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Microfluidic platform for serial mixing experiments
with in operando nuclear magnetic resonance
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We present a microfluidic platform that allows in operando nuclear magnetic resonance (NMR) observation
of serial mixing experiments. Gradually adding one reagent to another is a fundamental experimental
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modality, widely used to quantify equilibrium constants, for titrations, and in chemical kinetics studies. NMR
provides a non-invasive means to quantify concentrations and to follow structural changes at the
molecular level as a function of exchanged volume. Using active pneumatic valving on the microfluidic

device directly inside an NMR spectrometer equipped with a transmission-line NMR microprobe, the
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1 Introduction

Serial mixing experiments, where two solutions are mixed in
systematically varying proportion, are a widely used approach
in chemistry and the life sciences. They are fundamental for
the determination of binding constants,' to acquire kinetic
data,"” and for toxicity studies,® to name but a few examples.
Microfluidic implementation of such experiments offers
automation of what is otherwise a very repetitive task, with
advantages in cost and reliability. Also, miniaturisation is an
advantage if one of the reactants involved is costly or only
available in small quantities.

Lab-on-a-Chip (LoC)
experimentation with sub-uL sample volumes, and quite
complex experimental protocols can be implemented using
pneumatically actuated valves,® digital microfluidics,” and
ultrasound separation.® Commonly, data readout in LoC
systems is based on fluorescence spectroscopy,””® mass
spectrometry,” UV-vis spectroscopy,’® plasmonics'’ or
electrochemistry."

In contrast, NMR has largely remained outside of the
focus of microfluidics, despite its wide range of applications.
The versatile, specific and non-invasive character of NMR
allows to examine, in parallel, different characteristics of the

devices allow efficient
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system allows injection of aliquots and in situ mixing in a sample volume of less than 10 ulL.

same sample. For example, detailed reaction monitoring™®
may be coupled with chemical analysis'* and molecular
structure determination.”® Conventional liquid-state NMR
uses relatively large samples, of the order of 600 pL, and
reaches concentration limits of detection around 10 pM,/s.
Miniaturised receiver coils offer significantly improved mass
limits of detection.’®*® A number of low-volume
detectors'®>" and capillary flow NMR systems'**>7>* have
been described on this basis. In some cases, systems with
simple planar microfluidic devices that can be inserted and

removed from the micro-NMR probe have been
proposed.”>® However, it is challenging to integrate non-
trivial microfluidic functionality such as valving and

pumping into such micro-NMR (uNMR) platforms.*
Complexity on the chip tends to lead to a loss in spectral
resolution due to differences in magnetic susceptibility of the
components.*® Moreover, ancillary hardware such as solenoid
valves are not compatible with high magnetic fields, and the
space inside the NMR bore is very constrained. A common
approach has been to carry out most of the flow
manipulation away from the spectrometer’®>*>*313% and
deliver the final sample to the NMR detector by a several
meters long capillary.

An exception is the work by Swyer, et a who have
successfully  integrated electrically actuated  digital
microfluidics (DMF) with NMR. Based on electrowetting
phenomena, DMF allows flexible manipulation of liquid
droplets in contact with a dielectric surface. In the present
work, we show that NMR can also be successfully combined
with conventional, pressure-driven microfluidics and
pneumatically actuated valves. While DMF is very versatile,
pressure-driven microfluidics has advantages in certain
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circumstances. It is insensitive to the type of fluid being
used, whereas DMF requires ionic solutions, or at least a
solvent with high dielectric constant. Pressure-driven fluidic
devices are simple, and can be produced -cost-effectively
through soft lithography or rapid prototyping techniques
such as laser cutting and 3D printing. DMF devices require
lithographic processes to define the electrodes, along with
careful control of surface properties.

As shown in the following, conventional pneumatically
actuated on-chip valving®*® and pumping can be combined
with high-resolution pNMR spectroscopy in order to
implement serial mixing experiments. Controlled serial
mixing of two liquids in order to systematically quantitate
the response of chemical and biological systems to
concentration changes has been implemented in microfluidic
systems before; for example to characterise protein-substrate
binding events®® and in toxicity assays based on microfluidic
cell cultures.’”*® Mixing of the liquids is a common
bottleneck for such systems. One effective solution is offered
by circular micromixers,’>*® often with pneumatically

actuated microvalves and pumps,”*® which rely on
deformation of elastomer membranes, usually
polydimethylsiloxane (PDMS). Elastomer structures are

problematic in context of NMR as they cause broad
background signals that are difficult to suppress. It is
therefore necessary to keep the elastomer away from the
NMR detection area.*!

