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In this work we demonstrate the use of microfluidic NMR for in situ culture and quantitative analysis of
metabolism in hepatocellular carcinoma (HCC) cell lines. A hydrothermal heating system is used to
enable continuous in situ NMR observation of HCC cell culture over a 24 h incubation period. This tech-
nique is nondestructive, non-invasive and can measure millimolar concentrations at microlitre volumes,
within a few minutes and in precisely controlled culture conditions. This is sufficient to observe changes
in primary energy metabolism, using around 500–3500 cells per device, and with a time resolution of
17 min. The ability to observe intracellular responses in a time-resolved manner provides a more detailed
view of a biological system and how it reacts to stimuli. This capability will allow detailed metabolomic
studies of cell-culture based cancer models, enabling quantification of metabolic reporgramming, the
metabolic tumor microenvironment, and the metabolic interplay between cancer- and immune cells.

� 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Cancer cell metabolism is widely known to be reprogrammed
following tumourigenesis. Despite early observations by Warburg
[1] and his peers, the significance and potential for exploitation
of these alterations were not fully appreciated until more recently.
Tumour cell metabolism is now recognised as a potential molecu-
lar target for anti-cancer therapies [2,3]. 1H nuclear magnetic res-
onance (NMR) spectroscopy is a powerful tool for the
quantification of the metabolism of living systems. Its biocompat-
ibility is exploited by in vivo studies in the context of magnetic res-
onance imaging [4–6]. In-vivo high-resolution NMR spectroscopy,
where either cells or entire organisms are present in the NMR sam-
ple, has made it possible to study biomolecules in their native envi-
ronment [7] and is widely used in the context of drug discovery [8]
as well as for environmental studies; Lane et al. [9,10] have
observed the response of the metabolism of Daphnia magna to
environmental pollutants in this way. In-vivo NMR has also been
widely used to observe metabolism in cell cultures [11–14].
Microfluidic lab-on-a-chip (LoC) devices [15] are increasingly find-
ing applications in life science research [16], for example in the
form of organoid [17] or organ-on-a-chip systems [18]. They allow
working with minimal sample volumes, can integrate complex
experimental protocols on a single, expendable platform, and, cru-
cially, allow for detailed control over environmental conditions in
cultures of cells, cell aggregates, and tissue samples. Several tech-
niques exist to monitor metabolism in culture systems, including
liquid-chromatography/mass spectrometry (LC-MS) [19], Extracel-
lular Flux (XF) analysis (Seahorse Bioscience) [20,21] for measure-
ment of extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR) of intact cells, as well as NMR spec-
troscopy [22,23,11]. While MS-based techniques are usually
destructive due to the need to ionize the sample, extracellular flux
analysis is highly specific, focusing on only a very small number of
parameters such as pH and oxygen consumption. Due to its ability
to broadly quantify metabolites in living systems with minimal
interference, NMR spectroscopy is in principle an ideal tool to fol-
low metabolism in LoC cultures. However, this has so far only
rarely been demonstrated due to a number of challenges: LoC sys-
tems work with sample volumes on the order of pL to several lL,
while conventional liquid-state NMR systems use samples ranging
from 50 lL to 600 lL. The planar shape factor of microfluidic
devices is at odds with the cylindrical detection volume of stan-
dard NMR probes. Finally, differences in magnetic susceptibility
between microfluidic chip materials and the fluid to be detected
can lead to inhomogeneous line broadening and a loss of
resolution.

