Multiscattering-enhanced optical biosensor:
multiplexed, non-invasive and continuous
measurements of cellular processes

Volodymyr B. Koman, Christian Santschi,” and Olivier J. F. Martin

Nanophotonics and Metrology Laboratory (NAM), Swiss Federal Institute of Technology (EPFL), 1015 Lausanne,
Switzerland
*christian.santschi@epfl.ch
www.nanophotonics.ch

Abstract: The continuous measurement of uptake or release of biomarkers
provides invaluable information for understanding and monitoring the
metabolism of cells. In this work, a multiscattering-enhanced optical
biosensor for the multiplexed, non-invasive, and continuous detection of
hydrogen peroxide (H,0,), lactate and glucose is presented. The sensing
scheme is based on optical monitoring of the oxidation state of the
metalloprotein cytochrome ¢ (cyt ¢). The analyte of interest is
enzymatically converted into H,O, leading to an oxidation of the cyt c.
Contact microspotting is used to prepare nanoliter-sized sensing spots
containing either pure cyt ¢, a mixture of cyt ¢ with glucose oxidase (GOx)
to detect glucose, or a mixture of cyt ¢ with lactate oxidase (LOx) to detect
lactate. The sensing spots are embedded in a multiscattering porous medium
that enhances the optical signal. We achieve limits of detection down to 240
nM and 110 nM for lactate and glucose, respectively. A microfluidic
embodiment enables multiplexed and crosstalk-free experiments on living
organisms. As an example, we study the uptake of exogenously supplied
glucose by the green algae Chlamydomonas reinhardtii and simultaneously
monitor the stress-related generation of H,O,. This multifunctional
detection scheme provides a powerful tool to study biochemical processes
at cellular level.

©2015 Optical Society of America

OCIS codes: (170.1530) Cell analysis; (170.1610) Clinical applications; (170.4580) Optical
diagnostics for medicine; (280.4788) Optical sensing and sensors; (290.4210) Multiple
scattering; (300.1030) Absorption.
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1. Introduction

Real-time information on metabolic processes in cell cultures provides important insights into
cell state and cellular mechanisms [1, 2]. Furthermore, metabolome data can be used for
medical diagnostics and health monitoring [3, 4]. Many researchers focus their attention on
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the detection of specific metabolites such as cholesterol, glutamate, glucose and lactate [5, 6].
In particular, the detection of glucose is interesting in the context of the biochemical cycle of
energy harvesting, diabetes pathology, as well as fermentation control in food industry [7—
11]. Lactate, in addition, acts as a cerebral energy substrate and as a product in anaerobic
metabolism during muscle contraction, malnutrition and hypoxia [12—17]. Thus, a sensitive
method for the continuous and simultaneous detection of several such metabolites will
broaden our understanding of cell biochemistry and have a significant impact on medical
diagnostics.

Currently, mainly electrochemical biosensors are used for the extracellular detection of
both glucose and lactate. Large efforts have been put into the design of those sensors,
especially structuring the electrodes with mediators, gels, polymeric matrices and various
nanomaterials [18-27]. Most reported methods are based on sample collection prior to
laboratory analysis and are, therefore, end-point assays [28, 29]. As an exception, Jia et al.
have recently presented a real-time lactate biosensor with millimolar limit of detection (LOD)
[30]. Yet, electrochemical sensors suffer from electrode fouling and lack of long-term
stability [31]. Chemiluminescent and fluorescent biosensors represent another very sensitive
way of sensing glucose and lactate [32—35]; although their use for continuous measurements
remains problematic because of their limited stability and deactivation through
photobleaching [36]. Additionally, often invasive, these sensors can interfere with the redox
cycles of cells [36, 37].

