual-
ity. By continuously tracking various critical parameters such

as pH, temperature, nutrient levels, and metabolic outputs,
inline monitoring systems allow for real-time adjustments and
control. This immediate feedback loop helps in maintaining the
bioreactor environment within optimal limits, thereby improv-
ing yield and reducing the risk of process deviations that could
lead to product variability or batch failure. Furthermore, inline
monitoring is crucial for implementing efficient process frame-
works, which aim to design, analyze, and control the manufac-
turing process to guarantee product quality through timely
measurements. This not only ensures compliance with regula-
tory standards but also enhances process efficiency by reduc-
ing downtime and waste to achieve consistent bioprocess
performance.1,2

Several critical parameters such as pH, dissolved oxygen, tem-
perature, and nutrient concentrations such as glucose, metabo-
lite levels, cell density and viability, and product concentration

must be closely monitored to ensure optimal conditions for
cell growth and product formation. While the temperature
and contaminants can be controlled through quality temper-
ature modules and sterile conditions, glucose levels and pH
require continuous monitoring to ensure optimal cellular
growth and productivity.3 Maintaining appropriate concentra-
tions of nutrients, including glucose, is crucial to promote rapid
growth and improved productivity, while excessive or insufficient
amounts can hinder growth and product formation.4 Even minor
changes in pH of 0.1 units can affect cell growth rate. pH altera-
tion due to metabolite consumption and high concentrations of
lactate can lead to decreased cell growth and premature cell
death.5–7 To maintain the pH of the cell culture media sodium
bicarbonate, base addition, and CO2 sparging are typically used.
Biomolecules production such as antibodies can only be moni-
tored by techniques such as enzyme-linked immunosorbent
assay, protein A/G high-performance liquid chromatography-
ultraviolet, surface plasmon resonance, biolayer interferometry
(BLI), and capillary electrophoresis-mass spectrometry.8 All of
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these measurement techniques involve taking samples from
the bioreactor for offline time-delayed measurements, using
multiple different instrumentations.9 To overcome this, inline
multianalyte analysis systems are crucial for effective moni-
toring of biomolecules in bioreactors. Graphene biosensors
offer a promising technology for monitoring critical parame-
ters in bioprocessing due to their high sensitivity, low sample
requirement, multianalyte detection capabilities, and electri-
cal output. These attributes make them ideal for real-time
monitoring of a wide range of bioprocessing parameters. The
unique properties of graphene allow for the rapid detection
of changes in bioprocessing parameters, enabling immediate
adjustments to the bioreactor environment.10–13 In this report,
we describe the development and testing of graphene biosen-
sors designed for monitoring pH, glucose, and antibody levels
(Figs. 1 and 2).

Results
To achieve optimal antibody yield in CHO cell cultures, it is
essential to continuously monitor critical parameters such as
pH, glucose levels, and antibody concentrations. In this study,
we have designed and fabricated a single-platform graphene
field-effect transistor (gFET) sensor system. This system was
specifically functionalized with selective reporter or capture
molecules tailored for monitoring pH, glucose, and immuno-
globulin G (IgG) levels within both buffer solutions and cell cul-
ture media. The gFET sensors we developed underwent
rigorous characterization, following protocols detailed previ-
ously.11,14–16

Glucose Sensing
The enzymatic reaction of glucose oxidase (GOX) with its sub-
strate, D-glucose, results in the production of gluconic acid
and hydrogen peroxide (H2O2).

17 To evaluate the gFET sen-
sor’s ability for real-time monitoring of H2O2, we conducted an
initial experiment where H2O2 concentrations were incrementally

increased in 1X phosphate-buffered saline (PBS), with 1X PBS
alone serving as the control (Supplementary Fig. S1). The
resulting Dirac voltage shifts, plotted to generate a calibration
curve for H2O2 (Supplementary Fig. S1), showed a linear response
slope of -1.65 mV/lM after a 5-min incubation and -1.68 mV/lM
after a 10-min incubation. Additionally, the sensor’s response to
D-glucose alone, in the absence of GOX, was examined. The
concentration-dependent Dirac shifts for the buffer and glucose
showed overlapping responses for the 5-min measurements,
with a minimal shift of -12 mV – 0.3 mV at 30 mM glucose.
A longer 10-min exposure to glucose resulted in a maximum
Dirac shift of -30 – 8.2 mV with respect to 1X PBS baseline (Sup-
plementary Fig. S1). These experiments validate the gFET sen-
sor’s functionality in detecting biochemical changes and its
potential application in biosensing platforms.