Many of these issues have recently been addressed by the
development of planar microfluidic NMR detectors based on strip
lines [24], transmission lines [25] and micro-fabricated Helmholtz
coil pairs [26]. These systems benefit from favourable scaling of
mass sensitivity of NMR detectors with decreasing detection vol-
ume, which is a consequence of more intimate coupling between
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the precessing nuclear spin magnetization and the detection struc-
ture [27]. Microfluidic cell cultures have been observed in such sys-
tems before. Kalfe et al. [28] have used a stripline detector to
quantify the metabolic turnover of a cell spheroid. This work used
a glass microfluidic device with an oxygen supply and heating sys-
tem to obtain metabolic data from a single spheroid of approxi-
mately 9000 cells over a 24 h period. Recently, Patra et al. have
compared the metabolism of MCF-7 cells in microfluidic adherent
and spheroid culture [29]. In this work, between 1200 and 2000
cells were cultured on a microfluidic chip and the concentrations
of 12 different metabolites were determined at intervals of 4 h or
8 h. In between these measurements, the chips with the cells were
kept in an incubator, from which they were periodically removed
and manually inserted into the NMR spectrometer equipped with
a modular transmission line probe designed to accommodate the
LoC devices [25].

Liver cancer is one of the most common cancers worldwide and
is the third most common cause of cancer death [30]. Hepatocellu-
lar carcinoma (HCC) is the most common type of primary liver can-
cer, accounting for 75–85% of cases. Furthermore, liver cancer
prevalence is a growing problem: over the last ten years incidence
rates have increased by 52% and are predicted to rise by a further
43% for males and 21% for females in the UK between 2014 and
2035 [31]. This disease has a diverse range of causes, but com-
monly occurs in the context of liver fibrosis due to chronic liver
disease such as non-alcoholic fatty liver disease (NAFLD), alcohol
liver disease or chronic viral hepatitis [30]. Only 13% of people
diagnosed with liver cancer in England survive past five years after
diagnosis [31]. HCC is often diagnosed only in the advanced stages
of disease, ruling out surgery as an option and contributing to the
low survival rate [32]. Additionally, in these later stages, the ability
to metabolise chemotherapeutic agents is reduced, leading to poor
tolerance of chemotherapy. Immunotherapy has therefore become
a promising potential treatment for HCC. However, there is evi-
dence to suggest that the metabolic microenvironment of the
tumour leads to suppression of cytotoxic immune cell activity
and prevents killing of cancer [33–35]. Quantification of metabolic
activity is therefore of great importance for microfluidic studies of
the interaction between HCC cell lines and immune cells.

In the present contribution, we enable continuous NMR moni-
toring of microfluidic cell cultures. This requires additional hard-
ware provisions for the microfluidic probe in order to ensure
isothermal conditions for the culture. As will be discussed in the
following, it was technically challenging to ensure stable operation
of the probe and culture system over periods of up to 24 h to allow
quantitatively consistent metabolite concentration readouts. The
required provisions in terms of internal standards, water suppres-
sion, and operation of the microfluidic system will be discussed in
detail.

Our ultimate objective was to quantify the remodelling of cellu-
lar metabolism in hepatocellular carcinoma cell lines to determine
if there are differences correlating to cell line, the level of malig-
nancy, or the stage of disease advancement.
2. Microfluidic NMR system

In this work we demonstrate a microfluidic platform for in situ
operando metabolic NMR analysis of live cells. The entire setup,
shown in Fig. 1, consists of a home-built transmission-line NMR
probe [36], a microfluidic chip fabricated from PMMA sheets by
laser cutting and thermal bonding and a pair of fluidic holders that
clamp the chip and provide threaded connections for 1/16” capil-
laries. Microfluidic devices contain a 2.5lL sample chamber that
is aligned with the NMR detector structure. Channels of 100lm
depth connect the sample chamber to inlets/outlets at the top of
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the device (Fig. 1D). A pair of heating sleeves was used to control
temperature at the sample chamber. As shown in Fig. 1B, the
sleeves are arranged symmetrically around the conductor planes
of the probe and are perfused with warm water using an external
thermostat system. The accuracy of this system was verified using
the chemical shift difference between water and DSS as an NMR
thermometer. Fig. 1E shows the correlation between the measured
sample temperature and the heater setpoint. The sample chamber
temperature follows the set temperature with better than 1�C
accuracy. Fig. 1F shows the thermal stability of the system; fluctu-
ations are less than 0.1�C.
3. Materials and methods

