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Abstract

The limited availability of metabolite-specific sensors for continuous sampling and monitoring
is one of the main bottlenecks contributing to failures in bioprocess development.
Furthermore, only a limited number of approaches exist to connect currently available
measurement systems with high throughput reactor units. This is especially relevant in the
biocatalyst screening and characterization stage of process development.

In this work, a strategy for sensor integration in microfluidic platforms is demonstrated, to
address the need for rapid, cost-effective and high-throughput screening in bioprocesses. This
platform is compatible with different sensor formats by enabling their replacement and was
built in order to be highly flexible and thus suitable for a wide range of applications. Moreover,
this re-usable platform can easily be connected to analytical equipment, such as HPLC,
laboratory-scale reactors or other microfluidic chips through the use of standardized fittings.
In addition, the developed platform includes a two-sensor system interspersed with a mixing
channel, which allows the detection of samples that might be outside the first sensor’s range of
detection, through dilution of the sample solution up to 10 times.

In order to highlight the features of the proposed platform, inline monitoring of glucose levels
1s presented and discussed. Glucose was chosen due to its importance in biotechnology as a
relevant substrate. The platform demonstrated continuous measurement of substrate
solutions for up to 12h. Furthermore, the influence of the fluid velocity on substrate diffusion
was observed, indicating the need for in-flow calibration to achieve a good quantitative output.

Keywords: microfluidics, sensor integration, screening platform, in-flow glucose monitoring,
sample dilution

Introduction

Enzyme and strain screening, along with the optimization of bioprocess operation conditions
are key steps in the development of a biotechnological process [1]. The large number and
variety of enzyme/strain candidates and corresponding optimal conditions result in an
expensive and time-consuming development process. Currently, high throughput methods
[2],[3], mainly performed on microtiter plates and shake flasks, are the preferred experimental
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test platforms. These allow for high throughput due to the use of easily programmed and
flexible automatic fluid handling systems [4], but offer a reduced amount of analytical data,
leading to an overall limited knowledge on the process and enzyme/strains [5].

Microfluidic systems show a considerable potential in screening applications and online
monitoring. The variety of achievable geometries, high surface to volume ratio and diversity of
sensing technologies available at small scale, make them highly attractive tools for bioprocess
development. Their attractiveness is further increased due to the possibility of parallelization,
enabling an increase in throughput while occupying a smaller area. Moreover, a higher control
of operation conditions, especially flow, permits a good definition of gradients of the
components involved, which can be further improved with automation. However, due to the
challenges involved in sensor development and integration, microfluidic systems are still
application-specific, since they are typically too rigid to address the needs of different
bioprocesses [6]. Therefore, a change in the target sample (e.g. type of sample)or the sensor
technology or flow conditions used, or the need for integration with other systems, require a
redesign and the fabrication of a new platform. This greatly reduces the microfluidics range of
applications, thus standing in the way of the widespread use of microfluidic systems.

One of the main contributors to this microfluidic specificity is sensor integration. The sensors
used in each platform need to be highly specific for a target compound, or a range of target
compounds, and are optimized for a given set of temperature, sample or flow conditions,
consequently being often limited in application. Thus, the applied strategy for sensor
integration in a microfluidic platform depends on the detected sample, the type of sensor and
the materials that form the sensor and the platform. Sensor integration can be performed by
either fabrication of the sensor along with the microfluidic structure or by enclosing the sensor
within the microfluidics following fabrication. While the former usually involves a permanent
integration of the sensor(s), the latter can be designed towards an exchangeable and more
flexible sensor format.

The first approach is generally applied for silicon and glass substrates using thin film
technologies [7], [8], [9]. The sensors are deposited onto the channel surface using technologies
similar or compatible with those used for the microstructure fabrication, such that the
fabrication of both structures can be performed simultaneously or sequentially. In polymeric
substrates these techniques can also be used, but differences between the thermal expansion
coefficients of the metals and the polymer where deposition occurs may lead to metal layer
stress and sensor cracking. Another sensor layer deposition method is the thick-film method,
in which a paste containing metal particles or conducting ink (e.g. carbon or graphite ink) is
spread on a screen with the geometrical pattern of the contact (e.g. electrode) or sensor (e.g.
optical). This technique can also be used to print sensors onto paper strips, forming screen-
printed electrodes, and to integrate biomolecules in the electrodes paste, directly printing
biomolecules for identification of specific analytes [10], [11]. Sensors fabricated with other
technologies (spray-coating [12], coating coupled with embossing [13], photolithography and
wet etching [14]) can also be irreversibly encapsulated into a microfluidic channel. Irreversible
encapsulation guarantees a leakage and contamination-free operation of the device (after
sterilization or when assembled in a clean-room environment), and it is the most frequently



used approach. However, a platform design that enables the substitution of the sensors in use
and the integration of different types of sensors would have a wider applicability. This can be
achieved using platforms where the channel is not irreversibly bonded and can then be easily
and frequently opened [15], [16], [17].

