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Abstract Monitoring metabolism fluctuations inside
a cell culture is a valuable method for assessment of the
cells vitality. Enzyme-based biosensors can provide selec-
tive measurement of metabolites such as glucose, lactate,
glutamate and choline. However, integration of these bio-
sensors inside a cell culture is a challenging issue that can
disrupt the properties of the cells microenvironment or
influence the biosensors’ enzyme functioning. Herein, a
technique for measuring the abovementioned metabolites
in a cell culture without affecting the enzymes or the cells
is presented. In this study, SU-8 is investigated as a suit-
able substrate for a simple enzyme immobilization. Two
SU-8 microreactors are designed inside a microfluidic
cartridge and functionalized with different enzymes. The
implemented microreactors are used for detection of two
metabolites simultaneously in a few microliters of a sam-
ple extracted from the cell-culture medium. Sub-micro-
molar concentrations are detectable using this device.
The results of measuring variations in glucose and lactate
concentration inside a cell culture, before and after expos-
ing the cells to three different toxicants, are presented. In
order to eliminate the enzymes disruption by the toxicants
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present inside the medium, a protocol for a toxicant-free
sampling is investigated.
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1 Introduction

Monitoring the cell metabolism in vitro is one of the most
valuable approaches in cell analysis that determines cells
vitality, health and population (Yotter and Wilson 2004).
Examples of metabolite substances are glucose and lactate,
commonly available in most cell types, as well as neuro-
transmitters, albumin and urea, present in specialized cells.
Implementing biosensors inside the cell culture for moni-
toring the metabolically relevant parameters such as extra-
cellular oxygen (O,) and pH (Martinoia et al. 1993; Thed-
inga et al. 2007; Wiest et al. 2005), or the concentration
of the metabolites (Cheng et al. 2010; Eklund et al. 2004,
Kieninger et al. 2012) is a well-known technique. Usually,
such biosensors are integrated inside the cell culture and
as close as possible to the cells. According to the diffusion
profile, by positioning the biosensors closer to the cells, the
possibility of measuring small concentrations of the metab-
olites increases.

Enzymes are extremely helpful for indirect metabolite
monitoring. They can be very specific catalysts of reactions
involving metabolites and offer the possibility to monitor
reaction (by-) products. Monitoring the consumption of O,
(Updike and Hicks 1967) or production of hydrogen perox-
ide (H,0,) (Frey et al. 2010; Guilbault and Lubrano 1973)
is the most common approach when oxidase enzymes (e.g.,
glucose oxidase (GOx), lactate oxidase (LOx)) are applied.
Using enzyme-based biosensors for detecting metabolites
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(e.g., glucose, lactate, urea) inside cell cultures is reported
in the literature (Cheng et al. 2006; Ciobanu et al. 2008;
Eklund et al. 2004; Kieninger et al. 2012; Yotter and Wil-
son 2004). However, as explained below, implementing
such biosensors inside a cell culture is not a trivial issue.

One of the challenges is to develop an effective simple
enzyme immobilization technique. The mostly used tech-
niques include cross-linking (Frey et al. 2010; Koudelka-
Hep et al. 1997), entrapment of enzymes (Narang et al.
1994; Tian et al. 2009) and covalent attachment (Drott et al.
1998; Laurell and Rosengren 1994; Strike et al. 1994).

Immobilization of the enzymes by covalent binding or
nonspecific adsorption onto the bare surface of a material
provides a direct contact between the enzyme and the sam-
ple. Therefore, it is more efficient compared to the meth-
ods in which the enzyme is entrapped in a matrix, and the
analytes need to penetrate through the matrix for reach-
ing the enzyme. One of the surfaces that can be used for
covalent bonding of enzymes is SU-8. SU-8 is a standard
epoxy-based photoresist, which is especially suitable for
creating high-aspect ratio structures with a thickness from
a few micrometers up to several hundred micrometers. The
immobilization of certain biomolecules on SU-8 has been
reported (Blagoi et al. 2008; Deepu et al. 2009; Joshi et al.
2007; Marie et al. 2006; Yang et al. 2007).