Chip, fluidic holders, heating sleeve design and fabrication.
Microfluidic LoC devices were fabricated from three layers of poly-
methyl methacrylate (PMMA) (Weatherall Equipment, Wendover,
UK), the middle layer is 500lm thick while the top and bottom lay-
ers are each 200lm thick. A laser engraving system (HPC Laser
LTD, Elland, UK) was used to score the required microfluidic design
into PMMA, creating 150lm depth and width microfluidic chan-
nels. Devices were bonded together using a combination of 5% v/
v dibutyl phthalate (DBP) plasticiser in isopropanol and thermal
bonding, as described previously [37]. To pressurise the microflu-
idic system, devices are overlaid with laser cut polydimetylsilox-
ane (PDMS) (Shielding Solutions, UK) gaskets and held together
with a pair of fluidic holders using four brass M3 screws. The hold-
ers and sleeves were custom-designed using SolidWorks, and fab-
ricated by 3D printing (Protolabs Ltd, UK). Nanoport connectors
(IDEX Ltd., UK) are used to connect 0.8 mm/1/16” ID/OD Polyte-
trafluoroethylene (PTFE/Teflon) tubing (Sigma Aldrich, US) to the
fluidic holders and to the heating sleeves.

Thermal control. The heating system is external to the probe and
contains a peristaltic pump, resistive heater with a maximum
power rating of 50 W, and an arduino Mega 2560 microcontroller.
The heating sleeves have an internal volume of 20 ml each. During
experiments, a flow rate of approximately 20 ml/min was main-
tained continuously, leading to a residence time of about 2 min.
A proportional-integral–differential control loop is implemented
using the arduino software, making use of the readout of the PT
1000 thermal sensor located in one of the heating sleeves, as dis-
cussed above. Safety precautions were programmed into the heater
including a smoke detector and measures to shut off the power if
smoke is detected or if the power is running at 100% for a sus-
tained period of time.

NMR Measurements. A Bruker 11.7T NMR spectrometer, corre-
sponding to a proton resonance frequency of 500 MHz, with an
Avance III console was used to obtain 1H spectra. A home-built
transmission line NMR probe was used, specifically designed to
accommodate the microfluidic device shape [36]. The same probe
had already been used to observe the metabolism in microfluidic
cultures of MCF-7 cells [11]. Detailed CAD drawings for the
mechanical and electronic design of this probe are freely available
in a public repository at https://github.com/marcel-utz/modular-
microfluidic-probe. Spectra were acquired using the PROJECT
sequence [38] using 64 echoes with a total echo delay of 128 ms.
Water signals were suppressed using CW presaturation. The 90�
pulse was calibrated to 3.5ls at 50 W power, corresponding to a
nutation frequency of 71 kHz. CW water presaturation was applied
throughout the recycle delay time of 3s at 5� 10�5 W power. 16 k
data points were acquired over a spectral width of 20 ppm. For
each spectrum, 256 scans were averaged over a period of
17.5 min; this led to 82 spectra for an approximately 24 h culture
experiment.

https://github.com/marcel-utz/modular-microfluidic-probe
https://github.com/marcel-utz/modular-microfluidic-probe


Fig. 1. A) Schematic rendering of the TLP probe inside the NMR magnet (left). B) The microfluidic chip is positioned between the detector planes of the TLP probe (centre),
which in turn are surrounded by two heating sleeves. C) The chip is clamped between two fluidic holders, which provide threaded connections for standard 1/16” fluidic
capillaries, D) used to fill the device by syringe pump and to apply back-pressure. E) Temperature calibrations and F) temperature stability.
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NMR data were processed using home-built routines written in
Julia [39]. Free induction decays were zero-filled to 32 k points, and
apodized with 1 Hz of Lorentzian line broadening.