The chip design presented here integrates a system of
pneumatic microvalves into the liquid flow path. An external
micro-syringe pump injects a small volume increment of a
reagent to the working volume on the chip. After each
injection, the working area is sealed off and the solution it
contains is mixed by peristaltic action of the integrated
valves. The chip is compatible with an optimised
transmission-line NMR detector that has been characterised
previously.”® The performance of this LoC system is
demonstrated in the remainder of this paper by following the
gradual mixing of two inert compounds monitored by proton
NMR spectroscopy.

2 Design and operation

The system presented here exploits the design versatility of a
transmission-line probe assembly (TLP),® designed to
accommodate generic microfluidic devices inside a standard
NMR spectrometer. The TLP detects NMR signals from a 2.5
uL detection chamber on the microfluidic device with
optimal sensitivity and high spectral resolution. The probe
and microfluidic device are of a corresponding geometry,
such that the detection chamber coincides with the area of
maximum sensitivity of the TLP.*” Apart from the fixed size
and position of the detection chamber the NMR system does
not constrain the fluidic design, such that a wide range of
functionalities can be implemented. In the present case, the
chip accommodates a number of microvalves, which are
actuated pneumatically using solenoid valves located outside
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Fig. 1 Schematic representation of the microfluidic chip designed for
serial mixing experiments (A) and graphic representation of the liquid
flow path during injection (B — C), mixing (D), and data acquisition (E).

of the NMR magnet. A micro-syringe pump, also kept
externally, is used to inject precisely measured aliquots into
the chip.

The planar microfluidic chip shown in Fig. 1A contains six
microvalves which are implemented by sandwiching the
wider part of the chip with elastomer membranes between
two 3D-printed holder structures, which also serve as
interfaces for liquid and pneumatic tubing. A detailed
description of the chip assembly and ancillary hardware is
given in the ESL{ Manual intervention is required only for
device assembly and filling with the sample liquid. After that,
liquid flow on the chip is controlled completely through the
micro-syringe pump and chip microvalves.

The microfluidic circuit consists of a detection chamber
(2.5 uL), connected to the chip inlet and outlet through a pair
of pneumatically actuated cutoff valves** (1 and 2 in Fig. 1A).
A bridge pathway, equipped with valves 3-6, allows peristaltic
circulation (mixing) of the liquid contained on the chip.
During injection and filling, the cutoff valves are kept open,
whereas the bridge pathway is closed using valve 4. During
mixing, the chip is isolated from the supply by closing the
cutoff valves, and valves 3-5 are actuated periodically with a
phase shift to create a peristaltic motion of the liquid.* The
total volume subject to circular peristaltic mixing V;,
consisting of the detector chamber, valves 3-6, and
connecting channels, amounts to 10 pL.

At the start of a serial mixing experiment one solution (see
Fig. 1B) is contained within the microfluidic chip and the
other in the connecting reservoir capillary. The majority of
the capillary volume and connected micro-syringe pump is
filled with an inert working fluid, limiting the overall sample
use to a few tens of microliters. Initially, only the test
solution (blue) is present inside V; (see Fig. 1B). Through the
micro-syringe action, a volume increment V; of the exchange
solution (red) is injected into V; (Fig. 1C), displacing an
equivalent volume of the test solution out of the chip. V is
then isolated using the cutoff valves, followed by a period of
peristaltic mixing. The NMR spectrum of the solution in the
detection chamber is then acquired, before the next
increment V; is injected.

Lab Chip, 2021, 21,1598-1603 | 1599
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The concentration of a compound A in the detection
volume after the k-th injection/mixing cycle is expected to be

A= (1= 71 Wy + 3 I Q0

where [A]. is the concentration of A in the exchange solution.
The initial concentration [A], is that of the test solution [A].
The composition after n steps is therefore