Reversible encasing of the sensors can be performed through the use of a chip holder (e.g. with
mechanical clamping [18], [17]) which applies enough pressure for allowing leakage-free flows.
A reversible encapsulation can facilitate sensor or channel surface functionalization and
cleaning due to the easy access to these surfaces. If the sensor is not irreversibly bonded or
encased in the device, it can be further re-used in other microfluidic platforms. The cost of
such devices can be consequently reduced, since the sensors are often the most expensive
component of a microfluidic platform. Another strategy allows for replacing the used sensors
inbetween experiments. In this case the sensors are inserted inside the channel of the device
through cavities [19], [20], which enables a re-use of the microfluidic system for different
target molecules by allowing the introduction of different sensors. Nevertheless, in both
approaches, one of the significant challenges is the integration between the sensor and the
channel, which must be performed in order to avoid leakage at the interface [10].
Furthermore, when designing a microfluidic system, it is important to consider how the
connection to external devices will be performed, both in terms of fluid handling and data or
signal acquisition. Standardizing both the microfluidic design and the connectors enables an
easy integration with other chips or equipment, as well as chip modification for different
applications [21]. The connection to external devices also depends on the type of sample used
[22].

In this study, we focus on addressing the current need for adaptable screening platforms with
integrated sensors. We propose a flexible multi-function platform, with disposable and
changeable sensors, being easily integrated with other microfluidic platforms through a “plug-
and-play” approach by using standardized finger-tight fittings. The platform can be easily
connected to external equipment (e.g. syringe pumps, HPLC), while offering the advantage of
in-line use, thus not interfering with the reaction vessel. The choice of material, the
thermopolymeric Poly(methyl methacrylate) (or PMMA), and fabrication technology (laser
ablation) considered both design flexibility and costs. PMMA and laser ablation allow a fast
optimization cycle from design, to fabrication and testing with fluids. Furthermore, since
PMMA is a widely available biocompatible and cheap material, it enables a low cost device
fabrication with good reproducibility.

The classical example of the catalysed oxidation reaction of glucose by glucose oxidase is
chosen as the model reaction to highlight the monitoring capabilities of the developed
microfluidic platform. In order to track the changes in analyte concentration inline, first
generation amperometric glucose biosensors were chosen for further integration into the
developed microfluidic device. Amperometric electrodes were employed due to their wide
applicability [23], [24], [25], [26,27], compactness, stability and low price.



Materials and Methods

Reagents and materials

Glucose oxidase (EC 1.1.3.4, type VII, from Aspergillus niger, >100,000 U/g solid) and bovine
serum albumin (BSA) were obtained from Sigma (St. Louis, MO, USA). Nafion®117 solution
(~5% (v/v) in a mixture of lower aliphatic alcohols and water) and iron (III) chloride
(anhydrous, 99.99%) were obtained from Aldrich (Steinheim, Germany). Potassium
hexacyanoferrate (III) (ACS reagent, >99.0%), glutaraldehyde solution (25% (v/v)), Phosphate
buffer saline (PBS) were obtained from Sigma — Aldrich. Yeast extract and peptone were
bought from BD (France) and dextrose from Difco (MI, USA). The hydrochloric acid to set the
pH of the fermentation medium was diluted to 10 mM from concentrate (Merck, Germany). D-
Glucose (anhydrous) was provided by Fluka (Loughborough, UK). Mono — and di-potassium
hydrogen phosphate (anhydrous) were obtained from Merck (Darmstadt, Germany).

All the solutions for sensor preparation were prepared with 0.1 M phosphate buffer + 0.1 M
KCl, pH 6. Standard solutions were prepared daily in the same buffer. All other solutions were
prepared in 0.1 M phosphate.

Customized screen-printed electrodes (SPEs) on polymeric substrate (DRP-PW-110DGPHOX)
were produced by DropSens (Llanera, Spain), while the SPEs on polyester substrate (ItalSens
IS-C) were acquired from PalmSens (Utrecht, The Netherlands). The DRP-PW-110DGPHOX
SPEs are made of a thicker polymer than than the IS-C SPES. Each sensor is composed of
three screen-printed electrodes: (i) the carbon working electrode (with graphene oxide layer in
the case of the DRP-PW-110DGPHOX electrodes); (i1) the carbon counter electrode; and, (ii1)
the silver reference electrode. The diameter of the working electrode in the DRP-PW-
110DGPHOX SPE is 0.4 cm, which results in an apparent geometric area of 0.126 cm?2, while
in the IS-C SPE the diameter is 0.3 cm with an apparent geometric area of 0.07 cm?2.