Magnetic Resonance Imaging. MRI gradient echo images of the
microfluidic device sample chamber were obtained at 11.7T using
a Bruker micro-imaging gradient system. ParaVision software was
used with the fast low-angle shot (FLASH) pulse program, a repeti-
tion time of 800 ms and average of 4 scans. Two images were
taken, with echo times of 4 ms and 20 ms, and the local field
was determined from the difference in the signal phase at each
pixel across the sample chamber.

Cell culture. Two HCC cell lines were used; PLC and HepG2
(ATCC, UK), cultured in DMEM (Thermo Fisher Scientific, UK) with
10% FBS (Sigma Aldrich, US) and 5% penicillin/streptomycin (Life
Technologies, US). To avoid complications due to the decomposi-
tion of GlutaMAX into alanine and glutamine, which may falsely
indicate production of these amino acids, media without Gluta-
MAX but with L-Glutamine was used.

For culture in LoC devices, sample chambers were washed with
PBS (Thermo Fisher Scientific, UK), coated with 10lL of 1 mg/ml
bovine plasma fibronectin (Thermo Fisher Scientific, UK) overnight
and UV sterilised for 30 min in a biosafety cabinet. HCC cells were
seeded at 750 cells/lL with 25 mM deuterated HEPES (Cambridge
Isotope Laboratories, UK) and either 3 mM DSS or later 2 mM
DMSO (Sigma Aldrich, US) as an internal reference compound.
Devices were filled using a syringe pump at 30lL/min (Fig. 1D).
3

Once filled, the gate valve between device and syringe is closed
and back pressure is applied at 1.2 bar throughout the experiment
(1D). Microfluidic devices were then incubated inside the NMR
probe at 37�C for one hour to allow cell adhesion before 1H NMR
spectroscopy for 24 h.

Images of the cells at the sample chamber were taken using an
inverted microscope with a 10X objective, equipped with a Rasp-
berryPi camera before and after culture. Three images were taken
to span the entire length of the sample chamber, and cell numbers
were counted and recorded to be later used to determine per cell
metabolic rates.

Cell viability was verified using a fluorescent LIVE/DEADTM via-
bility stain (Invitrogen, US) and fluorescence microscopy (data not
shown). NMR experiments were run in triplicate, with new devices
for each experiment. Media controls were carried out using 3 mM
DSS (Sigma Aldrich, US) as an internal reference compound, later
changed to 2 mM DMSO to lessen cellular toxicity.
4. Results and discussion

Fig. 2A illustrates a typical NMR spectrum obtained from this
microfluidic in operando culture system. As all spectra reported
here, it was recorded in 256 scans over a period of 17.5 min. The
spectral resolution, measured by the line width of the DMSO signal,
is 6 Hz. The signal-to-noise ratio (SNR) of the DMSO peak is 95:9,
from which the number limit of detection was determined [40]



Fig. 2. Data quality: A) A typical spectrum acquired from culture media, with an inset showing a glucose triplet at higher magnification. B) Concentration of six metabolites in
control experiments, without cells, for 24 h. C) same as B), vertical scale expanded.

Fig. 3. Signal instability caused by bubble formation was improved by pressurisa-
tion. A) without pressurisation of the microfluidic system, local magnetic field
distortion caused peak broadening and signal loss. B) with back pressure applica-
tion this issue was avoided. Inset images show a field map of the sample chamber
both with and without back pressure application.
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as nLOD ¼ 1:01 nmol
ffiffiffi
s

p
and the concentration limit of detection of

cLOD ¼ 4:06mM
ffiffiffi
s

p
; Sharma and Utz had characterized the perfor-

mance of this probe at 600 MHz and with a different reference
compound (Acetate), and reported nLOD ¼ 1:4 nmol

ffiffiffi
s

p
. The slight

improvement observed in the present work may be due to some-
what better efficiency of the tuning and matching network at
500 MHz. The spectrum shows signals from a wide variety of
metabolites, mainly in the region between 0.5 ppm and 5.5 ppm.
Weak signals stemming from aromatic amino acids are also visible
between 6.5 ppm and 7.5 ppm. The anomeric signals of a- and b-
glucose, at 5.5 ppm and 4.6 ppm, respectively, are also clearly vis-
ible. The broad feature between 4.5 and 5.0 ppm corresponds to
imperfect water suppression, which is notoriously difficult in these
microfluidic systems due to distant water in channels other than
the sample chamber itself.