GOX functionalized gFETs (GOX-gFETs) were fabricated by
immobilizing GOX to the surface of the gFET using 1-pyrenebu-
tyric acid (PBA) as a linking agent. The immobilization process
resulted in a significant alteration of the gFET’s electronic prop-
erties, as demonstrated by a -70 – 7.6 mV shift in the Dirac
voltage post-immobilization, which is shown in Figure 3A. In
contrast, the buffer alone exhibited an insignificant Dirac shift.

Following the immobilization, glucose detection assays
were carried out using the GOX-gFETs previously tested for
GOX conjugation (Fig. 3A). Figure 3B illustrates a nonlinear
negative Dirac shift corresponding to increasing glucose con-
centrations, in contrast to the negligible changes observed
with 1X PBS alone (Fig. 3B). Specifically, the introduction of
glucose at the lowest concentration tested, 5 mM, led to a
Dirac shift of -16 – 3.4 mV, while the highest concentration,
30 mM, resulted in -67 – 9.1 mV shift at pH 7.5. These shifts
are attributed to the enzymatic activity of GOX when exposed
to D-glucose.

Further monitoring of the effect of pH on GOX activity
demonstrated a reduction in enzymatic efficiency at pH levels
of 5 and 6, evidenced by Dirac shifts to -56.3 – 8.1 mV and

FIG. 1. gFET-based sensing of pH, glucose, and antibody in cell culture media.
gFET, graphene field-effect transistor.
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-46.7 – 8.5 mV, respectively. This reflects a sharp decrease in
GOX activity to 16% and 31% at pH 5 and 6, respectively. In
contrast, the 1X PBS background response was minimal at
-4.9 – 2.7 mV (Fig. 3B). This deviation from the concentration-
dependent response observed at pH 7.5, as shown in Figure
3B, highlights the importance of calibrating GOX-based glu-
cose detection according to pH to achieve accurate results.
Additionally, specificity analysis of the GOX-functionalized
sensor with D-glucose and L-glucose revealed distinct enzy-
matic activities. Specifically, a smaller Dirac shift of -18.4 – 2.1
mV for 10 mM concentration of L-glucose was recorded (Fig.
3C), compared with a -47.38 – 2.7 mV shift for the same con-
centration of D-glucose, indicating the sensor’s ability to dif-
ferentiate between the two glucose isomers.

We have further tested the GOX-gFET by administrating cell
culture media and D-glucose-doped media (Fig. 3D). The results
indicated that the complex components of the media induced
a higher background signal, reaching up to -169 – 2.3 mV.
When transitioning from buffer to cell culture media, the intro-
duction of varying concentrations (0–10 mM) of glucose-doped
media samples resulted in Dirac voltage shifts, ranging from
-158 – 9.8 to -192.6– 5.4 mV for glucose levels between 0.1
and 10 mM, due to the GOX enzymatic reaction (Fig. 3D and
Supplementary Fig. S2). Despite the change in media, the
results were consistent with those obtained from commonly
used systems such as the Roche CEDEX analyzer, showing a
close correlation in sensor responses (Fig. 3E). Reusability tests
of the GOX-gFET (chips, n = 3) also demonstrated mean Dirac
shifts of 26.7– 0.9 mV up to four cycles with 5 mM of glucose
(Supplementary Fig. S2).