Previously, we introduced a simple technique for
immobilization of enzymes on SU-8 surface without the
need for pretreatment of the surface (Talaei et al. 2010,
2011, 2012). A similar method was reported for immobi-
lization of enzymes on other photoresists as well as SU-8
(Thomas et al. 2011). In addition to the physisorption, the
key point exploited for the immobilization of enzymes on
a SU-8 surface is the fact that the cross-linking reaction is
not complete, and residual epoxy groups still remain after
curing. The presence of these epoxy groups was demon-
strated using Fourier transform infrared spectroscopy (FT-
IR) of SU-8 (Blagoi et al. 2008). These epoxy groups can
react with amino, hydroxyl or carboxyl groups (Vasylieva
et al. 2011). Enzymes are protein molecules constituted of
amino acids and therefore exhibit amino (e.g., lysine) and
carboxyl groups (e.g., glutamic acid). Thus, SU-8 is poten-
tially a suitable substrate for bonding to enzymes.

One of the drawbacks of integrating enzyme-based
biosensors inside the cell culture is that when the sensing
electrodes are in contact with the cell-culture medium, the
(by-) products (e.g., H,0,) can diffuse into the cell-culture
bulk medium and affect the cells. Also, in case of imple-
menting more than one enzyme-based biosensor, cross-talk
between the adjacent electrodes is a problem. Furthermore,
the applied voltage can influence the viability of the cells
(Koyama and Aizawa 2008). Another drawback is related
to the electrodes material composition. Often Ag/AgCl
is applied as a pseudo-reference electrode. For many cell
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types, silver ions are toxic in nM concentrations (Cheng
et al. 2010).

In cases the cells are used for applications such as envi-
ronmental monitoring, toxicology or drug testing, there is a
high possibility that the cells are exposed to chemical com-
ponents that can interfere with the enzyme functioning and
thus disrupt the metabolite detection.

In amperometric enzyme-based biosensing, microreac-
tors have been introduced as beneficial tools for increasing
the sensitivity of the biosensors. A microreactor is a min-
iaturized reaction unit that in a sensing system can act as
a concentrator for the measurable (by-) products such as
H,0,. By increasing the residence time of a sample inside
a microreactor, the (by-) product is accumulated before
the measurement. This technique is especially useful for
decreasing the limit of detection when measuring low con-
centrations of analytes is necessary. During the last dec-
ades, several microreactors have been investigated (Drott
et al. 1998; Laurell and Rosengren 1994; Strike et al. 2000,
1994; Vojinovi¢ et al. 2005). The fabrication of most of
these microreactors is relatively complex, and often, the
immobilization of the enzyme requires multiple steps. Fur-
thermore, these microreactors are not adapted for simulta-
neous measurement of multiple analytes.

In this paper, we introduce and characterize a cost-effec-
tive and easy-to-fabricate enzyme-based microreactor car-
tridge that can measure two analytes simultaneously with-
out any cross-talk. It offers the ability to measure analytes
in very low concentrations (i.e.,<5 nM). Similar low limit
of detection has not been presented in the literature before.
Two parallel SU-8 microreactors are integrated in this car-
tridge. Each microreactor consists of a microchannel with
pillars for increasing the surface area. Enzymes are directly
immobilized on the SU-8 surface. We demonstrate the
application of the cartridge in monitoring the metabolism
of living cells by measuring the metabolites in a small vol-
ume of sample (<300 pl) extracted from the cell-culture
medium. Furthermore, toxicity tests are performed measur-
ing glucose and lactate inside the medium in both standard
conditions and after exposing the cells to three different
environmental toxicants. This device enables measuring the
metabolites in vitro without inserting biosensors inside the
cell culture. To abolish the effect of the toxicants present
inside the medium on the immobilized enzymes, an appro-
priate protocol for culture medium sample preparation was
investigated.

2 Cartridge design
A schematic design of the cartridge is shown in Fig. 1. For

monitoring two analytes at the same time, two identical
SU-8 microreactors are implemented inside the cartridge
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Fig. 1 Schematic design of the cartridge a top view, b cross section along one of the parallel microreactors, ¢ photo of SU-8 pillars inside the
parallel microreactors, d magnified image of the working electrodes inside the SU-8 microreactors

(Talaei 2013). The microreactors are 4.9-cm-long micro-
channels with a width of 300 um containing 240 pillars
with a diameter of 80 pum patterned in SU-8 on a glass
substrate and covered by a polydimethylsiloxane (PDMS)
layer. Two different oxidase enzymes were immobilized
separately in each microreactor by dispensing a few micro-
liters of the enzyme solution (described in Sect. 3.3) in the
corresponding inlets shown in Fig. la. The solution was
directed to the microreactors through the capillary micro-
channels. The 800-um-wide microchannel designed in
the PDMS layer (~2 mm thick) directs the sample toward
the microreactors and subsequently over the microelec-
trodes. Two microelectrodes (300 um x 5 mm) function-
ing as working electrode are located at the end of each
microreactor (Fig. 1d). Localizing the working electrodes
in separated parallel microreactors prevents any cross-talk
between the parallel microelectrodes. Downstream, a com-
mon Pt counter electrode (700 pm x 4 mm) and Ag/AgCl
pseudo-reference electrode (700 um x 4 mm) are located.
H,0, is oxidized at the working electrodes polarized at
0.7 V versus the Ag/AgCl pseudo-reference electrode, and
the induced current is recorded.