= (1-3) Wer [1- (13 e @

3 Experimental
3.1 Microfluidic device design, fabrication and assembly

All microfluidic chips were designed and manufactured on
site. Each chip consists of a 500 pm thick polymethyl
methacrylate (PMMA) layer that is sandwiched between two
outer 200 um thick layers. The design features of the PMMA
layers were specified in an AutoCAD (Autodesk, US) file and
cut from commercially available PMMA sheets (CLAREX,
Japan) using a CO, laser cutter (HPC Laser Ltd., UK).
Adjusting the power and speed of the laser controls the depth
and width of the cut. Microfluidic channels in the chip were
produced to an approximate width and depth of 150 pm,
while the valve elements were fully cut through. After cutting,
the layers were washed with isopropanol, dry treated with O,
plasma (Diener, CH), and bonded with plasticiser (2.5% v/v
dibutyl phalate in isopropyl alcohol) under heat and
pressure, according to a previously established protocol.*!
The device assembly was completed using three elastomer
membranes, two 200 um thick PDMS, and a single 100 um
thick nitrile rubber (NBR), and two holder blocks that cover
the upper part of the microfluidic chip (Fig. S2t). Like the
PMMA layers, the elastomer membranes were cut from the
respective sheets (Shielding Solutions, UK; Ansell Healthcare,
Belgium) with a CO, laser. The chip holder blocks were
designed in SolidWorks (Dassault Systéemes, France) and
produced from Accura® Xtreme™ 200 Plastic by
Stereolitography 3D-printing (Protolabs, UK). The PDMS
membranes were placed directly on the chip as a gasket. The
NBR membrane was placed between the chip holder and the
PDMS membrane, preventing the pressurised air permeating
through the PDMS layer. The microvalves use a plunger
architecture® (Fig. S3t). The holders house liquid and gas
channels, and the microports that allow to connect the device
to external pressure and liquid supply systems. The assembly
is held together by four M3 screws.

3.2 Sample loading

A 80 um inner diameter polyethylene ether ketone (PEEK)
capillary connects the microfluidic device to a SPSO01 micro-
syringe stepper-motor pump (LabSmith, US). Initially, the
syringe and capillary volume was entirely filled with a
perfluorinated oil (Fluoinert™ FC-43, Sigma-Aldrich, UK).

1600 | Lab Chip, 2021, 21,1598-1603
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The sample solution was loaded into the capillary from a
length-modified pressure resistant NMR tube (Wilmad-
LabGlass, US) serving as the primary reservoir. The loading
end of the capillary was immersed in the exchange solution
and 3 bar of pressure were supplied to the NMR tube. Using
the micro-syringe at the other end of the capillary, 20 puL of
the exchange solution were then drawn into the capillary.
The same procedure was repeated for loading of the test
solution. Subsequently, the loading end of the reservoir
capillary was connected to the assembled microfluidic device
and 3 bar back pressure was applied to the device outlet. The
microfluidic chip was then filled with the test solution by the
micro-syringe action, such that the boundary between the test
and exchange solutions coincided with the chip inlet.

3.3 Microvalve control

The microvalves on the chip are actuated via ~4 m leads
operating at 5 bar air pressure. Using a common pneumatic
manifold, a single pressure input is separated into six leads
that extend to the individual microvalves. The manifold holds
six solenoid valves (Festo, Germany), controlled by an
Arduino Mega 2560 (Arduino, US) microcontroller.

3.4 Software

Firmware controlling the solenoid valves was written in
Arduino IDE (Arduino, US) and allows for individual and
sequential actuation of the valves with varying patterns and
frequency. The micro-syringe is operated using manufacturer
supplied uProcess™ software (LabSmith, US).

3.5 Chemicals

Sample solutions were prepared by dissolving 43.9 mg
sodium 3-trimethylsilyl-1-propanesulfonate (DSS) and 23.5
mg fumaric acid, respectively, in a stock solution of 4 mL 50
mM sodium acetate in H,O. In both solutions the pH was
adjusted to 13 + 0.5 using 50 mM sodium acetate/1.5 M
NaOH.