pHMonitoring
For pH monitoring, we utilized alizarin, an aromatic pH reporter
molecule (Supplementary Fig. S3), and compared various pH
levels and media conditions. While unfunctionalized graphene
can sense pH changes accurately in buffer solutions, its effec-
tiveness diminishes in complex environments like cell culture
media. To address this, three samples of 20 mM Tris-HCl were
prepared at different pH levels (pH 6.8, pH 7.6, and pH 8.2)
and applied to separate sensors. A Dirac response ranging
from -31.9– 8.6 to -129.8– 7.4 was observed as the pH of the
buffer increased from 6.8 to 8.2 (Fig. 4A). However, when 2.5%
cell media was added, the Dirac shift decreased -40.2– 6.8 to
-20.09– 10.8 mV for pH levels from 6.8 to 7.6 (Fig. 4B), indicat-
ing that the complex media components interfere with the sen-
sor’s response. The presence of cell media alone not only
quenched the Dirac response as pH increased from 6.8 to
8.25 but also caused a nonlinear sensor response to pH
changes (Fig. 3C). To address this, we introduced the pH-sensitive
molecule alizarin and first verified the pH-dependent Dirac shift
ranging from 30.3– 4.8 mV to -111.8– 11.4 mV for Tris-HCl buffer
of pH levels 6.8–8.25 (Fig. 4C). Further testing with 2.5% cell cul-
ture media in a pH range of 7.02–8.2 revealed a negative Dirac
shift of -16.4– 11.3 to -90.7– 3.35 mV, reflecting a pH-dependent
change in stable protonation state of alizarin (Fig. 3D); therefore,
enabling more accurate pH monitoring (Fig. 4C, D).

Antibody Detection
For monitoring antibody levels, first, we measure the Dirac
response to the protein A conjugated gFET (Fig. 5A). After
30-min incubation, the association and dissociation signal of

FIG. 2. The gFET sensor.
The zoomed-in section highlights the sensor design, focusing on a single graphene channel (green circle).
The accompanying illustration shows the integration of different functional elements: Protein A for antibody detection, GOX for glucose
detection, and Alizarin as a pH reporter on the gFET sensors (Created with BioRender.com). GOX, glucose oxidase.
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protein A were measured. The association of protein A
resulted in a positive Dirac shift of 14 – 2.4 mV, in contrast to
the blank control (1X PBS), which exhibited a negative shift
of -13.1– 1.8 mV (Fig. 5A). The dissociation signal for chips
treated with protein A showed clustering around 29.4– 2.5 mV,
whereas chips treated with the blank control (1X PBS) primarily
clustered around 13.2– 1.1 mV (Supplementary Fig. S4).

Protein A immobilized chips were treated with samples of
human IgG1 at sequentially increasing concentrations (Fig. 5).
The concentration-dependent negative Dirac shift was observed
for IgG1 compared with the control and reached saturation
-13.8 – 5 mV–) as the concentration increased from 50 to 100
mg/mL for the association signal (Supplementary Fig. S4) and
-4.1– 0.81 to 8.1– 0.5 mV for the dissociation signal (Fig. 5B).

For specificity analysis, the Dirac response of protein A
immobilized chips treated with 50 mg/mL human IgG1 was
compared with those treated with 100 mg/mL Human IgG3. In
Figure 4D, the association signal with serum IgG1 showed
-11.7– 0.93 mV of Dirac shift while IgG3 showed -7.0– 1.5 mV.
The difference in gFET sensor association response clearly
showed a stronger association of IgG1 by protein A compared
with IgG3 (Fig. 5D).

We have further monitored CHO cell filtrate containing IgG1
by doping 0, 0.1, and 0.5% v/v (Fig. 5C) in 1X PBS. The cell culture
media (0.1%) without antibody causes Dirac shift below 5 mV,
while 0.1% and 0.5% filtrate containing antibody Dirac response
increase to -14.0– 0.45 mV and -15.9– 1.2 mV (Fig. 5C). We have
further verified antibody level in our samples using Blitz, a BLI
method, and using a protein A-based capture mechanism (Fig. 5E
and Supplementary Fig. S4). The biolayer interferometer-based
orthogonal methods showed the concentration-dependent res-
ponse of the sensor both in the buffer as well as in cell culture fil-
trate containing IgG1 (Fig. 4E).

Discussion
In this study, we demonstrated the successful development
and application of a gFET sensor for monitoring key parameters
in cell culture media obtained from a CHO cells bioreactor, par-
ticularly focusing on glucose levels, pH, and IgG antibody
levels.