The extrusion PMMA sheets with thickness of 2 mm were acquired from Nordisk Plast
(Assentoft, Denmark). The PMMA plates were patterned using laser ablation with a CMA-
4030 Laser Engraving machine from GD Han’s Yueming Laser Technology co., Ltd
(Guangdong, China). Chemical bonding of the PMMA plates was achieved using an anhydrous
chloroform solution, >99%, 288306 from Sigma-Aldrich. Adhesive assembly and integration of
the sensors on the platform were performed with a 140 pm thick mcs-foil 008 from microfluidic
ChipShop (Jena, Germany). The PDMS thin sheets used as gaskets were fabricated using the
elastomer and curing agent kit of Sylgard® 184 from Dow Corning (Auburn, Michigan). The
two 10 mm thick acryl plates that form the custom-made holder were from Rias A/S (Roskilde,
Denmark). The holder was completed with two outer 5 mm thick SS304 stainless steel plates
from Sanistal (Aalborg, Denmark). Flangeless polypropylene (PP) fingertight 1.5875 mm (ID)
fittings (XP-201) and flangeless ferrules (P200X) from Upchurch Scientific® (Washington,
USA) were used to connect polytetrafluoroethylene (PTFE) 1.5875 mm (OD) x 1mm (ID)
tubing (S 1810-12) from Bohlender (Griinsfeld, Germany).

Microfluidic Platform Fabrication and Sensor Integration
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A microfluidic system containing two inlets, two sensing/ measurement chambers, for sensor
integration, and one mixing unit was developed and is presented in Figure 1. Figure 1(a)
shows a schematic of the microfluidic platform. As illustrated, one of the inlets of the system is
connected to the first chamber, where the sensor used as reference is located. The second inlet
is connected to the mixing chamber, which serves here as a dilution unit but can also be used
as a reactor or target labelling unit. The second chamber is positioned after the mixing unit.
The sensor integrated in this chamber is the one used for sample quantification and is thus
designated detection sensor. Figure 1 (b) and (c) display one more feature of this system. It
involves the use of generic rectangular pockets at the bottom plate of the device with direct
access to the sensing chambers. The sensor can thus be directly placed in the chamber and
covered with a thin polymeric gasket. The system is then closed by placing PMMA inserts in
the pockets and sealing the whole platform with help of an outside mechanical holder system.

The design of the device was performed in SolidWorks 2015 (Dassault Systémes SolidWorks
Corporation, Waltham, Massachusetts, USA). This microfluidic platform consists of four
PMMA plates engraved by laser ablation. After engraving, the plates were thoroughly washed
with deionised water, dried and then placed in an oven at 80 °C for 1 hour to release thermal
stress before proceeding with assembly. The PMMA plates were assembled by adhesion with a
double-sided pressure sensitive adhesive tape (DAT) mcs-foil 008 from microfluidic ChipShop
(Jena, Germany). The sensors were fixed in place using thin PDMS gasket sheets, sealing the
sensor around the sensing chamber. The cooled plates were glued together and then
pressurized with clamps and placed in an oven at 80 °C for at least 1h to remove possible air
bubbles disturbing the adhesion. The PDMS gaskets were fabricated by mixing in a
SpeedMixer™ DAC 150.1 FVZ-K from Synergy Devices Limited (High Wycombe, UK). A 1:10
proportion mixture of the curing agent and the Sylgard® elastomer, was poured into a 1 mm
PMMA mold with the shape of the sensor pockets and curing it in the oven for 1h at 70 °C.
Once the chip was assembled, the sensors were placed on the sensor pockets, the PDMS
gaskets were placed on top and followed by a piece of PMMA. The microfluidic platform with
integrated sensors was then positioned in an ‘in-house’ fabricated casing, which provided the
necessary pressure to achieve leakage-free flow. The holder was built of two acrylic plates of
100x100 mm? that were micromilled in order to have a cavity with the chip’s size and two
outer SS304 stainless steel plates with a thickness of 5 mm, to avoid bending of the acryl
plates when screwing the assembled holder together. This holder provides enough uniform
pressure to avoid leakage of the microfluidic platform.

Mixing unit CFD optimization and characterization

Several passive mixing geometries were designed in SolidWorks 2015. The drawings of these
geometries are presented in Figure 2S in the supplementary information section. Each
geometry’s mixing characteristics were studied with the help of a computational fluid dynamic
simulation software, ANSYS-CFX Version 16.2 (Canonsburg, Pennsylvania, USA). For this
purpose, the three-dimensional designs were imported into a meshing software, ANSYS ICEM
CFD® 16.0 (Canonsburg, Pennsylvania, USA), where discretization of the geometries was
performed. Discretization divides the geometry into smaller elements, in which the required
momentum, energy and mass balance equations were solved by ANSYS-CFX. The number of



elements of the 5 simulated structures varied between 845 and 1185 elements/pL, except for
design (e) which had 9925 elements/uL. A structured mesh provides a more reliable and
accurate output with respect to the results and can reduce the simulation time. However, it is
more complicated to define and requires longer preparation time. Thus, as a first approach, all
geometries were simulated with unstructured mesh elements using tetrahedral features for
the mesh. The best designs ((a) and (e)) were then simulated with a structured hexahedron
mesh. All geometries were simulated at the target flow conditions (steady state with laminar
flow, outlet as an opening and no slip wall conditions) in the integrated microfluidic platform
considering a fluid with the same properties as water (at 25 °C) where a liquid tracer with
diffusivity of 1x10-1° m? s-! was introduced. The average inlet velocity, at the reference sensor,
was 1x10-3 m s1, while the velocity of the other inlet was varied depending on the simulated
degree of dilution. The geometries were evaluated by the average tracer amount at the outlet,
as well as the gradient of its concentration. The best performing geometries were then built
using the same procedure as described above for the microfluidic platform. Subsequently they
were qualitatively tested using food colouring dyes at the simulated flow-rates. The geometry
that achieved the desired 1:9 dilution with no gradient of tracer at the outlet (design (e)) was
then used in the final microfluidic platform design.