3.6 Data acquisition & processing

All NMR measurements were performed at 11.7 T in a
500 MHz Bruker Active Shield II WB magnet equipped
with a Bruker AVANCE III console. 8 transients were
recorded for each spectrum with a repetition delay of 8 s
and an acquisition time of 2.0 s. Water signals were
suppressed by 3 s of presaturation with a nutation
frequency of 100 Hz. Spectra were processed with 0.5 Hz
of Lorentzian line broadening and the baseline was
automatically corrected using a first order polynomial. All
processing was done using the NMR.jl (https://github.com/
marcel-utz/NMR.jlI) package for the Julia programming
language.*’

This journal is © The Royal Society of Chemistry 2021
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4 Results and discussion
4.1 Microvalve function

During the serial mixing experiments the microvalves serve
two distinct functions: (i) closing of specific valves
determines the flow path of the sample liquid, and (ii)
sequential valve triggering pattern creates the peristaltic flow
needed for sample mixing. Valve closing is achieved when
the applied pressure to the valves exceeds the pressure in the
liquid, pushing the elastomer membranes against the valve
floor. The required pressure was determined experimentally
for each of the valves. A water filled capillary was connected
to the device inlet and the flow was generated with
application of 4 bar air pressure at the capillary end. Flow
was observed at the device outlet. For all tested chips, 5 bar
air pressure applied to each of the valves was effective to stop
the flow of the liquid through the device. Function of the
microvalves was unaffected by the long (~4 m) pneumatic
tubing.

Due to the asymmetrical circuit design it is possible to
distinguish two opposite directions of the flow inside the V.
Here, we refer to those as clockwise and anticlockwise. While
the flow is created by sequential actuation of valves 3, 4, 5
(see Fig. 1), valve 6 remains open during this routine and
contributes to the fluidic capacitance of the circuit. In the
clockwise direction valve 6 is positioned downstream from
valves 3, 4, 5, and upstream in the anticlockwise direction.
This asymmetry is reflected in the liquid flow observed inside
Vs. In a series of experiments carried out outside of the NMR
spectrometer, injection of bromophenol blue (BpB) dye to Vg
was carried out in order to visualise the flow, and to evaluate
the time needed to reach sample homogeneity. These results
are shown in Fig. 2. At t = 0, 1.5 uL of the BpB exchange
solution was injected into the chip. The injection flow is
downward, as indicated by an arrow in the figure. The
boundary between the exchange and test solution is clearly
visible in the detection chamber. Peristaltic flow in the
clockwise direction is then started at a frequency of 0.75 Hz,
leading to an upward movement of the liquid in the image
(arrow). After 40 s, the blue boundary between the fluids

Injection Peristaltic action
0s 20s 40s 60 s

18 mm
- —

Fig. 2 Visualisation of the flow inside the sample chamber of the
microfluidic chip. Images were taken at specified time points after
initial injection of the BpB dye. Arrows indicate the direction of the
flow at each step.
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reaches the detection volume from below. The liquid
continues to flow around the mixing volume Vj, gradually
getting mixed in the process. After 60 s, the colour gradient
is still visible, while it has disappeared after 120 s of mixing.

From the known volume of the detection chamber of 2.5
pL and the circulation time, the flow rates reached by
peristaltic pumping were estimated. We obtained average
values of 5 + 2.5 pL min ' clockwise, and 1.5 + 0.7 pL min '
anticlockwise. The variability is likely due to the fabrication
tolerances of the microfluidic chips. In the clockwise
direction, a mixing time of 120 s was sufficient to reach a
condition where no more changes to the sample colour could
be observed (see Fig. 2). For all NMR detected experiments
the mixing time was conservatively extended to 240 s to
ensure sample homogeneity.

4.2 NMR detected serial mixing

Serial mixing of fumaric acid and DSS solutions inside the
microfluidic device was monitored by the intensity changes
of the corresponding NMR signals. The two compounds,
together with sodium acetate used as internal concentration
standard, were chosen because they do not react and have
well separated 'H chemical shifts. The main resonances
appear at 0 ppm, 1.92 ppm, and 6.52 ppm for the nine
equivalent methyl protons on DSS, three methyl protons on
sodium acetate, and two equivalent methine protons on
fumaric acid, respectively. Secondary signals due to
methylene protons on DSS at 0.62 ppm, 1.77 ppm, and 2.92
ppm can be observed above ~5 mM.