Glucose serves as a crucial carbon source for IgG production,
making it essential to maintain its optimal levels using inline
detection tools. Although the sensor showed slight quenching

FIG. 3.
(A) gFET sensor response buffer control treated sensor showed overlapped Dirac sift, while GOX caused conjugation -70 – 7.6 mV of Dirac
shift.
(B) pH-dependent GOX activity analysis with 0–30 mM of D-glucose showed a Dirac shift of -25.8 – 7.5 to -56.4 – 8.1 mV for pH 5,
-17.9 – 8.8 to -46.7 – 8.5 mV for pH 6, and -16.2 – 3.4 mV to -67.8 – 9.1 mV for pH 7.5.
(C) 20 mM of L-glucose and D-glucose exposure to GOX showed Dirac shift of -18.4 – 2.1 mV and -47.38 – 2.7 mV, respectively.
(D) Administration of cell culture media alone on the GOX-gFET induced a Dirac shift of -164.3 – 4.1 mV, while the presence of GOX
activity resulted in a shift of -158 – 9.8 to –192.6 – 5.4 mV for 0–10 mM D-glucose doped into the same media. All measurements
presented here used n ‡ 9 transistor data to calculate mean – standard deviation.
(E) Roche CEDEX, a confirmatory test for GOX activity showed a concentration-dependent linear response of 2–10 Roche detection (mM)
for D-glucose (1–10 mM) doped cell culture media.
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at lower pH levels (5 and 6) due to altered GOx enzymatic activ-
ity, it still effectively monitored the concentration-dependent
Dirac shift, confirming its reliability as a glucose detection tool.
The slight deviation in sensor response at lower pH (5 and 6)
could be due to the intrinsic pH sensitivity of the gFET sensor
combined with pH-dependent variations in GOx redox activ-
ity.18–21 At lower pH values, the GOx redox mechanism is influ-
enced by protonation changes, leading to different electron-
transfer pathways. Specifically, below pH 6, GOx follows an
ECEC mechanism (electron transfer followed by a chemical
reaction), while above pH 6, an ECE mechanism (electron trans-
fer, electron transfer, chemical reaction) predominates.18–20

These shifts in redox activity and pH sensitivity of gFET can
cause deviations in the sensor response, particularly at lower

pH, resulting in the quenching effect observed. Despite these
variations, the sensor maintained strong concentration-
dependent behavior, confirming its potential for glucose detec-
tion and suggesting it could also be adapted to monitor insulin
levels using specific antibodies or aptamers.22 The sensor’s
multianalyte detection capability for simultaneous pH monitor-
ing ensures accurate glucose measurement and calibration
across varying conditions. This highlights the importance of
calibrating the GOX-based sensor for accurate glucose mea-
surement across different pH levels, ensuring that as culture
conditions change, the sensor can provide accurate, normal-
ized readings.

For pH sensing, the gFET sensor showed a linear response
both with and without the addition of the alizarin reporter in

FIG. 4.
(A) gFET sensor was exposed to Tris-HCl buffer of pH 6.8, pH 7.6, and pH 8.2 induced Dirac shift of -31.9 – 8.6, -99.6 – 2.1, and -129.8 – 7.4,
respectively.
(B) 2.5% (v/v) DMEM media pH adjusted to 6.8, 7.6, and 8.2 using Tris-HCl buffer causes Dirac shift of -40.2 – 6.8, -20.09 – 10.8,
and -61.6 – 11.7 mV, respectively.
(C) Tris-HCl buffer of pH 6.8, pH 7.6, and pH 8.2 mixed with alizarin (25 mM) induced Dirac shift of 30.3 – 4.8, -49.3 – 10.5,
and -111.8 – 11.4 mV, respectively.
(D) 2.5% (v/v) DMEM media pH adjusted using Tris-HCl buffer with 25 mM alizarin dye showed Dirac shift of -16.4 – 11.3 to -90.7 – 3.35
mV for media with pH 7.02 to 8.21. The pH-dependent Dirac response and standard deviation were calculated using n ‡10 transistor
data for each sample.
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buffer (Fig. 4A). However, the introduction of cell culture media
to the gFET also quenched the pH signal, causing a nonlin-
ear response and reducing the sensor’s sensitivity at pH 7.5.
This effect is likely due to the variable isoelectric points of
different analytes in the media at various pH levels.23 The
inclusion of alizarin helped stabilize the response, likely due
to its pH-dependent protonation state,24 which provided a
more consistent interaction with the graphene surface and
resulted in a more linear response (Fig. 4C, D). Alizarin dye
interaction causes positive Dirac potential shift due to an
increase in hole current at pH 6.8 buffer, while above neutral
pH (i.e., the buffer of pH 7.5 and 8.2), alizarin interaction
with graphene increases negative charge carrier hence neg-
ative Dirac shift (Fig. 4C).