Fig. 2B describes a control experiment in which the sample
chamber was filled with culture media but without cells. This plot
shows the concentrations of 6 metabolites, plus DMSO as an inter-
nal standard, over the course of a 24 h control experiment. All
metabolite concentrations fluctuate about a constant mean value,
with the exception of L-Glutamine, which decays by about 30%
over the course of 24 h, reflecting its well-known decomposition
into ammonia and pyrrolidone-carboxylic acid at this temperature
and pH [41]. Quantitative stability of the spectra and the resulting
metabolite concentrations is a technical requirement for metabolic
monitoring of cell cultures. Stable results like the ones shown in
Fig. 2B were initially difficult to achieve. Fig. 3A shows the DSS
4
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signal as a function of time in an early experiment. As the figure
shows, the signal gradually broadens with time, and some of its
intensity starts to be lost in the noise. This behaviour, which
affected all spectral lines, caused spurious drifts in the metabolite
concentrations. Gradual formation of gas bubbles in the sample
chamber, causing magnetic field distortions (see field map in the
inset of Fig. 3A), were eventually identified as the source of this
behaviour. While degassing prior to the experiments alleviated this
problem in the case of the controls, this was not sufficient in the
case of cell cultures, most likely due to formation of CO2 gas as a
result of metabolic activity of the cells. Ultimately, the problem
was resolved by applying 1.2 bar of back pressure on the waste
channel of the chip. In this way, the liquid was kept under at least
1 bar above atmospheric pressure, and bubble formation remained
suppressed. This is illustrated in the field map and the stability of
the DMSO peak shown in Fig. 3B.

Metabolite concentrations were obtained from the spectra by
linear decomposition using reference peak positions and intensi-
ties from the Human Metabolome Database (HMDB) [42]. The
Fig. 4. Decomposition of a proton NMR spectrum; A) individual metabolite spectra are
weighted sum of the QRS builds the fit spectrum, which can be used as a comparison of th
is applied to each to determine changes in metabolite signals.
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process has been described in detail elsewhere [29]. The decompo-
sition is illustrated in Fig. 4A. Briefly, elementary spectra for each
metabolite of interest were computed from the HMDB data using
the same digital resolution and approximate line width as the
experimental spectra. The concentrations were then obtained by
finding an optimal representation of the experimental spectrum.
The resulting fit is shown along with the experimental spectrum
at the top of Fig. 4A. It represents the experimental spectrum very
well, in the sense that almost all visible signals in the experimental
spectrum are also present in the fit. Notable exceptions are the sig-
nal at 1.2 ppm, which is due to traces of isopropanol left over from
chip fabrication, and a small signal at 3.1 ppm, which we suspect is
due to exchanged protons in the deuterated HEPES buffer. Absolute
concentrations were obtained by calibration against the known
concentration of DMSO in each spectrum. This was repeated for
each of 82 spectra in a 24 h data set, yielding concentrations as a
function of time with a resolution of 17 min. The control data
shown in Fig. 2 have also been obtained in this way. The signal
from the anomeric proton of b-D-Glucose, a doublet that appears
quantitative reference spectra (QRS), normalised to the same concentration. The
e experimental spectrum. B) 82 spectra, recorded over 24 h. Spectral decomposition



Fig. 6. Concentration changes as a function of time in a microfluidic culture of PLC
cells. The narrow gray lines indicate concentrations determined directly from the
sequence of acquired NMR spectra; the strong solid lines are the filtered data after
Tikhonov regularisation. A: D-Glucose and L-Lactic acid; B: Other metabolites.
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at 4.6 ppm, overlaps with the imperfectly suppressed water signal.
To avoid distortion of the reported Glucose concentration, the dou-
blet at 4.6 ppmwas therefore omitted from the reference spectrum
used for the calculation of the concentrations.