Sensor

The biosensors used consist of an SPE with immobilized layers of glucose oxidase (GOx), as
biological recognition element, and the redox mediator Prussian Blue (PB) on top of the
working electrode. When the biosensor is in direct contact with the analyte solution, the
substrate (glucose) diffuses through a polymeric matrix and binds to the enzymatic layer. The
biocatalytic transformation involves the reduction of the flavin groups (FAD) of the enzyme
(glucose oxidase) with further production of the reduced form (FADH2), followed by re-
oxidation by molecular oxygen [28,29]. The hydrogen peroxide, produced during the above-
mentioned conversion step, acts in the selective electrocatalytic reaction with Prussian Blue
[30,31]. The amperometric detection of these substances is performed at the carbon working
electrode (with and without graphene oxide), assisted by the counter electrode and the silver
reference electrode. The measured current can therefore be directly related to the
concentration of glucose in the bulk solution and used for quantification.

Sensor Preparation

The Prussian Blue (PB) modification of SPEs and deposition procedures were adopted from
the procedures developed by Ricci et al. [32]. Freshly prepared precursor solutions of 0.1 M
potassium ferricyanide (KsFe(CN)s) in 10 mM HCI and 0.1 M ferric chloride in 10 mM HCl
were mixed and applied (10 ul droplet) in the working electrode area in a 1:1 proportion in the
DRP-PW-110DGPHOX SPEs. In the IS-C SPEs a 2:1 proportion was used for the detection
sensor and a 1:2 proportion for the reference sensor.

Glucose oxidase (GOx) immobilization was performed in a Nafion matrix via a cross-linking
method previously described by Ricci et al. [32]. A drop of 2.5 ul of glutaraldehyde (1 % (v/v)
diluted in water) was placed on top of the working electrode area of the PB-modified electrodes
and left to dry for 30 min at room temperature. A drop of 3 ul of the enzymatic-Nafion



membrane was then applied on the modified working electrode and placed to dry overnight in
a climate chamber at 8°C with 40 % of humidity. The enzymatic mixture had the following
composition per sensor: GOx (0.074 U in phosphate buffer), BSA (5 vol. % diluted in water)
and Nafion (5 vol. % diluted in water). All the components of the enzymatic layer were mixed
in a 1:1:1 proportion. The complete glucose biosensors were stored dry at 4°C until use.

Sensor Characterization

Cyclic voltammetry (CV) and amperometric measurements (AM) were carried out using a
MultiEmStat with a DRP-CAST1X8 interface (DropSens, Llanera, Spain) for 8 independent
electrodes under MultiTrace Software 3.4 control (PalmSens, Utrecht, The Netherlands).
Fluid flow was maintained by Cavro® XL 3000 syringe pumps from Tecan (Madnnedorf,
Switzerland). The behaviour of the PB layer was studied by cycling in a potential range
between - 0.5 and + 1.2 V with a scan rate of 50 mV/s (presented in Figure 1S in the
supplementary information section). CV measurements were performed in droplets using
phosphate buffer solution (0.1 M phosphate + 0.1 M KCl, pH 6).

The chronoamperometric measurements were performed in a droplet (50 pl of the glucose
solution) at an applied potential of -0.16 V (graphene oxide-based sensors) or -0.04 V
(graphite-based sensors) versus a screen printed internal silver reference electrode. In flow
measurements were carried out at the flowrates used for the mixing/dilution chamber
characterization. The flow rates during characterization varied between 0.25 and 10 plL/s.
When a stable baseline current was reached (30 s and 60 s, for graphene oxide and graphite
sensors respectively) with phosphate buffer solution (0.1 M phosphate + 0.1 M KCI, pH 6),
different analyte concentrations were tested and the measurements were recorded. In the
droplet characterisation of the glucose biosensors, the drop of 50 ul of known glucose
concentration (0.1mM — 8mM) was placed on top of all the electrodes and the current was
recorded until it reached a stable value. When the sensors were characterized in flow, a
volume corresponding to 3 times the internal volume of the microfluidic platform was first
pumped to guarantee that only the target concentration was inside the system. Data was
retrieved after stabilization of the signal.