pH changes in DMEM cell culture media containing Alizarin
interestingly showed a smaller Dirac shift for a pH change of

0.60 (from pH 7.02 to 7.62) compared with the larger Dirac shift
with a pH change of 0.59 (from pH 7.62 to 8.21) attributed to
the differential distribution of charged components in the
media. This suggests that the net charge distribution in the
medium and its interaction with both graphene and Alizarin,
varies in a pH-dependent manner, leading to different sensor
responses for nearly identical pH intervals (Fig. 4D). The more
pronounced response between pH 7.62 and 8.21 reflects the
greater change in charge distribution led to stronger interac-
tion at more alkaline pH values.

The gFET sensor also demonstrated its capability for IgG1
detection, showing a concentration-dependent Dirac shift
both in buffer and cell filtrate (Fig. 5). However, concentra-
tions beyond 100 mg/mL led to a hook effect, where higher
analyte concentrations caused a quenching of the sensor
response—a common issue in various optical and sensing
techniques, typically mitigated by analyte dilution.25,26

FIG. 5.
(A) Protein A conjugation induced Dirac shift of 14 – 2.4 mV, while Buffer background causes negative -13.1 – 1.8 mV.
(B) Concentration-dependent (0–100 mg/mL) IgG1 capture by protein A (50 mg/mL) functionalized chip induced concentration-
dependent negative Dirac shift of -4.1 – 0.81 to 8.1 – 0.5 mV for 25–100 mg/mL and further increment of IgG1 to 200 mg/mL quenched
the sensor response.
(C) Different amounts (0.1%, 0.5% v/v) of filtrate containing IgG1 showed Dirac shift of -14.4 – 0.4 to -15.9 – 1.2 mV. n ‡ 9, total
transistor response used to calculate mean Dirac shift – standard deviation.
(D) 100 mg/mL IgG3 and IgG1 were exposed to separate protein A functionalized chip (n = 3) and showed differential sensor response
of -7.0 – 1.5 mV and -11.7 – 0.93 mV, respectively.
(E) IgG1 concentration binding with protein A was analyzed using BLITz, a BLI analysis (n = 3). BLI, biolayer interferometry.
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Lastly, our specificity analysis revealed a slight differentiation
between IgG1 and IgG3, with a mean Dirac shift difference of
about 2 mV (Fig. 5D). This suggests some degree of nonspecific
adsorption of antibodies on the graphene surface. Future work
will focus on optimizing passivation strategies, such as using
PEG of varying lengths and polarities, to reduce nonspecific
adsorption and improve sensor performance. Such strategies
will also facilitate the development of an inline sensing module
capable of handling higher analyte titers in CHO cell cultures,
exceeding the currently reported highest concentration of 100
mg/mL.13

Conclusion
In high-efficiency smart biomanufacturing, continuous moni-
toring helps maintain optimal parameters, reduce waste, and
enable quick corrective actions, minimizing the risk of out-of-
specification products.27 The integration of advancements in
cell-free biomanufacturing has further emphasized the impor-
tance of in-line sensing technologies by facilitating immediate
adjustments of biochemical processes and ensuring efficient
and consistent.28 As cell-free systems are not bound by the
homeostatic requirements of living cells, they offer enhanced
adaptability and precision in production, making in-line sens-
ing a pivotal tool for achieving the full potential of smart bio-
manufacturing. This combination of advanced monitoring and
in-line sensing not only supports the sustainable and cost-
effective production of biomolecules but also ensures compli-
ance with stringent regulatory standards, particularly in indus-
tries like biopharmaceuticals.28

The potential utilization of graphene sensors is significant in
biomanufacturing processes, particularly as the industry moves
toward more efficient, precise, and sustainable production
methods. These sensors require less energy to operate, which
aligns with the increasing demand for energy-efficient technol-
ogies in biomanufacturing. This energy efficiency is crucial in
reducing the overall operational costs and environmental foot-
print of biomanufacturing facilities. One of the key advantages
of graphene sensors is their exceptional sensitivity, enabling
the detection of minute changes in biological and chemical
environments. This sensitivity is vital for monitoring the com-
plex and dynamic processes inherent in biomanufacturing,
such as protein and antibody production. Furthermore, it
ensures the activity of essential reagents, like enzymes, which
can diminish over time or be adversely affected by byproducts
generated during bioreactions. The ability to detect these
changes in real-time allows for immediate adjustments to be
made in the production process, ensuring consistent product
quality and minimizing waste.