To increase the efficiency of the immobilized enzyme’s
functionality, the contact surface between the SU-8 pil-
lars and the sample needs to be maximized. A microflu-
idic simulation of the sample velocity in the microreactor
was performed using COMSOL software (version 4.1a).
Figure 2 demonstrates the 2D simulated sample velocity
gradient at 100 pl/min. The simulation graph reveals that

the flow is mainly meandering between the pillars and has
zones with lower velocity on the outside of the channel and
in the shadow of the pillars. By decreasing the flow rate,
the zones with lower velocity around the pillars become
larger, causing the exchange of analytes and products to/
from the enzyme to be less efficient. This leads to a larger
response time of the cartridge at lower sample flow rates.
Therefore, to increase the efficiency of the immobilized
enzymes, a rearrangement in the design of the microreac-
tors (e.g., width of the microreactor, position of the pillars,
etc.) is possible, but not further investigated.

3 Experimental
3.1 Materials

GOx, LOx, choline oxidase (ChOx), copper chloride
(CuCl,-2H,0), ethylenediaminetetraacetic acid (EDTA),
penicillin—streptomycin, L-glutamine , nonessential amino
acids (NEAA), fetal calf serum (FCS) and propylene glycol
monomethyl ether acetate (PGMEA) were purchased from
Sigma-Aldrich, Switzerland. L-Glutamate oxidase (GluOx)
was purchased from Yamasa Corporation, Japan. For
preparation of phosphate-buffered saline (PBS), 9 g NaCl,
0.368 g of NaH,PO,-H,0 and 1.367 g of Na,HPO,-2H,0,
all obtained from Merck, were dissolved in one liter
of DI-water. The pH was adjusted to 7.2. SU-8 50, PG
Remover and LOR 3B were purchased from Microchem
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Fig. 2 Simulated velocity gradient in one of the microreactors at
sample flow rate of 100 pl/min

Corporation, USA. For calibration solutions, D-(+)-glu-
cose anhydrous, sodium L-lactate, choline chloride and
L-glutamic acid monosodium salt monohydrate were pur-
chased from Fluka, Switzerland, and dissolved in the PBS
solution. Triton X 100 was purchased from Fluka. PDMS
Sylgard 184 resin and hardening agent were acquired from
Dow Corning, USA. S1813 was obtained from Shipley,
USA. High-glucose Dulbecco’s modified Eagle’s medium
(DMEM) purchased from Life Technologies (USA). Silver
GLO™ 3K electrolyte (plating bath) was purchased from
Shipley (USA). FeCl; was purchased from Fluka, Switzer-
land. CaCo-2 clone (C2Bbel) cells were purchased from
ATCC, USA.

3.2 Fabrication process

The first fabrication step was to pattern Ti/Pt electrodes on
a 500-um-thick glass wafer using a lift-off process. The
procedure was as follows: The glass wafer was dehydrated
at 200 °C overnight and spin-coated with photoresists LOR
3B and S1813 successively. Using a photolithographic
mask, the photoresists were exposed to UV light. Fol-
lowing the development of the photoresists, 20 nm Ti and
130 nm Pt layers were deposited on the wafer by physical
vapor deposition (PVD). Ti was used as an adhesion layer.
Finally, the photoresists were stripped in PG Remover,
leaving the metal electrodes on the glass wafer.

SU-8 50 was spin-coated on the wafer to form a
75-um-thick layer. Following the soft-bake, the wafer
was exposed to UV light using a mask and submitted to
a post-exposure bake. Finally, SU-8 was developed using
PGMEA. The SU-8 layer forms the microreactor and
insulates the Ti/Pt structures except for the electrode and
the contact pads. All the process parameters applied for
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structuring SU-8 were provided by the Microchem Corp.
data sheets.

The structured PDMS was replicated from a
100-um-thick SU-8 mold that was patterned on a silicon
wafer. A mixture of PDMS base and its hardener (10:1
weight ratio) was degassed in a vacuum chamber before
casting in the mold. The PDMS mixture poured in the mold
was cured at 65 °C for 2 h before de-molding.