Continuous monitoring of diluted glucose solutions

To perform the dilution inside the microfluidic platform, a 3 mM glucose solution was
introduced through the inlet connected to the first sensing chamber (working in this case as a
reference sensor — see Figure 1 (a)). A buffer solution (the same as that used during
measurements of the zero point during sensor characterization) was introduced in the second
inlet (connected to the mixing/dilution chamber). The flowrate for substrate introduction was
kept the same (1 puL/s) while the flow rate of the buffer solution was increased in order to
achieve the correct dilution as presented in Table 1. The diluted solution was collected at the
outlet of the microfluidic platform and measured in an HPLC for validation of the mixing unit
and compared with the data retrieved from the integrated sensors.

Evaluation of sensor performance with fermentation samples



To evaluate the performance of the integrated electrochemical sensors for monitoring glucose
concentration in fermentation samples, graphite sensors similar to those integrated in the
microfluidic platform were used at-line to follow the consumption of glucose during the growth
phase of a yeast fermentation culture. A 3D printed, magnetically stirred microbioreactor with
an internal volume of 1 mL was used for the proof-of-concept glucose measurements of glucose
consumption in fermentation. Yeast peptone dextrose (YPD) medium was prepared by
dissolving 1 g yeast extract, 2 g dextrose and 2 g of peptone in 100 mL of deionized water,
followed by stirring and heating until everything was dissolved. The pH value was adjusted to
4.5 by the addition of 10 mM HCI. The medium was placed into the above-mentioned
microbioreactor and heated at 90°C overnight for sterilization. 10 mg of dry baking yeast
(Saccharomyces cerevisiae acquired at the local grocery store) was added into the
microbioreactor after sterilization. At this point, a 20 pL. sample was taken in a sterile manner
for the determination of a baseline with the glucose biosensor before spiking the fermentation
broth with highly concentrated glucose (aqueous) solution to elevate the glucose levels within
the microbioreactor to 20 g/L. Another sample (20 puL) was taken at this point to determine the
sensitivity of the glucose biosensor, followed by continuous sampling every 30 min for the
glucose measurements during the fermentation in an incubator set at 30°C. To ensure 1:50
dilution, 980 uL of PBS buffer was added to each sample before the glucose measurements in
order to comply with the linear range of the utilized biosensor. All measurements were
conducted in triplicates.

Results and Discussion

Design of a platform for sensor integration

The platform presented was developed to address the current need of in/online monitoring of
several components (e.g. product formation, cell viability and media composition) in
bioprocesses. It was designed to be a part of a multi-component microfluidic platform, where
each system is connected to others via a “plug and play” approach. Even though custom-made
connections can be developed [22], the approach chosen in this work was aimed at developing
a platform compatible with connection with external analytical devices and integration in the
“plug and play” platform. Therefore, commercial finger tight fittings (such as, HPLC-type
connectors) and standard tubing were used. The platform was built in order to be suitable for
a wide range of applications. To this end, the final design, a closed channel, connected to a
chamber where the sensor can be placed, enabled the required flexibility in terms of the sensor
used and its easy replacement. The sensor is introduced in the platform through rectangular
pockets which allow a wide variety of sensor shapes and widths to be integrated without
requiring the modification of the whole platform. Furthermore, it is important to note that the
sensor and platform fabrication are independent from each other. In this way, any sensor
technology compatible with the platform material can be used, which considerably broadens
the future opportunities for the platform’s use.

The assembly of the microfluidic platform, performed using lamination with double-sided
pressure sensitive adhesive tape (DAT), allowed a fast assembly of the different plates that



form the platform (less than 15 minutes required), while also achieving a leakage-free flow
and enabling the re-usability of the platform.

As proof-of-concept, screen-printed electrochemical sensors were chosen due to their cheap
fabrication and wide use in microfluidic and health related applications. The possibility of
applying these sensors as single-use detection elements is also an appealing concept due to the
impending challenges of biofouling that bio-applications can generate during long-term
measurements. Furthermore, two different types of electrodes were selected with the same
detection principle and target, but with different materials and thicknesses. The choice of
electrochemical sensors influenced the final design of the platform, presented in Figure 1 (b)
and (c), due to the required sensing chamber shape. The distance between the measurement
chambers (37.2 mm center to center) was defined based on the gap between the inlets of the
interface connecting the sensors to the potentiostat used for measurement. In principle, due to
the quick fabrication and assembly cycle of the platform (< 2 h), adaptation to most types of
sensors (by adjusting the sensing chamber) can easily be performed. The two integrated
sensors are subjected to different flow rates during measurements, since one is positioned
before the mixing/dilution chamber (first sensing chamber), while the other is positioned after
the mixing/dilution unit (second sensing chamber). Thus, the first sensing chamber is only
affected by the flow of one of the inlets (sample inlet), while the second sensing chamber, on
the other hand, experiences a higher flow rate which is the sum of the flow rate from the two
inlets (sample plus buffer for dilution). The overall internal volume of both designs is
approximately 500 pl.