In conclusion, the integration of graphene sensors into bio-
manufacturing represents a significant step forward, combin-
ing energy efficiency with high sensitivity and stability. As the
industry continues to evolve, the adoption of these advanced
materials will be key to unlocking new possibilities in biosens-
ing, ultimately leading to more effective and efficient biomanu-
facturing processes.

Materials and Methods
Materials
Tris-HCl at pH 7.5 and pH 8.5 (UltraPure! 1 M, Invitrogen), and 1X PBS
(Gibco!) from Thermo-fisher were utilized as buffers for the study.
The pH indicator dye, alizarin (SKU:122777), was obtained from Sigma-
Aldrich. Additional reagents such as H2O2, 1-PBA, and 1-pyrenebutyric
acid N-hydroxyscuccinimide ester (PBASE), N,N-Dimethylformamide
(DMF), 200% proof ethanol (EtOH), isopropyl alcohol (IPA), 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), and 2-(N-morpholino)etha-
nesulfonic acid (MES) were also purchased from Sigma-Aldrich. For cell
culture, DMEM media was used for CHO cells, and antibody filtrate was
collected from Amgen Bioprocessing Center (Keck Graduate School,
Claremont, USA). Protein A (P7155) and ex-cell advance CHO Fed-
Batch Medium (14366C—1000 mL) were sourced from Sigma-Aldrich.
Additionally, IgG1 (DDXCH01P-100) and IgG3 (DDXCH03P-100) were
procured from Novus Biologicals.

Methods
gFET fabrication
Fabrication of biosensors procured from Cardea Bio (now Para-
graf) involved a previously reported method.11,14–16,29 In brief,
Ti/Pt source, drain, and reference electrodes were patterned on
6-inch silicon wafers via lift-off technique and cleaned with
piranha etching to remove organic residue contamination. Gra-
phene film, grown on copper foil and supported by a spin-
coated PMMA layer was delaminated using a bubbling method,
was transferred onto the electrode-patterned wafers, and
cleaned with acetone and isopropanol.30 The graphene sheets
were patterned to create defined channels between the source
and drain electrodes. This was achieved through plasma-
enhanced chemical vapor deposition, depositing a silicon oxide
layer over the entire wafer, and subsequent reactive ion etch-
ing to etch the graphene transistors.31 Two-terminal electrical
resistance characterization of the devices demonstrated a yield
of over 98% for functional graphene devices. The patterned gra-
phene wafers were then diced into 9mm· 9mm die and each
chip was connected to a custom-printed circuit board package
using traditional wire bonding. The circuit board underwent
encapsulation in epoxy, leaving an open cavity above the
exposed graphene transistors for the placement of biological
samples.

gFET functionalization
For glucose detection, chips were washed four times each
using deionised (DI) H2O, followed by 1X PBS (pH 7.4), and
then one-time DMF. Fifteen microliter 10 mM PBA in DMF was
added to the chips and incubated at room temperature (RT) for
45 min. Subsequently, the chips were rinsed two times with
DMF, EtOH, one time IPA, and four times 1X PBS. PBA was acti-
vated by adding 100 mM EDC in 50 mM MES at pH 5.0 to the
chips followed by a 30-min incubation at RT and removed
excess EDC by four-time wash using 50 mM MES at pH 5.0.
Then, 10 mg/mL GOX in 50 mM acetate buff at pH 4.0 was
added and incubated for 2 h at RT on a shaker. After incuba-
tion, chips were washed four times with acetate buffer (50 mM,
pH 4.0).
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For pH sensing, gFET sensors were cleaned using DI water
and DMF and dried sensors were further exposed to different
pH buffers to monitor the pH changes in buffer and in cell cul-
ture media with and without 25 mM of alizarin.