The Ag/AgCl pseudo-reference electrode was prepared
by galvanostatic deposition of silver on the designated Pt
electrode followed by a chemical oxidation in a 10 mM
solution of FeCl; for 30 s. The silver layer was approxi-
mately 2—4 pm thick partially transformed into AgCl. For
Ag deposition, a different structured PDMS layer with
an 800-um-wide microchannel was used avoiding that
the plating solution contacts the enzyme immobilization
area.

After mounting the PDMS layer, the cartridge was fixed
in a polymethyl methacrylate (PMMA) cartridge holder
equipped with the electrical and fluidic connections. Four
spring contacts embedded in the top PMMA layer connect
the electrode pads to a potentiostat (eDAQ, Australia). The
size of the cartridge is 8.3 x 2.4 cm (Figure Al insert ‘in
ESM’).

Before and after each measurement, PBS was pumped
through the cartridge for 30 min. In between measure-
ments, the enzyme-modified cartridges were stored at 4 °C.

3.3 Enzyme immobilization

Enzymes were immobilized on the SU-8 pillars before
mounting the PDMS layer. Four microliters of the enzyme
solution in DI-water with an optimized quantity of Tri-
ton X-100 was dispensed on the microreactor channel, by
means of a pipette, and then left to dry. The nonionic sur-
factant, Triton X-100, was added to the solution to over-
come the hydrophobicity of SU-8 and increase the wet-
tability of the surface. The enzyme solution flows around
the pillars covering completely their outer surface. The
composition of the four tested enzyme solutions is shown
in Table 1. Before the first measurement, the cartridge was
kept at 4 °C for 24 h.

3.4 Cell-culture preparation

Caco-2 clone cells were seeded in 24-well plates (Falcon
Germany) at a density of 6 x 10* cells/cm? for 21 days
until fully differentiated. Cells were cultured in 1.5 ml
high-glucose DMEM supplemented with 10 % FCS, 1 %
NEAA, 1 % r-glutamine and 1 % penicillin/streptomycin.
The culture medium was changed every 2 days. In order
to test the effect of the toxicants, the old culture medium
was first removed and cells were washed once with PBS.
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Table 1 Composition of the tested enzyme solutions

Enzyme name Enzyme Enzyme DI-water Triton X-100 Enzyme activity in a 4 1
activity quantity () (mg) enzyme solution (U)

Glucose oxidase (GOx) 181 U/mg 6 mg 800 1.20 54

Lactate oxidase (LOx) 20 U/mg 2.5mg 800 1.20 0.25

Choline oxidase (ChOx) 15 U/mg 2.5 mg 480 0.48 0.3

Glutamate oxidase (GluOx) 25 Ulvial 1 vial 1500 1.50 0.07

Consequently, the cell culture was refilled with the regular
cell-culture medium containing the toxicant.

3.5 Cell-culture medium sample preparation

For proof of concept, the regular metabolism of the cells
under standard conditions over time, and also after expos-
ing the cells to three different toxicants, Triton X-100,
CuCl, and acetaminophen, was evaluated. In order to
lower the concentration of the metabolites inside the cul-
ture medium samples down to the linear range of the bio-
sensors, all samples were diluted 20 times before being
introduced into the cartridge. Triton X-100 is a widely
used surfactant in industrial and household products (Li
2008). Several studies have evaluated the effect of this
toxicant on different aquatic organisms (Dayeh et al.
2004, 2005; Li 2008). It is mentioned in the introduction
(Sect. 1) that enzyme’s functionality can be interfered in
vicinity of particular molecules. For monitoring the effect
of compounds that do not influence the enzymes, the first
protocol was to dilute the samples only in PBS (1:19).
According to our experiments, twenty times diluted 0.1 %
Triton X-100 did not affect the response of the GOx and
LOx cartridges to the calibration solutions. Therefore, the
first protocol was applied for monitoring the effect of Tri-
ton X-100 (0.1 %). On the other hand, toxicants such as
Cu?* and other trace metal ions can inhibit the enzymes’
functionality significantly. Therefore, for monitoring the
effect of such compounds, a second protocol was applied.
According to this protocol, the samples were diluted in a
PBS solution containing dissolved EDTA (10 mM) with
an adjusted pH to 7.2 (1:19). EDTA complexes the trace
metal ions, thus decreasing the concentration of free ions.
Copper is a natural element that is required by all plants
and animals for their normal growth. A natural mecha-
nism in the human liver maintains the copper concentra-
tion in a proper range. However, when the concentration
exceeds 2 mg/l, it can cause ill effects in some people
(Chambers et al. 2010; Queensland Govermental Public
Health Guidance Note 2002). Since EDTA can only com-
plex specific types of chemical compounds, a third pro-
tocol was investigated for sample preparation. According

