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Cell-free biology using remote-controlled digital
microfluidics for individual droplet controlt
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Cell-free biology for diverse protein expression and biodetection in vitro has developed rapidly in recent
years because of its more open and controllable reaction environment. However, complex liquid
handling schemes are troublesome, especially when scaling up to perform multiple different reactions
simultaneously. Digital microfluidic (DMF) technology can operate a single droplet by controlling its
movement, mixing, separation, and some other actions, and is a suitable scaffold for cell-free reactions
with higher efficiency. In this paper, a commercial DMF board, OpenDrop, was used, and DMF
technology via remote real-time control inspired by the Internet of Things (loT) was developed for
detecting glucose enzyme catalytic cell-free reactions and verifying the feasibility of programmed cell-
free protein expression. A cell-free biological reaction process which can be remote-controlled visually
with excellent interactivity, controllability and flexibility was achieved. As proof-of-concept research, this
work proposed a new control interface for single-drop cell-free biological reactions. It is much like the
“droplet operation desktop” concept, used for remote-controllable operations and distributions of cell-
free biology for efficient biological screening and protein synthesis in complex reaction networks, with
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1. Introduction

Cell-free biology (CFB) has developed rapidly in recent years.*
CFB means synthesizing proteins or conducting specific
enzyme-catalyzed biochemical reactions in vitro, which imitate
metabolic processes in vivo.> Cell-free biochemical reactions
utilize purified enzymes for reaction synthesis or the detection
of useful substances, such as carbohydrates and esters. Nucleic
acids such as DNA or RNA are even used as templates to perform
cell-free protein synthesis. Compared with a cellular system,
a cell-free system eliminates the cell’s tightness, making the
system more open, and allows more control over the component
concentrations and reaction conditions.*®> Meanwhile, CFB
separates biological growth and protein expression, and is more
suitable for high-throughput screening as well as engineering
applications for industrial production.® Given the above
advantages, cell-free biology is widely used in the fields of bio-
logical detection, high-throughput screening of drugs and
mutations, and the design and synthesis of unnatural
proteins.”® Several groups have developed different cell-free
reaction protocols to meet diverse needs and applications.
Using a freeze-dried cell-free platform, rapid and portable
nucleic acid detection via in situ protein synthesis reactions is
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expanded operability and less artificial interference.

expected to be applied in field, military, epidemic, and other
environments.”'® Swartz’s and Jewett’s groups have done
excellent work on cell-free non-standard amino-acid incorpo-
ration into different sites using orthogonal expression systems
with high fidelity.'*"> Meanwhile, as a method for protein
engineering, cell-free protein synthesis technology has been
scaled up to 100 liters so far, and it is likely to undergo large-
scale industrialization in the near future.”

However, with the widespread popularity and application of
CFB as a research platform, the inconvenience of a complex
liquid handling process becomes obvious, especially when
scaling up to perform multiple reactions simultaneously. CFB is
characterized by a wide variety of reagents, but each in a small
amount. Whether a CFB kit is laboratory-made or commercial,
there are usually more than five and even up to ten different
reagents, each of which needs to be stored separately and then
manually mixed in the experiments."* Furthermore, multiple
reactions are usually performed simultaneously to compare or
contrast various conditions for optimization or screening.
When the number of simultaneous reactions is scaled up, the
operation simply to remove the droplets occupies 50% of the
experimental time, resulting in a massive amount of wasted
labor and disposable consumables, especially in the purified
reconstituted system (PURE)." F. Villarreal et al. presented an
approach to produce pure translation machinery by a single
culturing and purification step through exploiting microbial
consortia in the PURE system. The huge innovation of the
synthetic microbial consortia method helps to greatly decrease

This journal is © The Royal Society of Chemistry 2020
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the independent reactants.'® However, it is necessary to mix the
pure translation machinery with other reactants. Meanwhile,
whether by manual or machine operation, the removal of a very
small amount (a few microliters of liquid) by pipette may cause
large errors, resulting in the poor repeatability of cell-free
reactions."”