For antibody detection, gFETs were functionalized using
10 mM of 1-PBASE prepared in DMF and incubated for 1 h at
RT. The chip was rinsed two times each with DMF, EtOH, and
IPA, 1X PBS buffer, respectively, to desorb excess PBASE mole-
cules. PBASE-functionalized gFET chips were subsequently
functionalized with protein A (50 lM) via peptide bond forma-
tion in 1X PBS (pH 7.4) by incubating for 30 min at RT. gFET
chips were then rinsed three times with 1X PBS to desorb non-
specifically bound protein A. Any remaining unreacted N-
hydroxysuccinimide ester groups were quenched with 20 mM
of ethanolamine (Alfa Aesar) in 1X PBS by 10-min incubation at
RT (Fig. 2).

Glucose monitoring
Real-time monitoring of gFET responses was performed using a
commercial reader (CardeaBio now Paragraf Pvt. Ltd). For glu-
cose sensing, GOX-gFETs were exposed to D-glucose to detect
the GOX-mediated generation of H2O2. After rinsing the chips
twice with 1X PBS, D-glucose was sequentially introduced at
concentrations of 5, 10, 15, 20, 25, and 30 mM, and Dirac volt-
age was monitored for 5 or 10 min with intermittent 1X PBS
washing at RT (Supplementary Table S1). For control experi-
ments, H2O2 was sequentially added to the chips at increasing
concentrations of 25, 50, 75, 100, 125, and 150 lM, and meas-
ured Dirac shift for 5 min at RT. The chips were rinsed twice
with 1X PBS at the end of D-glucose and H2O2 measurements.
For glucose detection in cell culture media, bioreactor samples
were diluted 1:3 in 1X PBS and spiked with D-glucose at con-
centrations of 0, 0.5, 1, 5, and 10 mM. To evaluate sensor speci-
ficity, different concentrations (0–10 mM) of L-glucose were
exposed to GOX functionalized gFET. Sensor specificity was
assessed by exposing the GOX-gFETs to L-glucose for 10 min at
concentrations ranging from 0 to 10 mM. To further verify the
glucose concentration, Cedex® Bio HT Analyzer was used to
monitor glucose levels using equivalent concentrations as used
for gFET-based detection.9,32

pH monitoring
pH response of bare gFET was performed using Tris-HCl buffer
at different pH values. To prepare the buffer sample, 1M Tris-
HCl was diluted to 200 mM using DI H2O. The pH was con-
firmed with a pH probe and was adjusted to the desired values
using HCl to pH 6.8, pH 7.6, and pH 8.2. Following this, the solu-
tion was diluted to a final concentration of 20 mM. The pH at
this concentration was verified using a Fisher Scientific Educa-
tion pH meter and the samples were aliquoted for further
study. Before the addition of the sample to the chips, alizarin
stock (10 mM) in DMF was added to each sample to get a final
concentration of 25 mM. To perform the pH analysis in cell cul-
ture media, a 2.5% v/v cell culture media was mixed with Tris-
HCl buffer (20 mM) of respective pH. The pH of the media was
confirmed with a pH probe. For real-time monitoring of pH,

bare graphene chips were washed four times with DI water fol-
lowed by four washes with 1X PBS. Following this step, three
calibration steps were performed, each with 1X PBS and a 5-min
incubation. Then, the 30 lL test sample was added to the chips
in two quick successions, with the second addition undergoing
a 30-min incubation step (Supplementary Table S2).

Antibody detection
For IgG detection, protein A immobilized chips calibration was
performed by 5 min measurement of 1X PBS two times. Next,
IgG1 was added with sequentially increasing concentrations: 0,
25, 50, 100, and 200 lg/mL, allowing a 30-min incubation for
each addition. Two washes with 1X PBS were performed
between each addition, followed by a calibration step with 1X
PBS by 5-min incubation (Supplementary Table S3). CHO cell fil-
trate was measured by doping 0, 0.1, and 0.5% v/v in 1X PBS.

Data analysis
For each experiment, data from at least three chips were col-
lected for every condition tested. Chips were exposed to vari-
ous concentrations of analytes to assess the response range of
the gFETs. The distribution was analyzed using the Shapiro–
Wilk test for the control and test samples. Subsequently, a para-
metric t-test with Welch correction was conducted with nor-
mally distributed control and test samples. The mean data and
standard deviation were plotted using GraphPad Prism 10.
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