Here, we introduce a non-invasive, multiscattering-enhanced and real-time biosensor with
sub-micromolar LODs for H,0,, lactate and glucose measurements that relies on a porous
membrane. The refractive index of porous membranes exhibits spatial variations leading to
multiple scattering of light and consequently to enhanced optical path lengths [38—40]. Such
membranes can, therefore, be used to enhance the response of an optical reporter to exposure
to specific analytes. In this work, we use cyt ¢ as reporter: its absorption spectrum reflects the
average oxidation of its heme group and provides a sensing element for the detection of
hydrogen peroxide (H,0,) in the surrounding medium down to nanomolar concentrations [38,
41, 42]. We will show that this concept enables the detection of many other analytes
(especially here glucose and lactate) that undergo enzymatic reactions with H,O, as reaction
product. Furthermore, this optical detection approach enables continuous and multiplexed
measurements for several analytes, while the integration of our optical probes into a
microfluidic chip suppresses chemical interferences between probes and enables automatic
and differential measurement procedures [43].

As an example to demonstrate the performance of the biosensor, we measure the effects of
exogenously supplied glucose on the algae Chlamydomonas reinhardtii using the developed
biosensor. C. reinhardtii is a widespread microorganism that generates glucose as one of the
final products of photosynthesis [44, 45]. The study of glucose uptake by algae opens new
perspectives for gaining insights into several biochemical processes: (1) the algae ability to
accumulate glucose, (2) whether glucose feeding can substitute light harvesting and (3) the
glucose metabolic pathways [44, 46]. It is known that large doses of glucose may misbalance
the cells homeostasis and harm them [47]. To assess the physiological state of algae, we also
detect extracellular H,O, using the multiplexing feature of our biosensor platform [38]. H,0,
is one the most stable reactive oxygen species, which are overproduced by cells during
oxidative stress events [48], and its detection provides information on cell homeostasis.

2. Experimental section
2.1. Preparation of sensing spots

Aqueous droplets containing cyt ¢ (4 mM) were picked up with a microarray robot (QArray2,
Genetix) from a 384-well plate with a 5 nl delivery-volume spotting pin (946MP8XB,
Arrayit) and subsequently deposited onto the membranes (GSWP 220 nm, Millipore), which
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were placed on a glass substrate (Fig. 1(a)). Immediately after deposition, the cyt ¢ spots were
exposed to vaporous glutaraldehyde for 1 h. The resulting crosslinked spots were immersed
into water and stored at 4 °C prior use (experiments have shown that the spots could be stored
in those conditions for at least 7 days). During the crosslinking process the spots were kept
under 100% relative humidity in order to avoid drying, which would denature the heme
protein. For the detection of lactate, respectively glucose, hybrid spot mixtures of cyt ¢ with
different amounts of the corresponding enzymes (lactate oxidase, respectively glucose
oxidase) were deposited following the same procedure. All chemicals were purchased from
Sigma Aldrich and the solutions were prepared with deionized water.

lllumination
Needle . )
automatic optical
spotting detection Spot in the
—_—> membrane
5nl
Membrane P

Objective .

384-well plate Glass

o
o

I
~
—

Transmission (arb. units)
o
)

o
N}

500 600 700
Wavelength (nm)

N
S
S

Fig. 1. (a) Solutions containing cyt ¢ + enzyme mixtures in microliter well-plates are
automatically spotted onto a porous membrane using a microarray robot. The resulting
crosslinked spots have a diameter of approx. 600 pm and are spectrally analyzed in
transmission. (b) Optical transmission of 20 pmol cyt ¢ spots printed on glass (black) or on a
porous membrane (red). The insets show schematic of light propagation (green arrow) through
samples. The dashed line corresponds to the wavelength A = 542 nm.

2.2. Optical measurements and oxidative state analysis

For carrying out the sensing experiments, sensing spots and solution of interest were
introduced into the measurement chamber (60 pl, O-ring delimited, unless stated otherwise)
and placed on an inverted microscope (Olympus IX 71). Subsequently, the absorption spectra
were recorded in transmission mode under white-light illumination using an objective
(UPlanFL 20x, Olympus, NA = 0.41) and a grating spectrometer (Triax 550, Horiba
Scientific) equipped with a liquid nitrogen cooled CCD camera (Symphony, Horiba
Scientific). The power of the light at the sample was 10 pW/cm® at a wavelength A = 550 nm.