Digital microfluidic (DMF) technology is an interesting
emerging technology for the direct manipulation of individual
droplets. In recent years, basic physicists have often conducted
research on the physical properties of droplets and fluids using
DMF platforms. DMF is commonly referred to as electrowetting
technology, which uses a set of planar electrodes to operate
separately on individual droplets. Wheeler's group first
proposed the electrowetting method of digital microfluidics to
control the shape and position of droplets on surfaces.® In
addition, a variety of principles for DMF have been developed,
such as thermal gradient and acoustic or magnetic response.
Magnetic-actuated programmable droplet manipulation has
been achieved for basic chemical reactions.” Compared with
traditional microfluidics, where liquids are controlled in closed
channels, DMF retains the advantages of microfluidics, such as
low amounts of reagents and consumable consumption,
enhanced heat transfer, and easy integration. Meanwhile, DMF
has its own excellent advantages:**** (1) DMF independently
controls individual droplets, eliminating the need for micro-
devices, such as micropipes, micropumps, microvalves, and
micromixers, which can avoid the complicated design and
processing of microfluidic plates; (2) a multi-threaded opera-
tion can be performed at the same time by performing the
independent operation of different unit modules; (3) controlled
by the electrode array, it can be reconstructed according to
different experiments with the universality of different situa-
tions; (4) its open environment and relatively large volume (up
to 10 microliters) makes it easy to sample later; (5) it is even
possible to use solid samples without clogging.

Because of the unique and useful features, DMF technology
is a promising candidate for use in biochemistry.?*>” DMF is
used for chemical enzyme catalysis, immunoassays, and
medical testing. These studies focus on simple reaction assays.
T. B. Yehezkel et al. first reported de novo synthesis and cell-free
cloning of custom DNA libraries via droplets using a DMF
method. However, the manipulation of proteins, which are
expressed and eventually function inside living cells, has not
been explored.”® There have also been studies on proteomics,
and step-by-step operations for protein separation and purifi-
cation, and cell culture and adhesion on DMF as a culture pad
in terms of cell applications. However, due to the limitations of
a series of difficulties in cell mass expression, separation, and
purification, cells have not been used to synthesize actual
polymer proteins using the DMF method. Cell-free biology
provides an open environment that combines DMF technology
with in vitro biochemical detection and protein synthesis. It
provides an excellent platform for a large amount of efficient
biological screening and synthesis.>**°

Gaudenz’s group has released the OpenDrop product as an
integrated DIY platform for DMF biochips; its users include
academia, companies, hackerspaces, and even individuals.**

This journal is © The Royal Society of Chemistry 2020
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The velocity of a droplet is measured using an OpenDrop device
to optimize the thickness and the types of dielectric layers to
improve the droplet actuation.®” 2D DMF arrays are limited to
small sizes, which hinders high throughput screening applica-
tions; Ishii’s group addressed these issues by scaling electro-
wetting for large area droplet manipulation, enabling multiple
parallel operations.*® However, the control methods are rela-
tively basic, mainly based on preset procedures. There is no way
to deal with problems that occur at any time during the oper-
ation. Furthermore, considering that many biological reactions
require harsh operating environments to minimise distur-
bance, such as environments that require strict sterility, it will
be very convenient for the experimenter if remote biological
operations are enabled. Therefore, a DMF control interface in
combination with remote-controlled IoT technology was further
developed for use as a more smart and conveniently-operated
CFB platform, which has not been done before.

In this paper, real-time remote-controlled DMF technology is
developed to assist with the research of cell-free biological
reactions to improve its interactivity, controllability and flexi-
bility with higher efficiency. The feasibility of DMF with
pigments was firstly verified, and the double enzyme-catalyzed
detection of glucose biochemical reactions was then carried
out, which served as a conceptual exploration of DMF tech-
nology for cell-free biological sample detection. A cell-free
protein synthesis reaction on the DMF pad with the expres-
sion of variable-fluorescence proteins and catechol 2,3-dioxy-
genase (CatO,ase) finally conducted (Fig. 1). It
demonstrates the feasibility of the new mouse-like droplet
operation interface with the combination of a DMF method and
a cell-free biological system, followed by the key performance
and mathematical analysis of movements on the DMF platform.
The advantages and limitations are discussed. The droplet
desktop paves the way for a smarter cell-free interface for bio-
logical detection and protein synthesis in complex reaction
networks with expanded operability and less artificial
interference.