to the third protocol, first, the toxicant is left in contact
with the cells for a defined period of time (e.g., 24 h as
described in Sect. 4.2). The medium is then evacuated; the
cells are rinsed twice with PBS and the regular cell-cul-
ture medium, and the cell culture is refilled with a fresh
medium. After another defined time frame (e.g., 24 h as
described in Sect. 4.2), the sample is extracted from the
refilled cell culture. Successively, the sample is diluted in
PBS (1:19) and introduced into the cartridge. Following
this procedure, the sample reflects the effect of the toxi-
cants without containing them. Moreover, the final dilu-
tion process reduces the effect of any residual chemical
agents in contact with the enzymes. This protocol was
tested for monitoring the effect of acetaminophen on the
metabolism of the cells. Acetaminophen is a widely used
pain reliever and fever reducer. On the other hand, over-
dose by this chemical agent is one of the most frequent
types of poisoning (National Poisons Information Service
Annual Report 2011; Rowden et al. 2005). It is also rec-
ognized as an important wastewater contaminant and a
persistent organic pollutant in the environment (Kim et al.
2007; Kolpin et al. 2002). Although, a complete removal
of the medium and rinsing the cells with PBS is not a suit-
able instruction for all cell types (e.g., neural cells), it is
applicable for many types of cells such as Caco-2 clone
cells. Due to the small volume of the required sample
for each measurement, miniaturized perfusion-based cell
cultures can easily be connected to the microreactor car-
tridge to provide an on-line monitoring of the cells. A
miniaturized integrated cell culture was also designed by
the authors and tested following the same protocol exe-
cuted by an automated system, which will be presented in
another article.

4 Results and discussion

The results are presented in two main sections. First, in
Sect. 4.1, the characterization results of the cartridge and
the SU-8 microreactors are presented. Second, in Sect. 4.2,
the results of measuring metabolites in Caco-2 cell cultures
using the cartridge are demonstrated.
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Table 2 Cartridge average
sensitivity for measuring four

Glucose

Lactate

Glutamate Choline

analytes in a period of 10 days

Day 1

Day 2 88.3 nA/mM £ 6 %
Day 3

Day 4 359 nA/mM £ 9 %
Day 5

Day 7 19 nA/mM =+ 8 %
Day 10 93nA/mM £15%

136.9 nA/mM £ 11 %

27.1 nA/mM + 9 %

17.5 nA/mM =+ 12 %

362.5 pA/uM £ 33 %

55 pA/pM £ 37 %
135 pA/pM + 26 %

22.5 pA/uM £ 48 %
115 pA/pM £ 28 %
55 pA/pM £+ 9 %

4.1 Cartridge characterization
4.1.1 SU-8 as a platform for enzyme immobilization

Following the simple, one-step procedure described in
Sect. 3.3, four enzymes in two pairs, GOx/LOx and GluOx/
ChOx, were immobilized in the microreactors. The first pair
can be used for simultaneous monitoring of glucose con-
sumption and lactate production in cultures with almost all
cell types, and the second pair can be used for monitoring
the production of glutamate and choline neurotransmitters in
neuronal cell cultures. The cartridge was calibrated on suc-
cessive days after the enzyme immobilization by monitoring
the amperometric response of the cartridge to the applied
calibration solutions with step-wise increasing analyte con-
centration (Figure A2 insert ‘in ESM”). The linear range for
glucose and lactate cartridges was 0.5—4 and 0.06-0.3 mM,
respectively. For glutamate and choline biosensors, as the
concentrations of interest are in the range of a few uM, the
concentration was measured from 0.5 to 20 uM, and a good
linearity in this range was observed. The pumping flow rate
of all samples was fixed at 50 ul/min. The average sensi-
tivity of four cartridges in their linear range is presented in
Table 2. A decrease in the sensitivity (ratio of the increase
in the generated current to the increase in the analyte con-
centration) occurred over time. This decrease can be due to
the natural degradation of the enzymes and/or the declined
enzyme physisorption to the substrate. The SU-8 microreac-
tors of the calibrated cartridges for measuring glucose/lactate
and glutamate/choline were structured 6 months and 1 week
before the tests, respectively. The effect of SU-8 aging on the
cartridge response is further explained in Sect. 4.1.6.