Mixing and dilution unit

In biological and biotechnological applications, variable substrate (or other components)
concentration can occur, often within a wide range. A mixing/dilution chamber was thus added
to the developed platform, allowing proper sample dilution for quantification to occur in a
secondary sensor, when target samples are above the first sensor’s concentration range. By
diluting the matrix that reaches the detection chamber, the range of detectable concentrations
of the integrated sensor is also broadened. The target sample concentration is diluted to the
linear range measurable by the sensors, which is 0 to 5 mM for graphene oxide-based sensors
and 0 to 2 mM of glucose for graphite-based sensors. The dilution platform, based on passive
mixing, was designed and optimized following a similar concept to the one presented in Jeon
and Shin [33]. Passive mixing was chosen to reduce dependence on external equipment.
Several mixing designs were first simulated using a CFD software (ANSYS-CFX 16.2), before
the best design was integrated in the platform and validated. The first designs were based on
chaotic mixing generated by obstacles in the channel, since this approach provides fast mixing
due to an increased interfacial contact between the different mixing phases [33], [34]. At
microscale the flow is laminar and therefore predictable, simply requiring the solution of the
Navier-Stokes equation without the use of turbulent models. The design of obstacles [35]
within a chamber was preferred to a zigzag configuration (as presented in[33]) to avoid a high
pressure drop [36] due to the sharp corners and extended length, which is relevant when
developing a system for use in a series of chips. Also, to reach a design less prone to clogging,
more complex mixing structures, such as Tesla structures, were avoided [37]. It is also



important to consider when operating a passive mixer, that the mixing capability is highly
dependent on the flow velocity. Therefore, the design must be optimized to achieve appropriate
mixing at high flow rates. In Figure 2 all designs that include obstacles ((a) to (d)) are
presented. It can be observed that the straight diagonal barriers design (Figure 2 (a)) had the
best performance, especially at higher flow rates. However, even the structure showing the
best performance was not capable of achieving the desired 1:9 dilution. Finally, a 3D
serpentine channel was designed and simulated for the same flow conditions as shown in
Figure 2 (e), resulting in the best mixing design. The pressure levels inside the final operating
platform were lower than indicated by the pressure distribution obtained from the CFD
simulations, since no security valve leakage at the pumps or leakage inside the platform was
observed during the operation of the platform.

Sensor characterization

The main working principle of the biosensors applied in this study is electrochemical. It is
based on the detection of either the substrate or the product of the enzymatic reaction, by
measuring the changes in faradaic current that its oxidation or reduction causes on the
surface of the working (sensing) electrode [38,39]. The magnitude of the measured current,
obtained by applying a constant potential between the working and the reference electrodes, is
usually proportional to the bulk concentration of the electroactive species present, hence
enabling a quantitative output.

The sensors integrated in the developed microfluidic platform were characterized both in a
static (droplet characterization) and in a dynamic environment (in-flow characterization).
Both types of measurement were performed for the same substrate concentrations; and, in the
case of the dynamic measurements, the flow rates used were identical to those that the
sensors would be subjected to during the mixing/dilution experiment (0.25 to 10 uL/s).

Figure 3 (a) and (b) present the measured calibration curves from the droplet
chronoamperometry measurements. It can be observed that the graphite-based sensors
(Figure 3 (a)) show a decreased linear range (until 1.7 mM of glucose) with a slightly higher
apparent sensitivity than the graphene oxide-based sensors (Figure 3 (b)). The latter sensors
display a wider range of detection (up to 5 mM of glucose) with a sensitivity less than 0.2
pA/mM. This difference in the sensor output can potentially be explained by the more uniform
electrode surface provided by the graphene oxide-based SPEs together with the presence of an
extra graphene oxide layer. Both sensor types were tested inside the platform and their
dynamic response compared with the static approach.

In Figure 3 (c) and (d) the measured calibration curves for the dynamic method using the
microfluidic platform are presented at different flow rates. This characterization was
performed by introducing the same flow rate at the two inlets, and as a result the first sensing
chamber was subjected to half the flow rate of the second sensing chamber. As illustrated in
the figure, the graphite-based sensors (Figure 3 (c)) present a reduced linear behaviour than
previously obtained in the droplet chronoamperometry, while the graphene oxide-based
sensors (Figure 3 (d)) show a decrease in the linear range (up to ~4 mM of glucose). Both



sensor types however display a variation of the calibration curve with flow. A decrease of the
sensitivity (slope), as well as of the detection range, is observed when the applied flowrate
increases. The higher difference in static vs. flow behaviour observed for the graphite-based
sensors can be related to the difference in electrode substrate (graphite instead of graphene
oxide) as well as SPE substrate (thickness of polymeric layer) that can lead to a lower stability
of the final graphite-based sensors. Furthermore, the higher surface area of the graphene
oxide sensors enables the immobilization of higher amounts of both mediator and glucose
oxidase, possibly contributing to the different output observed.