The change in the oxidation state of cyt ¢ was determined from its optical spectrum [41,
49]. The absorption peak at A = 550 nm is particularly sensitive to a change in the oxidation
state, whereas at A = 542 nm and A = 556 nm the absorption spectrum remains unchanged.
Therefore, the absorbance A at those wavelengths can be used as reference for spectrum
analysis. To quantify the oxidation state, an oxidation state coefficient ¢ calculated from the
measured optical spectrum is introduced [42]:
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— Asso [ Asiy — A5 /A5*42

=1 > 2, (1
Assg /A542 - Asso /A542

where A, and A, are the measured cyt ¢ absorbance at A = 550 and A = 542 nm,

respectively. The coefficients A%, , A% and A4;, are values taken from the literature,
representing the absorbance for the oxidized and reduced state at A = 550 nm, and the
absorbance at A = 542 nm, respectively [50]. The values of A, and 4., are deduced from

the light intensity measured at the corresponding wavelength using Beer-Lambert’s law: 4 =
—log(1 / 1y) where I, respectively Iy, refers to the light intensity measured after the light has
passed through the membrane in the presence, respectively in the absence, of cyt c.

The cyt ¢ located in the membrane absorbs light more efficiently than the same amount of
cyt ¢ deposited on a flat glass substrate (Fig. 1(b)). As the absorption 4 of cyt ¢ does not
depend on its oxidative state at A = 542 nm, the enhancement factor f'is defined as the ratio
between Asg, for a spot in the membrane and As4, for a spot situated on the glass. For the 20
pmol cyt ¢ spots used in our experiments f'is 4.5 + 1.2. This amplifying effect is caused by
two factors: (1) diffluence of the drops on the glass surface forming a thin layer (<10 pm),
which results in a small optical thickness in that case; (2) light scattering taking place in the
pores of the membrane, which enhances the optical path length. Similar values of f are
observed for mixtures containing 20 pmol cyt ¢ and different enzymes where the
enhancement is not affected by the enzyme concentration (data not shown).

2.3. Microfluidic chip

The 2-layered microfluidic chip was fabricated in PDMS using molds that were made with a
standard photolithography technique [51]. Briefly, the bottom PDMS layer (100 pm
thickness) was deposited by spin-coating PDMS at 500 rpm for 40 s, followed by manual hole
cutting to accommodate the sensing spots. This layer serves as planarization layer. The top
layer (5 mm thickness) contained the microfluidic channels (0.3 mm % 0.6 mm cross section)
and a 3 mm wide chamber for experiments with cells. It was prepared by pouring the
appropriate amount of PDMS onto the mold. Sensing spots were inserted into the bottom
layer and aligned with microfluidic channels as will be explained later in the text. The whole
system was clamped in a metallic holder with the possibility of being disassembled to
exchange the substrate with the sensing spots. Injecting and rinsing of analytes was performed
by applying a constant flow of 0.2 mm/sec using a liquid pump (Xcalibur, Tecan).

2.4. Algae culture

The green alga C. reinhardtii strain (CPCC 11) was provided by the Canadian Phycological
Culture Center. Axenic cultures were grown in diluted Tris-Acetate-Phosphate (TAP) liquid
growth medium and maintained in an incubator (Infors, Bottmingen, Switzerland) at 20 °C
with a 24 h illumination regime (114.2 pmol-phot/(m*s)) and constant rotary shaking (120
rpm). The algal culture was grown to a density of ca. 2 x 10° cells/ml. Prior to each
experiment, algae were harvested by centrifugation (3000 rpm, 5 min), rinsed with and
subsequently transferred to deionized water.

3. Results and discussion
3.1. Glucose and lactate detection

Control experiments with glucose and lactate revealed no interaction with cyt c. The
oxidation state coefficient ¢ remains constant when a cyt ¢ sensing spot (20 pmol) is placed
into the chamber containing 440 uM of glucose (Fig. 2(a)). After addition of glucose oxidase
(GOx, 500 U/ml), the glucose is catalytically converted into gluconolactone and H,O,. The
latter gradually oxidizes cyt ¢, decreasing the oxidation state coefficient . Further control
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experiments confirmed that GOx does not react with cyt c¢. Similarly to glucose, the presence
of 24 uM of lactate does not induce any changes in the oxidation state of cyt ¢ (Fig. 2(b)).
However, the subsequent addition of 2.5 U/ml lactate oxidase (LOx) results in an oxidation of
the cyt ¢ in the spot. In contrast to GOx, LOx alone slightly oxidizes cyt ¢, changing ¢ from
0.25 to 0.16 within 30 min. (see the green curve in Fig. 2(b)).