The cross-talk between the adjacent microreactors was
tested by applying a PBS solution containing either glucose
(0.5-12 mM) or lactate (0.1-2 mM) to the microfluidic car-
tridge with both GOx and LOx immobilized in the parallel
microreactors. The signal recorded by the microelectrode in
the GOx microreactor revealed zero concentration of glu-
cose when the applied solution contained no glucose. The
same result was obtained by the microelectrode localized in
the LOx microreactor when the concentration of lactate in
the applied solution was zero (graphs not shown).
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4.1.2 Effect of SU-8 surface area on cartridge sensitivity

Reducing the surface area of SU-8 inside the microreactors
decreased the sensitivity of the cartridges. This experiment
verified that the SU-8 surface was directly associated with
the immobilization of the enzymes. For example, when the
original surface area was reduced to 73 %, the sensitivity
of the cartridges with immobilized GOx was decreased
to 79 %. The SU-8 surface area was reduced by remov-
ing some of the pillars from the microreactors manually
before dispensing the enzyme solution. Due to the imper-
fect removal of the pillars, some SU-8 residuals remained
on the substrate which were not counted in the calculation
of the surface area. Furthermore, the removal of the pillars
slightly decreased the local velocity of the sample within
the microreactor, which was not compensated in this exper-
iment. Lower velocities in the microreactor increase the
sensitivity of the cartridge (see Sect. 4.1.4).

4.1.3 Effect of enzyme quantity on cartridge sensitivity

In order to investigate the influence of the dispensed amount
of enzyme on the cartridge sensitivity, the enzyme solutions
with different enzyme concentrations were applied to the
microreactors. Two days after the enzyme immobilization,
the response of the cartridges to the calibration solutions
pumped at the constant flow rate of 50 pl/min was recorded.
Figure 3 is a typical graph showing the average results of
glucose measurement using four identical cartridges with
different amounts of immobilized GOx. The error bars repre-
sent the standard deviations around the average value. When
the concentration of GOx in the applied enzyme solutions
was zero, the response of the cartridge to different concentra-
tion of glucose was close to zero with negligible fluctuations.
A 22.5 % increase in the sensitivity of the biosensors was
observed as the amount of GOx concentration in the enzy-
matic solution was increased tenfold (inset of Fig. 3).

4.1.4 Effect of flow rate on cartridge response

As it is explained in the cartridge design (Sect. 2), at
higher flow rates, the sample residence time inside the
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immobilized GOx for measuring glucose concentrations
in the calibration solutions is shown in Fig. 4 as the sam-
ples were pumped at three different flow rates. Increasing
the pumping flow rate from 25 to 100 pl/min, decreased the
sensitivity gradually (Fig. 4a). However, as it is shown in
Fig. 4b, by increasing the sample flow rate, the response
time of the biosensors is shorter compared to the experi-
ments performed at lower flow rates. The graph in Fig. 4b
is obtained when each of the four calibration solutions was
pumped through the cartridge for 7 min, successively. The
response time (#q,) of the cartridge was ~3, ~4 and ~13 min
when, respectively, the sample was pumped at 100, 50 and
25 ul/min.

4.1.5 Stopped-flow measurements

In the “effect of flow rate on the cartridge response”
(Sect. 4.1.4), it is explained that at lower flow rates, more
H,0, is accumulated inside the microreactor. Stopping
the flow underlies a further concentration of H,O,. There-
fore, stopping the flow inside the microreactor is a useful
technique for increasing the signal level for detection of
very low concentrations. For instance, using this protocol,
it was investigated that glutamate neurotransmitter can be

Fig. 4 Effect of flow rate on the cartridge response when GOx was
immobilized a increase in the sensitivity by lowering the flow rate, b
higher response levels and longer response times at lower flow rates