After filling the reservoir capillary with 20 pL each of the
fumarate (exchange) and DSS (test) solutions, the experiment
was started by injecting the device with 18 + 1 uL at a flow
rate of 15 uL min". Since this is in excess of the mixing
volume of Vg = 10 pL, it leads to complete filling of the chip
with the test solution. The first NMR spectrum shown in
Fig. 3 (V = 0) shows only the acetate and DSS signals, and no
fumaric acid peak. For each subsequent spectrum, an
additional V; = 2 + 0.25 puL were injected, followed by 240 s of
peristaltic mixing before acquisition. 3 bar of back pressure
applied at the device outlet was employed to ensure the V; is

Fumaric acid Na-acetate Dss
DSs DSS DSs
20 Ml
SR == =
Volume /uL = o3 \o
S o 1 O e A B s A s arn
6.5 3 25 2 15 1 05 0
5 'H/ppm

Fig. 3 Series of *H detected spectra obtained during the serial mixing
experiment between 35 mM DSS and 40 mM fumaric acid solutions in
50 mM sodium acetate at pH 13. Spectra are referenced to 0 ppm
using the main DSS resonance and the traces are stacked according to
the combined injection volume.
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Fig. 4 Concentration changes observed during serial mixing of DSS
(blue) and fumaric acid solutions (gray). All values are normalised with
respect to the signal intensity of the internal standard (sodium
acetate). Scattered points represent the experimental data while the
line-plots demonstrate the best fit model as specified by (2).

equal to the volume displaced by the movement of the micro-
syringe plunger at the opposite end of the reservoir capillary.
The gradual reduction in intensity for DSS, and increase for
fumaric acid can clearly be observed in all subsequent
spectra shown in Fig. 3.

Concentrations of DSS and fumaric acid were computed
from the spectra based on the known concentration of
acetate [Ac], according to

X) = 7 fad], )

where [X] denotes the concentration of X in the detection
volume, Ix is the integral of the corresponding NMR peak,
and ny is the number of protons per molecule contributing
to that peak. Fig. 4 shows the resulting concentrations of DSS
and fumarate as a function of injected volume (solid
diamonds). Vertical error bars are derived from the
integration error due to spectral noise and estimated
pipetting errors in preparation of the acetate stock solution.
Horizontal error bars reflect the +0.25 pL repeating accuracy
of the syringe pump. The accuracy of V; is limited by the
metering accuracy of the micro-syringe. The supplier offers a
range of syringe sizes, each with specified metering accuracy.
Here, a single 80 uL syringe (SG-080-C360, LabSmith, US) was
used to reach the desired level of volume control. More
precise operation can be carried out with parallel use of
syringes of different size (e.g. 8 and 80 uL) via a Y junction,
for bulk and fine control, respectively.

The solid lines in Fig. 4 represent a least-squares fit of (2)
to the data, where V; has been treated as the fitting
parameter. While the microfluidic chips were designed for a
nominal value of Vs = 10 pL, fabrication tolerances invariably
lead to small differences.

Using the Levenberg-Marquardt method for nonlinear
least-square fitting, Vs was evaluated from the data shown in
Fig. 4 as 9.7 £ 0.6 uL at 95% confidence intervals. The root
mean square error (RMSE) of the fit was 1.23 mM, well within
the expected concentration error range.
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5 Conclusions

We have presented a versatile microfluidic system for serial
mixing experiments with in operando detection by NMR
spectroscopy. The device is capable of repeated sample
manipulation, including injection and mixing, in a constant
volume of approximately 10 pL while inside the NMR
spectrometer. The entire experimental procedure going from
100% test solution to 100% exchange solution, with multiple
exchange steps, can be completed with under 50 pL of
sample. This value could be reduced further by utilising soft
lithography for chip fabrication. At the same time the
complexity of the fluidic circuit and the precision of the
metering and valving could be increased by more
sophisticated manufacturing, without inflating the overall
working volume. However, the ultimate scaling limit is
dictated by the NMR limit of detection, which requires
increasing concentrations of analytes as the detection volume
gets smaller. The current design is optimised for 2.5 pL
detection volume, which leads to concentration limits of
detection around 1 mM./s.”® Significantly smaller volumes
could be used in systems that support higher analyte
concentrations.

Ongoing development is aimed to make this a generic
reactor for chemical analysis, and with improved
microfabrication methods practically unlimited number of
inlets and microvalves could be implemented on chip to
monitor complex chemical reactions. As such, we expect this

platform to be well suited for thermodynamic
characterisation of in vitro chemical equilibria, with
application in eg phase separation, macromolecular

assembly, or for kinetic analysis by systematically varying
catalyst concentration. In protein work specifically, serial
mixing experiments with NMR detection are uniquely placed
to study protein folding or protein-ligand interactions. Other
uses can be envisaged for cellular systems, such as
microfluidic cultures of cells, organoids and tissues, for
dose-response analysis in toxicology or metabolic pathway
analysis.
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