Since the presence of enzymes in the solution can interfere with cyt ¢, we prepared hybrid
spots containing cyt ¢ and the corresponding enzyme inside the spot. In such a configuration
the H,O, conversion and detection occur locally, which significantly reduces the amount of
enzyme required. Additionally, since both cyt ¢ and the corresponding enzyme are
immobilized during crosslinking, such a configuration also eliminates the dynamic direct
interaction between the two. In that case, 0.01 U of GOXx, respectively 1.25 x 10 U of LOx,
in the 5 nl printed sensing spot are sufficient to sensitively detect glucose, respectively lactate
(Fig. 2(c) and 2(d)). The calibration curves for these hybrid spots, which show the difference
between the initial and the final oxidation state coefficients Ap =9, ., — ¢, after 30 min,
are shown in Fig. 2(e) and 2(f). Even though the detection interval can be chosen arbitrarily,
here we choose 30 min, which represents the average waiting time for many optical bioassays
[43]. From these data we deduce a LOD of 9.6 uM for lactate and 1.1 uM for glucose for the
above mentioned enzyme concentrations. The LOD decreases when one increases the amount
of enzyme: the LOD for lactate is as small as 0.24 uM with 2.5 x 10~ U of LOx, Fig. 2(f);
while the LOD for glucose is 0.11 uM with 0.1 U of GOx, Fig. 2(e). To the best of our
knowledge, these values are at least one order of magnitude lower than those reported in the
recent literature [25].

3.2. Multiplexing measurements

The possibility of multiplexed analysis allows for the simultaneous detection of several
analytes and can also be used to reduce background contributions and obtain a more reliable
statistics [52—56]. A multiplexed experiment is shown in the right top of Fig. 3, where two
sensing spots spaced 1 mm apart are visible in the measurement chamber; the spots can
include only cyt ¢ or a mixture of cyt ¢ and enzyme. In order to perform multiplexed
measurements, absorption spectra from different sensing spots must be recorded
simultaneously, which requires a precise alignment in the microscope, while additional
markings on the membrane are used to identify the sensing spots (photo in Fig. 3).

Enzymatic reactions result in the production of H,0O, in the vicinity of the sensing spot
and — by diffusion — in an increased concentration in the solution as well, which can interfere
with neighboring sensing spots. To investigate such interferences, we loaded the experimental
chamber with different combinations of pairs of sensing spots and exposed them to H,O,,
glucose and lactate (Fig. 3(a)-3(c)).
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Fig. 2. (a) Time evolution of the oxidation state coefficient ¢(¢) for a 20 pmol cyt ¢ sensing
spot exposed to water (Ref.), to a 440 uM glucose solution in water (Glucose), to a 500 U/ml
GOx solution in water (GOx), or to a solution with 440 pM glucose and 500 U/ml GOx in
water (Glucose + GOx). (b) Time evolution of the oxidation state coefficient ¢(7) for a 20 pmol
cyt ¢ sensing spot exposed to water (Ref.), to a 24 uM lactate solution in water (Lactate), to a
2.5 U/ml LOx solution in water (LOx), or to a solution with 440 uM glucose and 2.5 U/ml
LOx in water (Lactate + LOx). (c) Time evolution of the oxidation state coefficient ¢(¢) for a
hybrid sensing spot containing 20 pmol cyt ¢ and 0.01 U GOx exposed to water (Ref.) or to a
440 pM glucose solution in water (Glucose). (d) Time evolution of the oxidation state
coefficient ¢(f) for a hybrid sensing spot containing 20 pmol cyt ¢ and 1.25 x 10™* U LOx
exposed to water (Ref.) or to a 24 uM lactate solution in water (Lactate). () Calibration curve:
response of the hybrid sensing spot in (c) after 30 min. as a function of the glucose
concentration, for two different concentrations of GOx in the sensing spot: 0.1 U and 0.01 U.
(f) Calibration curve: response of the hybrid sensing spot in (d) after 30 min. as a function of
the lactate concentration, for two different concentrations of LOx in the sensing spot: 1.25 x
10™ U and 2.5 x 107 U. The error bars in (e) and (f) represent the standard deviation over 3
measurements.
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Fig. 3. Multiplexed measurements using different pairs of sensing spots in the O-ring
measurement chamber (photo to the right of panel a, the distance between the spots is 1 mm
and the scale bar is 0.5 mm): green: spot with 20 pmol cyt ¢; red: 20 pmol cyt ¢ + 0.01 U GOx;
blue: 20 pmol cyt ¢ + 1.25 x 107* U LOx. Response after 30 min. of the three different pairs of
sensing spots to (a) 800 nM H,0,, (b) 440 uM glucose and (c) 90 pM lactate. (d) Kinetics of
the multiplexed oxidation state coefficient ¢ for a pair of spots (green and blue) exposed to 90
uM lactate. (e) Calibration curve: difference of the oxidation state coefficient after 30 min. Ap
for different amounts of GOx in hybrid spots containing 20 pmol cyt ¢ + GOx, after exposure
to 440 uM of glucose; the response of a spot containing only 20 pmol cyt ¢, | mm away from
the hybrid spot is also shown (crosstalks). The error bars represent the standard deviation over
3 measurements.