measured in concentrations <1 nM, while in the litera-
ture, to the best of our knowledge, the minimum reported
detection limit is 7-15 nM (Niwa et al. 1997). Figure 5
shows the results of measuring low concentrations using
the stopped-flow protocol in cartridges after immobiliza-
tion of four different enzymes in the microreactors. As it is
explained in Sect. 4.1.6, depending on the SU-8 substrate,
the deviation of the cartridges response around the average
value can be negligible (<2 %). Therefore, in Fig. 5 for a
better visibility, the error bars are not shown. Each sam-
ple was first pumped into the cartridge at 50 ul/min; the
flow was stopped for 2 min and then started again at 50 pl/
min. Upon the time the pump is stopped, the accumulated
H,0, can still diffuse to the working electrode. Thus,
there is a gradual increase in the current after stopping the
flow. As soon as the pump is started again, all produced
H,0, molecules are pushed toward the microelectrodes
quickly, and as a result, a large peak forms in the response
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Fig. 5 Using the stopped-flow protocol for measuring low concentrations. Each graph corresponds to the cartridge response with the following
enzymes immobilized in the SU-8 microreactors: a GOx, b LOx, ¢ GluOx, d ChOx

signal (Figure A3 insert ‘in ESM’). The corresponding
current value of each peak is proportional to the analyte
concentration.

4.1.6 Effect of SU-8 aging and baking conditions on the
cartridge response

It was observed that the response of the cartridges with
older SU-8 structures was more stable than the ones with
SU-8 structures fabricated a few days or weeks before the
enzyme immobilization. In other words, measuring an ana-
lyte concentration repeatedly in a few hours using younger
SU-8 structures showed a non-negligible reduction in the
cartridge response level. On the other hand, the response of
the older fabricated cartridges was almost stable in repeti-
tive measurements. The results imply that less enzyme
bonds covalently to the SU-8 surface in younger structures,

@ Springer

and the enzyme physiosorption to the surface can be gradu-
ally decreased over time by rinsing the surface.

In addition to the improved stability in the cartridge
response by aging, the average sensitivity of the cartridges
with older SU-8 structures (6 months old) was slightly
higher (8.7 %) than the ones with fresher structures (1 week
old). Furthermore, a better reproducibility was observed in
the response of the cartridges with older SU-8 structures.
A similar effect was observed in the response of the car-
tridges that were submitted to a hard bake (48 h at 70 °C)
before the enzyme immobilization. After the hard bake, a
15.4 % increase in the average sensitivity of the cartridges
was observed. Hard bake of SU-8 affects the structures in a
similar manner to aging. Both techniques result in a more
stable response and a higher average sensitivity of the car-
tridge. This can be due to a better bonding capability of
cured SU-8 structures (by aging or baking) to enzymes.
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4.2 Functionalized microreactors for monitoring cells’
metabolism in vitro

For demonstrating the application of the cartridge in moni-
toring the metabolism of living cells, the concentrations
of glucose and lactate as two important metabolites were
measured in the culture medium of Caco-2 clone cells
before and after exposing the cells to different concentra-
tions of toxicants. The results of on-line monitoring the
concentration of glutamate and choline in neuronal cell cul-
tures will be presented in a future paper.

Caco-2 cells are intestinal epithelial cells that are usually
cultivated on permeable filters forming a monolayer. This
type of cell line is well developed as an in vitro model of
the intestinal epithelial barrier, especially in pharmaceutical
industry for studying the drugs transport across the layer
(Artursson et al. 2001).

For each test, 300 pl of the culture medium was extracted
from the cell culture and pretreated as according to the pro-
tocols explained in Sect. 3.5. The cartridge was calibrated
before and after each test. The average value and the stand-
ard deviation (shown with error bars) of three measure-
ments obtained in these experiments are demonstrated in
Fig. 6. Similar results were obtained using the integrated
perfusion-based microfluidic cell culture.

Figure 6a shows the results of measuring the glucose
consumption and lactate production by the cells using
the cartridge over a period of 5 days for monitoring the
cell’s regular metabolism. As expected, under standard

5 ppm

20mM  30mM 50 mM

Cell-culture Control

10 ppm

conditions, a decrease in glucose concentration and an
increase in lactate concentration of the cell-culture medium
were recorded. The toxic effect of surfactants on living
cells is mainly due to a disruption they cause on the cell
membrane integrity. The results of monitoring the effect of
0.1 % Triton X-100 surfactant on the metabolism of Caco-2
cells, 24 h after the exposure, are presented in Fig. 6b. The
concentrations of glucose and lactate in the standard culture
medium before seeding the cells were measured 19.1 + 4.1
and 0.5 £ 21.3 % mM, respectively. After 24 h, in the con-
trol cell culture in which no toxicant was added, the con-
centration of glucose decreased to 13.8 + 8.5 % mM, and
the concentration of lactate increased to 6.5 £ 1.7 % mM.
However, in the test cell culture containing Triton X-100,
as the cell membrane was disrupted, the viability of the
cells was dropped quickly. As a result, 24 h after the expo-
sure, the consumption of glucose and the production of
lactate in test medium decreased for almost 55 and 95 %,
respectively, compared to the control medium.