Images of the sample chamber were taken at 0hrs and at the
end of the 24 h experiment. Three overlapping images were taken,
spanning the entire area of the sample chamber, a subset of which
are shown in Fig. 5.

HCC cells were cultured within the pressurised microfluidic
NMR system and observed in situ for 24 h. Phase contrast micro-
graphs of the cultures of PLC and HepG2 cells are shown in
Fig. 5. The cells attach and spread out on the chip surface and pro-
liferate somewhat over 24 h. Coverage is less than a monolayer in
both cases. 82 spectra were generated over 24 h, and integration of
metabolite peaks reveals changes in concentration. The grey solid
lines in Fig. 6 A and B represent the resulting time-concentration
profiles for each metabolite; the smoothed profiles shown in color
in Fig. 6 have been obtained by Tikhonov regularization as
explained below.

The greatest changes in extracellular concentration from PLC
cell culture are seen in glucose and lactic acid, in line with the
highly glycolytic nature of these cells. Over the 24 h period, the
cells consumed 7 mM of D-Glucose and produced 14 mM of L-
Lactic acid. Glucose is taken up by cells via glucose transporters,
GLUT1 and Glut2, both of which are upregulated in HCC [43]. Glu-
cose is then converted via a 10-step process of glycolysis to cytoso-
lic pyruvate. One molecule of glucose creates 2 molecules of
pyruvate. In healthy cells in abundant oxygen, the majority of
pyruvate moves into the mitochondria and into the TCA cycle to
produce energy in the form of ATP, with only a small proportion
of pyruvate instead converted to lactate, catalysed by lactate dehy-
drogenase (LDH), and exported from the cell. However, in malig-
nant cells the majority of pyruvate is converted to lactate, even
in the presence of abundant oxygen[44–46]. The ratio of glucose
consumption:lactic acid production shown in Fig. 6 is close to
1:2, indicating these cells are converting the majority, if not all,
of the glucose into lactate, consistent with the aerobic glycolysis
frequently described as characteristic for HCC and across cancer
types [1,44]. Similar results have been described in MCF-7 cells
using microfluidic NMR, where more than twice the number of glu-
Fig. 5. Microscope images of the sample chamber for cell counts of PLC and HepG2
at 0hr and 24hr.
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cose molecules consumed were converted to lactic acid, suggesting
stores of glucose within the cell from earlier culture were also con-
verted [11]. The flux of lactate has also been shown to strongly cor-
relate with tumour proliferation in vivo, even before a volumetric
change of tumour size can be detected, suggesting this readout
could be used as an early biomarker of disease progression [47].

Glutamine and glutamic acid concentration are shown to
decrease, likely due to a combination of glutamine degradation
and uptake by the cells. Pyruvic acid is an intracellular intermedi-
ate molecule and therefore the lack of change observed is to be
expected in this primarily extracellular measurement. Alanine
showed a small decrease in extracellular concentration at the
beginning of the experiment before it plateaued, possibly due to
a low concentration of alanine in the media. Consumption of ala-
nine, along with other amino acids, is necessary for biosynthesis
of proteins in these rapidly growing cells. Alanine can be produced
in cells via transamination of pyruvate by alanine aminotrans-
ferase (ALT). However, as previously explained, the majority of
pyruvate in HCC/malignant cells is converted to lactate which
reduces availability for alanine production. Dou et al. showed that
the ratio of alanine to lactate production is reduced in highly pro-
liferating HCC. This may mean that HCC cells are more dependent
on extracellular alanine [47].