was

2. Experimental
2.1 Pigment preparation

Aqueous dyes were purchased at the Yihang Art Supply Store,
and they contained 8 colors. Of these, four colors with higher
contrast were selected for experiments. 1 mL of dye was taken,
diluted with 9 mL of water, and 20 uL of the solution was added
to the DMF plate for operation. The control program was set on
the PC according to specific droplets’ motion trajectory. For
more detail, please refer to the remote control section.

2.2  Glucose detection

To detect the concentration of glucose, the final concentrations
of GOx, HRP, and ABTS in the reaction mixture were maintained
at 0.023 mg mL™*, 0.023 mg mL~*, and 0.864 mg mL™'. The
final concentrations of glucose were varied from 0.023 to
0.181 mg mL™*. 0.25 mL of 1 mg mL ™' GOx and 0.25 mL of 1 mg
mL~" HRP were added to 9.5 mL of 1 mg mL ™" ABTS, and then
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Fig. 1 Schematic diagram of remote control and real-time interaction between OpenDrop DMF board and remote terminal app interface.
OpenDrop’s DMF board is connected to a Raspberry Pi. Remote control across the wide area network (WAN) is performed through a virtual
network console (VNC) or Teamviewer. The operation interface can be seen on various terminal devices for real-time operation, like a PC, pad, or

mobile phone.

20 puL of the mixture of GOx, HRP and ABTS was added to 2 uL of
glucose at varied concentrations. The concentrations of glucose
were varied from 0.25 to 2.0 mg mL~'. The mixture was incu-
bated for 5 minutes at room temperature. Then water was added
to the mixture until the volume was 1.5 mL.** The absorbance of
the solution after dilution was measured at 420 nm.

2.3 Cell-free protein system

Cell-free reactions were carried out in a volume of 20 pL at 30 °C.
The reaction system was composed of 10x salts, phosphoe-
nolpyruvic acid (PEP), amino acid mixture, 25x NTPs mixture,
Mg>* solution, PEG8000, Crude T7 RNA polymerase, E. coli
extract, and DNAs.* 10x salt was prepared by 1.75 M potassium
glutamate, 27 mM potassium oxalate monohydrate, and
100 mM glutamate, and the pH was adjusted to 7.2-7.4 with
ammonia during dissolution. Mg>* solution was prepared by
1 M magnesium glutamate. Amino acid mixture was prepared
by adding the amino acids in the following order (given by
three-letter codes): Arg, Val, Trp, Phe, Ile, Leu, Cys, Met, Ala,
Asn, Asp, Gly, Gln, His, Lys, Pro, Ser, Thr, Tyr. During prepa-
ration, it was necessary to ensure that all of the amino acid was
dissolved before adding the next, and Tyr was added finally with
the pH adjusted to 7.4 with ammonium hydroxide. A concen-
tration of 883 mM PEP solution was prepared rapidly on ice and
flash frozen, and 10 M KOH was added to adjust the pH to 7.4.
25x NTPs mixture was prepared by adding all the reagents one
by one in the following order: 1 M putrescine, 1.5 M spermidine,
8.3 mM NAD, 30 mM ATP, 21.5 mM CTP, GTP and UTP, 6.8 mM
CoA, 4.3 mg mL ™" E. coli tRNA, and 0.9 mg mL ™" folinic acid.
Before adding the next reagent, the last reagent was completely
dissolved. The final pH should be between 7.4 and 7.6 and the
mixture was stored at —80 °C. When preparing the cell-free
system, 6 pL of E. coli extract, 0.8 uL of PEP, 2 uL of 10x salt,
0.8 uL of amino acid mixture, 0.8 uL of 25x NTPs mixture, 0.2
uL of Mg2+ solution, 2.5 pL of 20% PEG8000, and 0.1 uL of crude
T7 RNA polymerase, 300 ng DNA (mCherry, GFP, and YPet) was
used. Water was added to the mixture until the volume of the
reaction system was 20 pL. Due to the limitations of DMF
control, it is best to control the droplet size at 20-60 pL, and
accordingly adjust the amount of the prepared reaction system.
For example, the total reaction system consists of 5 reaction
units; that is, 5 x 20 pL = 100 pL.