The cells were also exposed to two different concentra-
tions of CuCl, (i.e., 5 and 10 ppm), and the second protocol
for pretreatment of the samples described in Sect. 3.5 was
applied. Figure 6¢c demonstrates the amperometric measure-
ment results. Before seeding the cells, the concentration of
glucose and lactate was 19.2 £ 4.6 and 0.6 & 23.6 % mM
respectively. After 24 h without applying any CuCl,, the
concentration of glucose in the control cell culture was
reduced to 15.5 £+ 1.9 % mM, while the concentration of
lactate was increased to 5.5 £ 4.5 % mM. When CuCl,
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was applied to the cell cultures for 24 h, a slight increase
in the lactate production of the samples was observed com-
pared to the control samples that were not contaminated.
This increase was slightly higher when 10 ppm CuCl, was
applied compared to 5 ppm (i.e., 10.9 % increase compared
to 5.4 %). The glucose consumption was decreased only
when 5 ppm of CuCl, was applied. In this condition, com-
pared to the control medium, almost 46 % reduction in the
glucose consumption was observed. However, based on the
measurement values and their variations as indicated by the
error bars, we conclude that 24-h contamination of Caco-2
clone cells to 5 and 10 ppm of copper does not have a signif-
icant impact on their metabolism rate of glucose and lactate.

Acetaminophen inhibits the mitochondrial respiration.
As a result, the intake of glucose by the cells will decrease,
and more lactate is produced by fermentation (Chacey et al.
2012; Shah et al. 2011). The cells were exposed to three
different concentrations of acetaminophen (20, 30 and
50 mM) for 24 h. Following our third presented protocol
explained in Sect. 3.5, the results of glucose and lactate
measurements using the cartridge 24 h after removing the
toxicants and refilling the cell cultures by a fresh medium
are shown in Fig. 6d. By increasing the concentration of
acetaminophen inside the cell culture, glucose consump-
tion of the cells was reduced while lactate production was
increased.

As it is described in the introduction (Sect. 1), conven-
tional enzyme-based biosensors developed for on-line moni-
toring of cell cultures [e.g., (Kieninger et al. 2012)] are not
capable of simultaneous concentration measurement of more
than one metabolite without cross-talk. Moreover, due to the
possible disruptive effect of toxicants on enzymes, to the
best of our knowledge, no enzyme-based biosensor has been
reported for monitoring the effect of interfering toxicants
such as acetaminophen on the metabolism of cells in vitro.

5 Conclusions

We investigated the capability of the widely used SU-8
photo resist as a platform for a simple and quick enzyme
immobilization. Design, characterization and application
of SU-8 microreactors that offer the possibility of detecting
low concentrated analytes are demonstrated in this paper.
By functionalizing SU-8 microreactors with enzymes,
and implementing them inside a microfluidic cartridge for
amperometric measurement of metabolites, a simple novel
technique for on-line monitoring of living cells metabolism
is revealed. Measuring the metabolites inside cell-culture
medium by integrating enzyme-based biosensors inside the
cell culture is a challenging issue. Diffusion of the enzy-
matic reaction (by-) products into the cell-culture bulk, the
cross-talk between the adjacent biosensors, perturbation of
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toxic components inside the culture medium on enzymes
functioning and disrupting effects of the electrodes in
contact with the cells are the main challenges. We demon-
strated that the concentration of two metabolites such as
glucose and lactate inside the cell-culture medium can be
measured simultaneously by the presented cartridge with a
good precision without the need for implementing the bio-
sensors inside the cell culture. Monitoring the metabolism
of the cells while they are stimulated chemically is of sig-
nificant importance, especially in environmental monitor-
ing, toxicology and development of pharmaceutical prod-
ucts. In such applications, the cells are exposed to samples
that can contain components, which can impose toxic fea-
tures on the enzymes. Therefore, in order to enable the pre-
sented enzyme-based microfluidic cartridge for monitoring
the cells influenced by various samples, the possibility of
having contaminations by unknown chemical components
that can potentially cause perturbations in the enzymes
functioning was considered. We ruled out this prospect
by determining a protocol for sample preparation before
exposing the cartridge. The results of metabolism screen-
ing of Caco-2 clone cells before and after being stimulated
by three different toxicants are presented to demonstrate a
beneficial utility of the cartridge and the protocol.
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