The sensing spots contain either 20 pmol cyt ¢ (green in Fig. 3), or 20 pmol cyt ¢ and 1.25
x 107 U LOx (blue in Fig. 3), or 20 pmol cyt ¢ and 0.01 U GOx (red in Fig. 3) and are always
exposed in pairs, which provides quantitative measurements for the crosstalks between them.
In the first series of experiments, reported in Fig. 3(a), we expose the three different possible
combinations of sensing spots to 800 nM H,0,. Hybrid spots containing both cyt ¢ and an
enzyme exhibit a slightly lower response to H,O, as compared to the spot containing only cyt
c; probably because the presence of enzyme hinders the access of analytes to the cyt c. We
then repeat these experiments, exposing the pairs of sensing spots to 440 uM glucose (Fig.
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3(b)), or 90 uM lactate (Fig. 3(c)). As anticipated, when glucose reacts with the cyt ¢ + GOx
hybrid sensing spot, the enzymatically produced H,O, also oxidizes the neighboring cyt ¢
sensing spot, which Ag increases from 0.038 to 0.042, Fig. 3(b). This crosstalk is more
pronounced when lactate reacts with the cyt ¢ + LOx hybrid sensing spot; in that case, the
Ag of the neighboring cyt ¢ sensing spot increases to 0.014, as compared to 0.007 when no
reaction happens in the hybrid spot, Fig. 3(c) and 3(d).

The sensitivity of such a hybrid spot depends on the conversion rate to H,O,, which in
turn depends on the amount of enzyme. To investigate this, we have exposed hybrid sensing
spots containing different amounts of GOx to a constant glucose concentration of 440 uM.
Figure 3(e) indicates that the difference Ag of oxidation state coefficient after 30 min.
increases with the GOx amount. Thus, adjusting the amount of GOx controls the sensitivity
and dynamic range of the sensor. Unfortunately, increasing the amount of enzymes also
increases the enzymatically produced H,0,, which augments the crosstalks between
neighboring sensing spots. A simple way to reduce crosstalks would be to increase the
distance between neighboring spots [56], or to use a hetero bilayer configuration [57].

3.3. Microfluidic chip

A more drastic way to suppress interference effects is to integrate the sensing spots in a 2-
layer microfluidic chip as described in the methods section (Fig. 4(a)). The sensing spots are
introduced into the bottom layer and aligned with respect to the microfluidic channels in the
top layer, one sensing spot per channel, so that enzymatically produced H,O, remains within
the channel and does not interfere with another sensing spot.