During operation on the DMF board, the cell-free reaction
system was divided into 4 droplets. Droplet 1 includes E. coli
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extract and T7 RNA polymerase, Droplet 2 includes PEG8000,
NTPs mixture, and phosphoenolpyruvic acid (PEP), Droplet 3
includes Mgz+ and other salts, and amino acid mixtures, and
Droplet 4 includes plasmid aqueous solution as the trigger of
the cell-free reaction. Each of the droplets is composed of
separated droplets of every single component with a prepared
concentration and mixed on the DMF board. Driven by the DMF
plate, the first three droplets were mixed, and then the last
droplet containing the plasmid was mixed, triggering the cell-
free protein reaction. The mixture was incubated for 9 hours
at room temperature.

2.4 Digital microfluidics board

The DMF hardware system used was the commercially available
OpenDrop V3 board from Gaudi Labs,* which was an inte-
grated chip device based on the ATSAMD21 ARM Cortex M0
processor that goes to the high voltage output via USB. The
ready-made electrode array was assembled, and air was isolated
by using 5 cs silicone oil. Parafilm was cut and stretched as the
hydrophobic layer film to ensure that the droplets could move
freely.

2.5 Remote control of DMF board

Based on the OpenDrop board with its relevant open source
software on GitHub (https://github.com/GaudiLabs/OpenDrop),
changes were made according to different applications and
different control methods. The internal control of the single
chip was conducted by Arduino, and the processing software
helped to realize the interface control of the PC and the serial
communication between the PC and the chip, thus achieving
control of the energization of the single electrode. By rewriting
the corresponding program, the USB serial port was connected
to the Raspberry Pi 3B+ for control on a Linux system. Remote
desktop control was achieved using the VNC protocol on the
LAN. Furthermore, in order to enable the PC and mobile to
perform real-time remote control under the conditions of the
wide area network to realize IoT, intranet penetration of the
internet was conducted through Teamviewer, connecting the
Raspberry Pi with the OpenDrop pad and the control terminal to
one remote network. Therefore, remote desktop access can be
performed on the PC or the mobile phone for remote control.
The specific control program generates the relevant json file
through processing to perform control of the flow settings,
which can be saved to improve its repeatability.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The principle of droplet movement on digital microfluidics devices. The small capacitor between the thin dielectric layer is formed by
a high voltage on the actuation electrode and a low voltage on the ground electrode. The electrostatic force drives the movement of the droplet

from the ground electrode to the actuation electrode.

3. Results and discussion
3.1 Principle

The principle of using the digital microfluidic electrowetting
method to manipulate individual droplets is shown in Fig. 2.
There is a set of a parallel array of electrodes on the substrate,
with a dielectric layer on top of the electrodes. When energized,
the electrode is at a high voltage, and the ground electrode is at
a low voltage. The charges between the upper surface of the
electrode and the lower surface of the droplet form a small
capacitor by means of the thin dielectric layer. The hydrophobic
layer strengthens the surface tension of the aqueous droplet so
that it can be freely moved on the surface of the electrode. After
energization, due to the interaction of the surface of the droplet
and the charge between the electrodes, the droplets move from
the ground electrode to the actuation electrode driven by the
electrostatic force, thereby generating movement of the
droplets.**%”

By using the above principle, a single droplet can be
controlled by continuously controlling the energization of the
electrode to perform a series of cell-free reactions processed by
DMF technology.