Influence of flow

The distribution of the current measured relative to the flow rates applied for the integrated
graphite and graphene oxide-based sensors was also assessed. A similar trend can be observed
for both, being however more pronounced in the graphene oxide-based sensors (Figure 4 (b)).
At low substrate concentrations, a slight decrease of the measured current is observed with
increasing flow rates. For concentrations higher than 1 mM, the opposite trend is observed,
where the measured current increases with increasing flow rates. Both trends are however
less prominent for flow rates higher than 5 ul/s. The data corresponding to these observations
is presented in Figure 3S in the Supplementary Information. Since the used flow rate and the
substrate concentration affect the measured current, a study on the influence of flow on the
sensor performance is required and data can only be analysed by using the calibration curves
for each of the applied flow rates. Nonetheless, since the influence for the same type of sensor
should be similar every time, such a calibration curve can be easily implemented in a
monitoring software and allow for immediate data interpretation. Furthermore, since this
behaviour is probably caused by the effect of flow on the diffusion layer above the sensor, it
can also indicate which are the best flow conditions for the operation of the platform, or the
flow conditions that are limiting.

Continuous monitoring of diluted glucose solutions

A successful integration of these sensors and the continuous monitoring of glucose samples in
a microfluidic platform were achieved. Figure 4 presents the results of the mixing/dilution
chamber test where the integrated sensors were used for continuous monitoring of diluted
glucose solutions. Substrate quantification results of the outlet solutions obtained from HPLC
measurements are also presented in Figure 5. The current measured at the sensors was
converted into glucose concentration through the in-flow calibration curve (Figure 3 (c) and
(d)) corresponding to the flow rate applied to the sensor (Table 1). As presented, the graphite
and graphene oxide-based sensors have different sensitivities for the substrate, visible by
their different responses, corresponding to their differences in sensitivity to glucose. However,
both display a deviation from the HPLC data. The graphite-based sensor over-estimates the
glucose concentration and the graphene oxide-based sensor under-estimates it, which can be
caused by the influence of the flow rates on the glucose diffusion to the electrode surface, as
explained previously. More specifically, the influence of the flow rate on the thickness of the
diffusion layer above the sensor is expected to be the main limitation. Potential improvements
to this deviation can be investigated with the aid of mathematical models and the previously
mentioned fluid dynamics simulation. Such models allow accounting for existing concentration



gradients formed inside the sensing chamber, diffusion limitations due to flow conditions, and
the estimation of calibration curves for other flow rates, among others. Furthermore, the
platform was capable of operating continuously for approximately 12 h in a wide range of flow
rates, and with different sensor substrates and geometries. For each sensor type, the in-flow
sensor calibration and dilution experiments in the assembled platform were performed
sequentially and on the same day.

Regarding the mixing/dilution unit, the measured glucose concentrations at the outlet were
higher than the expected concentration for the dilution used, with a variation of around 0.2
mM. This margin of error is acceptable in biotechnological applications [40], [41].

Evaluation of sensor performance with fermentation samples

The performance of graphite glucose sensors with fermentation samples was also evaluated in
preparation for integrating the glucose sensors on the developed microfluidic platform as an
online monitoring tool in lab-scale fermenters.

Figure 5 (a) presents a comparison of the sensor calibration curve performed with pure glucose
solutions (concentrations from 0 to 0.54 g L multiplied by 50 in order to be in the range of
glucose concentration in real fermentation samples) to a two-point calibration made with YPD
medium spiked with 20 g/L of glucose without microbial cells present (1:50 dilution of this
solution was used to obtain the two-point calibration). As observed, the medium seems to
affect sensor behaviour (sensor sensitivity is changed for the two-point calibration relative to
the pure sample calibration), but not significantly. A small increase in the baseline current
(point at 0 g/L) is also observed, and is expected considering the higher complexity and
presence of a wider variety of compounds (e.g. other sugars) in the YPD medium relative to
glucose solutions in PBS buffer. The performance of the sensor performance does not seem to
be significantly affected by a complex fermentation medium.

Figure 5 (b) presents an at-line monitoring of glucose concentration during S. cerevisiae
growth for 5h. It is possible to observe a slow decrease in substrate concentration in the first
3h of growth followed by a significant decrease in the last 1.5h monitored. Since all the
presented points were acquired at a 1:50 dilution of the real sample, it was not possible to
monitor the growth further. However, due to the low detection limit of these sensors, by
gradually decreasing the sample dilution used, a very accurate determination of the point in
time of glucose depletion was made. Even though the dilution applied was higher than the
current sample dilution achievable with our platform, the monitoring performed of glucose
concentrations in the 1mL microbioreactor proved that the glucose biosensor developed can be
used to for the determination of glucose in real samples.