As shown in Fig. 3, multiplexed experiments performed in the O-ring measurement
chamber interfere; in contrast, this is not at all the case in the microfluidic chip. This is visible
in Fig. 4(b), where we compare measurements performed in the microfluidic chip with a 0.2
mm/sec flow (noted with asterisks) with measurements in the chamber delimited by an O-
ring. Even for the very high lactate concentration used here (almost 10x higher than the
concentration used in Fig. 3(d)), the response of the pure cyt ¢ sensing spot remains almost
constant (blue inverted triangles in Fig. 4(b)), while lactate is well measured by the hybrid
spot (green triangles in Fig. 4(b)). Such a microfluidics approach could be used to detect a
larger number of analytes, by merely increasing the number of channels and sensing spots in
the chip, Fig. 4(c).

In the following, we will perform continuous measurements of the algae response to a
specific analyte. To trace the reaction dynamics, these experiments have to be performed in
the static regime. Additionally, microfluidic channels must be used to suppress crosstalks. To
account for these two points, we developed the following procedure: the algae are mixed with
the analyte, then the mixture is injected into the microfluidic chip and, finally, the flow is
stopped when the mixture reaches the sensing spots. Since the microfluidic channel has a very
small volume (approx. 0.15 pl), the reaction of the analyte with the sensing spot can deplete
the concentration of the former. To avoid such an interference, we included a 10 pl cell
chamber in the microfluidic chip, which acts as a buffer volume [42]. The cell chamber
significantly increases the total volume of the system and the diffusion effectively repletes the
sensing channels with H,O,. Similarly to the experiments in the flow regime, sensing spots in
separate channels do not experience any crosstalk even in the static regime (data not shown).
Overall, both the cell chamber and the separated microfluidic channels are crucial design
elements in these experiments.
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3.4. Time-dependent rate determination

Till now, we have detected constant concentrations of analytes. However, in biological
processes the release or uptake of biomarkers has a time-dependent rate. In this case, the
concentration C,,,, of H,O, in the proximity of the sensing spot at a given time ¢ can be

Vi
dt

Ciror =~ >

ko

determined as follows [42]:

2

where k (= 0.24 min™'-uM™) is the interaction constant for the oxidation of cyt ¢ by H,0, in
water.

To link C,,,, with the analyte (glucose or lactate) concentration in the solution C,(z), let
us look into the reaction kinetics. In hybrid spots, the reaction of the analyte with the enzyme
follows the Michaelis—Menten kinetics [58]. The resulting enzymatically-produced H,0,
partially reacts with cyt ¢, while the rest diffuses throughout the chamber. The consumed
analyte creates a concentration gradient at the proximity of the sensing spot, where the
analyte concentration can differ from C,(¢). In general, an exact relation between C,,,, and
C,(¢) in this system can be very complex. However, since the measurements with hybrid
spots for a constant analyte concentration (Fig. 2(c) and 2(d)) fit well with a single

—Cir202kt

exponential function (¢ =¢ , data not shown), C,,,, remains constant in time. This

indicates that the system quickly (in less than 1 min) reaches a steady state: enzymatically-
produced H,0O, balances the diffused one. Therefore, at a given time ¢, C,,,,, only depends

on C,, not on the previous state of the system. We can write C,,,, = f(C,) and, comparing
the calibration curves Ag( C,) of the hybrid spots with that of H,0O, taken from [42], we have
that a second the
Ca = [ (Cyz0,) very well:

found order polynomial expansion expresses correlation
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Ca= fil(cﬁzoz) = aclzizoz +bCppyp, +d. 3)

The resulting coefficients obtained from fitting the experimental data are summarized in
Table 1, where both C,,,, and C, are expressed in micromolars. Higher order expansion

terms are insignificant. Since Eqs. (2) and (3) establish a link between ¢(?) and C,(f), we can

now obtain quantitative data for the analyte (lactose or glucose) concentration.