The feasibility of DMF method control was verified through
experiments with different color pigments. Four pigments of
different colors were dropped on the four corners of the elec-
trode array, and the movement of the droplets was controlled
through the processing interface. The motion of four aqueous
solution dyes preliminarily proved the feasibility of droplet
motion of the DMF aqueous solution on the hydrophobic film
(Fig. 3, Movies S1 and S27).

Stage1l —Move—> Stage 2

3.2 Cell-free glucose detection

The detection of glucose in blood samples is important for
major diseases such as diabetes. Using DMF technology,
a conceptual reaction of double enzyme-catalyzed glucose
discoloration was also performed.**

Glucose produces hydrogen peroxide by the catalysis of GOx,
ABTS reacts with hydrogen peroxide by the catalysis of HRP, and
then the produced ABTS free radicals appear green (Fig. 4a). For
cell-free glucose detection, 3 detective droplets, GOx, HRP,
ABTS, and a concentrated glucose droplet were controlled on
the OpenDrop board. The 3 detective droplets were mixed and
shaken as a detective substrate, then the test glucose droplet
was added. A green color appeared, indicating that the glucose
detection reaction took place (Fig. 4b, ¢ and Movie S37).

The rapid DMF biodetection method has the potential to be
applied to medical high-throughput detection or optimization
of reaction conditions with higher efficiency. In addition to
glucose detection, similar methods could be widely applied for
the detection of other biochemical samples.

Because of the multi-threaded reaction, the method can
speed up the optimization of the reaction conditions and
perform multiple sets of experimental samples in parallel. For
example, multiple parallel glucose detection reactions on the
OpenDrop board were performed simultaneously. Depending
on the concentration of the added glucose solution, the
resulting green color is different and is measured by an
ultraviolet-visible spectrophotometer to obtain the final OD
value. The concentrations of GOx, HRP and ABTS were all 1 mg
mL ", and they were mixed as the glucose test reagent in the
proportions GOx : HRP : ABTS = 25 : 25 : 950. Then a series of
glucose solutions with concentrations of 0.25, 0.5, 0.75, 1, 1.5

— Mix — Stage3 —Mix—> Stage4

) =

4=

v

Diagram

Photography &

Fig. 3 Four droplet dyes of different colors were driven freely on the DMF board. They were mixed and the color of the droplet changed.

This journal is © The Royal Society of Chemistry 2020
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Fig.4 Cell-free glucose detection using DMF technology. (a) Schematic diagram of the glucose detection reaction. Glucose produces hydrogen
peroxide under the catalysis of glucose oxidase (GOx). Hydrogen peroxide reacts with 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) under the catalysis of horseradish peroxidase (HRP) to produce ABTS free radicals, which appear green. (b) The change in fluorescence
value with different glucose concentrations. The results on the DMF plate were basically consistent with regular operation. (c) Diagram of cell-
free glucose detection. The four droplets were GOx, HRP, ABTS, and glucose, respectively. GOx, HRP and ABTS were mixed first as the detective
substrate, then glucose was added to trigger the glucose detective reaction (n = 3).

and 2 mg mL " were prepared. The glucose detection reaction
was performed on the OpenDrop DMF board (Fig. 4c), which
shows a linear relationship between the fluorescence value and
different glucose concentrations. The results on the DMF plate
were consistent with normal operation. By setting up the
program, multiple groups of reactions can be performed at the
same time efficiently.

3.3 Cell-free protein synthesis reaction

The cellfree protein synthesis platform can perform high-
throughput screening and expression of proteins. Compared
with cell systems, it is a more open and controllable reaction
system. DMF technology was combined with the CFB method to
express proteins. Through using DMF technology to control the
individual droplets, the droplets of each component required for
the cell-free reaction can be easily manipulated, such as Mg>",
phosphoenolpyruvic acid (PEP), PEG8000, nucleoside triphos-
phate (NTP), 19 amino acids, expression plasmid, and cell extract.
The DMF method could be used to replace many manual pipetting
operations, to programmatically control the mixing and shaking of
the liquid, add the coloring reagent, and finally perform the cell-
free reaction. Different protein expressions were achieved by
changing different plasmid DNA sequences. As a conceptual
detective model, catechol 2,3-dioxygenase (CatO,ase) was also
expressed. The xylE gene sequence based on the pET plasmid