Conclusions and future work

In this work, a microfluidic platform for continuous monitoring of substrate samples in
biotechnological applications was developed. This platform involved the successful integration
of two geometrically different electrochemical sensors and their application in continuous
monitoring. The comparison between sensor output during static and dynamic measurements



allowed the observation of a decrease in detection range for both sensors during in-flow
measurements, relative to the droplet characterization. This change in the sensor’s sensitivity
derives from the fluid dynamic influence on the diffusion of target analyte to the electrode
surface. Moreover, a significant difference in current output was also obtained at low and high
flowrates, indicating that diffusion effects are highly relevant at this scale for the geometries
employed. Finally, the platform displays the capability of performing sample dilutions of up to
10 times, even at high flow rates, through the use of an integrated mixing unit. This unit
allowed tuning the sample concentration according to the sensor’s detection limit, and can be
improved further by increasing the number of bends in the meandering channel or by
introducing some obstacles within the channel, which is large enough to implement such
structures. Furthermore, fluid dynamic simulation tools (CFD) are currently being applied to
the platform, focusing on the influence of the diffusion effects observed and how to account for
them during platform data acquisition. An optimized chamber geometry, a flow rate range or
operation and/or a mathematical relation between static and in-flow calibration curves are the
expected outcomes of such fluidic simulations.

Graphite sensor performance with a complex medium was also evaluated, showing a small
effect of the medium in both baseline current and sensitivity of the measurements. The
sensors were also used to follow S. cerevisiae growth in a 1 mL bioreactor for 5h by monitoring
the glucose concentration at-line. The integrated sensors appear to be capable of handling real
fermentation samples (after appropriate dilution and cell separation) and thus be applicable to
on-line or in-line glucose quantification in lab-scale fermenters.

This platform may be further applied to different sensing technologies (e.g. optical, magnetic),
due to the presented flexibility in terms of sensor format, as well as ease of assembly and
possibility for re-use of both platform and integrated sensors. In addition, a combination of
electrochemical and other sensor technologies (especially optical sensing) could be achieved on
this platform, by using the predefined pockets for sensor integration. Likewise, the integrated
mixing chamber can display a high variety of functions besides the demonstrated dilution
ability. It may be further used as a reaction chamber for the screening of biocatalysts, as an
inactivation chamber or as a labeling unit, by mixing the sample stream with a fluorescent or
magnetic marker, depending on the sensing approach chosen.

The developed platform presented in this work exhibits a multi-function capability using a
simple design, standard connectors and low-cost materials. Such a platform can contribute to
increasing the number of bioprocess parameters measured online during monitoring, by
enabling the integration of different sensor approaches, as well as their replacement, without
the need to change the platform itself. The overall cost of such a platform makes it accessible
both to research laboratories and industry. Additionally, the simple design and assembly
method allows for mass production, by changing the fabrication method to e.g. injection
moulding, and consequently being feasible for parallelization on a larger scale.
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Figure Legends

Figure 1 - Schematics of the developed platform, highlighting the different elements and the
sensor positions (a) and SolidWorks 3D representation of the assembled microfluidic platform
with one integrated IS-C SPE (b), and (c) DRP-PW-110DGPHOX SPE

Figure 2 - Comparison of mixing capability between different mixing chamber geometries
using CFD simulation for 1:1 dilution at 10 m/s, and of a 10 times difference between inlet
velocities for two geometries (straight diagonal barriers channel and the 3D serpentine
channel). In the figure the different geometries tested for mixing are presented: (a) straight
diagonal lines, (b) squared baffles, (c) staggered herringbone, (d) combination of herringbone
and obstacles and (e) three-dimensional serpentine channel

Figure 3 — Droplet amperometric characterization of the biosensors before integration in the
microfluidic platform, (a) graphite-based sensors and (b) graphene oxide-based sensors, and
in-flow amperometric characterization of the sensors used to test the microfluidic platform, (c)
graphite-based sensors and (d) graphene-based sensors*

Footnote:* The graphite-based sensor used in the first chamber presented a high variability during in-flow characterization and
so data is not presented



Figure 4 — Comparison of diluted glucose concentration values measured online with the
sensors and at the outlet using HPLC, for both types of SPEs used: (a) graphite-based sensors
and (b) graphene oxide-based sensors

Figure 1 — Graphite sensor performance with fermentation samples: (a) pure sample
calibration curve (dotted line with diamonds) vs. glucose spiked YPD media two-point
calibration (dashed line with diamonds) and (b) at-line quantification of glucose consumption
by S. cerevisiae in a microbioreactor determined by a glucose biosensor (N=3).

Table 1 - Flowrates used to test the mixing/ dilution chamber inside the developed
microfluidic platform.

Dilution Flowrate Flowrate in second Flowrate used
second inlet sensing chamber (uL s!) for data
(nL s1) interpretation

(uL s1)

1:1 1 2 2

1:2 2 3 4

1:5 5 6 6

1:9 9 10 10
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Figure 1S - Cyclic voltammograms of the sensors used for the microfluidic platforms test: (a) for the graphite-based
sensors and (b) for the graphene oxide-based sensors. The sensor used in the first chamber is presented in blues,
while the sensor used in the second chamber corresponds to the red curve.

Figure 2S - Mixing chamber designs based on passive mixing structures: straight diagonal barriers (a), squared
baffles (b), staggered herringbone (c) combination of herringbone and obstacles (d) and three-dimensional serpentine

(e).
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Figure 3S - Influence of flow on the current measured for the range of glucose concentrations tested for both types
of sensors used: (a) graphite-based sensors and (b) graphene oxide-based sensors.