Let us emphasize that experiments performed with living organisms are often
accompanied by an oxidative stress, leading to the production of H,O, by the organisms under
study. The multiplexed technique presented here becomes extremely handy in that case, as it
makes possible isolating the oxidative stress-produced H,O, from that produced
enzymatically. Using a pair of sensing spots that measure: analyte + H,O, (spot 1) or H,0O,
(spot 2), we first use Eq. (2) to extract C,,,, for both spots. Next, we subtract C,,,,(2) of

the second spot from that of the first spot C,,,,, (1) . Finally, C, can be calculated from Eq. (3)
using the obtained difference C,,,,(1-2). This will be utilized in the next section to
determine glucose uptake in aquatic microorganisms.

Table 1. Fitting coefficients for Eq. (3) of hybrid spots (only valid in the 0.1-1000 pM
analyte range).

0.1 U GOx 0.01 U GOx 2.5x 107 ULOx 1.25 x 107 U LOx
-0.16 -1.13 -0.63 -1.66

b 224 2.55 243 251
-0.31 0.83 0.03 1.62

3.5. Uptake of exogenously supplied glucose

To study the uptake of glucose on the green alga C. reinhardtii, we inject a mixture of
glucose and algae into the microfluidic chip. Once this mixture reaches the cell chamber, the
flow is stopped for the time of the experiment. The multiplexed measurements are performed
with two spots: a cyt ¢ spot to detect the stress-related H,O, (Fig. 5(a)) and a hybrid spot (cyt
¢ + GOx), which is sensitive to both glucose and H,0O, (Fig. 5(b)). During our experiments,
no H,0, was detected (Fig. 5(c)), suggesting that the algae are not stressed by the presence of
glucose and, therefore, only glucose oxidizes the hybrid spot. Using the approach developed
in the previous section and the data in Table 1, we can obtain the concentrations C, in the
solution for glucose (Fig. 5(d)). Due to the uptake by algae, the glucose concentration drops
from the initial concentration of 8 pM to 5 uM within 1 h (red data in Fig. 5(d)). Control
experiments without algae revealed a stable glucose concentration in the cell chamber (green
data in Fig. 5(d)). Comparing the external volume of the chamber (10 pl) with the internal
volume of all algae in the experiment (approx. 0.033 pl), we obtain a 300:1 volume ratio.
Therefore, C. reinhardtii internalize the equivalent of 900 uM (1.5 fmole/cell) of glucose
within 1 h. This glucose uptake is similar to blue algaec Aphanocapsa 6714 that can uptake as
much as 500 puM (0.8 fmole/cell) of glucose within one hour by converting it into CO, [46].
Overall, our experiments demonstrate the possibility of sensitive, multiplexed and continuous
measurements, which can be further applied to more sophisticated mechanistic studies of
cellular processes.
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Fig. 5. Glucose uptake (8 uM) and H,O, release by C. reinhardtii (2 x 10° cells/ml).
Multiplexed measurements in microfluidics using (a) a spot with 20 pmol cyt ¢ and (b) a
hybrid spot with 20 pmol cyt ¢ + 0.01 U GOx. Calculated concentrations of (c¢) H,O, and (d)
glucose using Egs. (2) and (3). The same symbols are used for all panels. Limit of detection
(LOD) is 40 nM for cyt ¢ spots (taken from [42]) and 1.1 uM for hybrid spots.

4. Summary

We have presented a new sensitive approach for the detection and the continuous monitoring
of glucose and lactate. These two analytes are enzymatically converted to H,O,, which is, in
turn, detected via the oxidation of cyt c. Such conversions take place locally thanks to the
corresponding enzymes, which are incorporated in the sensing spot and fabricated by contact
spotting technique in a very reliable and reproducible fashion. Extremely low LODs of 240
and 110 nM have been achieved for glucose and lactate, respectively. By integrating such
sensing elements into a microfluidic chip, we were able to efficiently suppress crosstalk
between different sensing spots and to monitor in real-time the metabolism of C. reinhardtii.
As demonstrated by the study of glucose uptake in such algae, the proposed method provides
a non-invasive, label-free way to measure simultaneously in real-time the by-products of
several cellular processes. Furthermore, such a biosensor is fast, cheap and easy to fabricate
and has the potential to become a promising candidate for medical diagnostics and healthcare
monitoring.
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