26976 | RSC Adv, 2020, 10, 26972-2698]1

vector was constructed. The CatO,ase protein can turn colorless
catechol into brown-yellow 2-hydroxymuconic semialdehyde
(HMS), which can be used as a good selection marker. It does not
require special preparation of an indicator-containing medium to
monitor the expression of the xylE gene. The detection system has
ultra-high sensitivity, and can be quantitatively determined by
simple spectrophotometry.®

Cell-free reactions were carried out in a volume of 20 pL at
30 °C. The reaction system was composed of 10x salts, PEP,
amino acid mixture, 25x NTPs mixture, Mg®" solution,
PEG8000, T7 RNA polymerase, Escherichia coli extract, and the
expression plasmid. The cell-free reaction system was divided
into 4 droplets: Droplet 1 includes Mg** and other salts; Droplet
2 includes E. coli extract and T7 RNA polymerase; Droplet 3
includes PEG8000 and NTPs mixture; Droplet 4 includes
plasmid aqueous solution as the trigger of the cell-free reaction
(Fig. 5a). The 4 droplets were mixed in turn and incubated in an
anti-evaporation environment (Fig. 5b and Movie S47).

During the reaction, the color of the reaction solution
gradually changed. After the reaction at 30 °C for 3 h, the
reaction solution began to appear brownish-yellow, indicating
that the xylE gene was expressed, and the catechol turned into
HMS under the catalysis of CatO,ase. Then the reactive solution
gradually turned dark brown, which demonstrated that the
reaction was carried out continuously.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Cell-free protein expression using DMF technology. (a) Schematic diagram of the cell-free protein synthesis reaction of fluorescent
protein expression. The reaction system was composed of 10x salts, phosphoenolpyruvic acid (PEP), amino acid mixture, 25x NTPs mixture,
Mg?* solution, PEG8000, T7 RNA polymerase, E. coli extract, and the expression plasmids. (b) Diagram of the cell-free reaction system on DMF
board for CatO,ase expression, which was divided into 4 droplets. Droplet 1 includes E. coli extract and T7 RNA polymerase; Droplet 2 includes
PEG8000, NTPs mixture, and phosphoenolpyruvic acid (PEP); Droplet 3 includes Mg?* and other salts, and amino acid mixtures; and Droplet 4
includes plasmid agueous solution as the trigger of the cell-free reaction. Driven by the DMF plate, the first three droplets were mixed, and then
the last droplet containing the plasmid was mixed, triggering a cell-free protein reaction and showing color. (c) Expression of different fluo-
rescence values of different fluorescent proteins expressed in the cell-free system. From left to right: mCherry, YPet, and sfGFP (n = 3). (d) Effects
of different Mg?* concentrations on the cell-free expression of mCherry (n = 3).

The expression results of the cell-free reaction on the DMF
electrode array were similar to those obtained in the 1.5 mL EP
tube, demonstrating that the biochemical reaction by the DMF
method has no significant effect on the reaction itself. Hence,
the experimental results were sufficiently reliable.

Due to the open DMF method, tens of microliters of the reac-
tion system were easily evaporated to dryness in an incubator at
30 °C, which may affect the experimental results. Therefore,
a better method is to use a top cover. The closed DMF method can
be used to better avoid the volatilization of the cell-free reaction
system while ensuring the integrity of the expressed protein.
Another method is to transfer the solution system to an EP tube for
the reaction after mixing on the DMF board.

In the process of DMF control, the aqueous solutions of
different substances had different movement speeds and sensi-
tivities. In near-pure water or the lower concentration aqueous
solution, the droplet can move very quickly, but in the relatively
viscous aqueous solution, for example, the crude cell extract
required for the cell-free reaction, which contains a variety of
complex biological proteins including variable proteins and
enzymes, results in a solution with relatively high viscosity that is

This journal is © The Royal Society of Chemistry 2020

relatively slow to move. It is necessary to take corresponding
measures to make further improvements. The effect of fluid
viscosity on motion will be further discussed in Section 3.6.