In principle, it is possible to obtain the metabolic conversion
rate per cell from the measured data. However, this is complicated
somewhat by the proliferation of the cells. We have addressed this
by recording cell numbers from images of the sample chamber
taken at 0hrs and 24hrs (Fig. 5), summarised in Table 1 to allow
for estimation of cell proliferation and per cell calculations. Growth



Table 1
Cell numbers at 0 h and 24 h for each replicate experiment, used to determine
metabolic rate per cell.

Sample Type 0 h 24 h

1 PLC 1045 1027
2 PLC 499 537
3 PLC 639 785
4 HepG2 3255 2986

Fig. 7. Metabolic rates obtained from the concentration changes and the cell counts
of PLC culture. Solid lines:mean, orange band: standard deviation.
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between these time points was assumed to be exponential. In some
cases with greater initial cell number there was a small loss of
cells, most likely as a result of over-confluence and acidosis.

For each sample, we thus obtained a vector of interpolated cell
numbers n at each time point

nk ¼ n0e�a tk ; ð1Þ
where a is the growth rate determined by cell counting, and tk sig-
nifies the time of acquisition of the k-th spectrum. The cumulative
change in concentration for each metabolite dmðtÞ is related to the
cell number and the (instantaneous) metabolic rate pmðtÞ per cell
as:

dmðtÞ ¼
Z t

0
nðtÞ � pmðtÞds: ð2Þ

In the present context, it makes sense to discretize this relationship
on the time points of the individual NMR spectra, tk. We thus obtain
a matrix B, each column of which contains the concentration
changes of a particular metabolite over the duration of the experi-
ment. The metabolic rates per cell can be arranged in the same
way in a matrix P. We then have

B ¼ NP; ð3Þ
where N is an upper triangular matrix that contains the interpo-
lated cell numbers nk ¼ nðtkÞ as follows:

N ¼ Dt

n1 0 0 . . .

n1 n2 0 . . .

n1 n2 n3 . . .

..

. ..
. ..

. . .
.

0
BBBB@

1
CCCCA: ð4Þ

Formally, the metabolic rates P can be obtained by inversion of the
linear relationship (3). However, due to the experimental noise con-
tained in the concentration changes B, this is numerically unstable.
We therefore resort to Tikhonov regularisation, and obtain the
metabolic rates as follows:

P ¼ ðNTNþ n2DTDÞ�1
NTB; ð5Þ

where n is the smoothing time window, and D is the discrete time
derivative matrix

D ¼ 1
Dt

�1 1 0 0 . . .

0 �1 1 0 . . .

0 0 �1 1 . . .

..

. ..
. ..

. ..
. . .

.

0
BBBB@

1
CCCCA: ð6Þ

The parameter n is chosen to produce a fit to the metabolic concen-
tration changes (Fig. 6) that accurately tracks the data, but avoids

following random fluctuations. A value of n ¼ 2000h2 was found
to be optimal. This leads to the metabolic rates shown for the PLC
cells in Fig. 7. Metabolic rates of three PLC samples were deter-
mined and the mean and standard deviation reported, represented
by solid lines and shaded error bands respectively. These results
indicate an induction period for glucose uptake and a steadily
increasing consumption rate from 0-8 h. This was not reflected in
7

the lactic acid production. However, both glucose and lactic acid
show a marked reduction in consumption/production rate in the
latter two thirds of the experiment, likely due to the induction of
acidosis and competition for limited remaining nutrients. This self
inhibiting system is reflected in the reported amino acids L-
Alanine and L-Glutamic acid, as they each slow in metabolic rate.

5. Conclusions

We have demonstrated a novel system for in operando culture
and metabolic analysis of live cells. We have shown that cancer cell
lines can be grown on this microfluidic platform for 24 h and, with
appropriate degassing, mM concentrations can be quantified from
lL volumes. The continuous culture enabled by this system pro-
vides time-resolved data, enabling metabolic rates per hour to be
readily observed from as few as 500 cells.
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Data will be made available on request.
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