3.4 Proof-of-concept screening experiment

DMF technology allows us to quickly screen multiple proteins
on the same DMF board, and proof-of-concept verification
experiments were conducted. In order to more intuitively verify
the protein expression of a cell-free system, different fluorescent
proteins were expressed as model systems. Four different DNA
plasmid templates were simultaneously reacted on the same
DMF plate for rapid screening. Green fluorescent protein
(sfGFP), red fluorescent protein (mCherry) and yellow fluores-
cent protein (YPet) were selected, with deionized water as the
control group. A fast DMF experiment was performed on the
OpenDrop board, and different fluorescence was observed
(Fig. 5c). On the basis of significantly reducing the use of
consumables and human operation, this experiment quickly
screens different DNA plasmid substrates and expresses 3
different proteins at the same time in order to screen the
desired type of protein.
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According to the same principle as protein screening, multi-
parallel rapid experimental condition exploration can also be
conducted. Taking mCherry as an example, the effect of Mg®" on
the cell-free protein synthesis reaction was explored. Magnesium
ions play a crucial role in the process of transcription and trans-
lation, especially in transcription. Adjusting different magnesium
ion concentrations will greatly affect the amount of protein
expressed in the CFB system.***' Therefore, exploring the optimal
concentration of magnesium ions by a screening method is crucial
for cell-free protein synthesis. Three different concentrations of
Mg”* are prepared in advance and mixed with salts and amino
acids through real-time DMF control to form Droplet 3. Each of the
CFB reactants is grouped in the same way to form 4 droplets, as
shown in Fig. 5a. Then all 4 droplets were mixed under real-time
control. On the same board, four reactions with different Mg>"
concentrations were set up simultaneously to investigate the effect
of protein expression. Therefore, in the process of optimizing
experimental conditions using preliminary experiments, the ideal
reaction conditions were quickly obtained, and engineering itera-
tion and optimization were performed (Fig. 5d). Currently, the
workflow still relies on some manual operations. A better way is to
use DMF for the preparation of the solution gradients, which
further reduces the manual operation, thereby taking advantage of
DMF for CFB. Using DMF to split single droplets uniformly to
quantify the volume of a split droplet is a key bottleneck in
achieving gradient concentration generation of reactants. A special
circuit design for HV amplifier and human intervention for cali-
bration are needed.*”” Focusing on the geometry of the electrodes
will contribute to lower universality and higher machining diffi-
culty of the complex design.® J. Fan et al. proposed a micro-well
array combining multiplexed concentration gradients that can be
generated in a high-throughput manner, with which the individual
gradients of 3 different kinds of solutions are also illustrated.*
This clever design provides valuable ideas for the next step of our
high-throughput gradient dilution design for different solution

(a)
Serial port
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concentrations on DMF, which is of great significance. With the
combination of DMF and cell-free technology, rapid screening
iterations can be performed effectively, whether for screening
different types of proteins or reaction conditions.

3.5 Operation interface optimization and remote control

The OpenDrop control program from Gaudi Labs was modified.
The OpenDrop source program uses a method of clicking and
changing frames. This control method can control individual
droplets, but it needs to be set in advance. The initial path
setting is a heavy workload and not flexible enough.** Moreover,
the error rate is high, especially when there is a problem in the
middle of the path. It is often impossible to move the next
frame, and thus an overall motion error occurs.

Our control method used a different idea to make the control
of the droplet like a mouse moving on an image interface. In
other words, where the finger/mouse moves on the computer
touchpad/phone screen, the droplet will move to the corre-
sponding position of the OpenDrop board, which means real-
time interaction between the control panel and the host
computer (Fig. 6 and Movie S57). Inspired by the idea of the
computer interface, it can provide a more practical user expe-
rience for the operator, allowing the experimenter to flexibly
manipulate the droplets as desired to achieve a more ideal and
fluent experimental experience. The traditional DMF control
method is a pre-set time-series, and the essence of its control
process is to execute a preset program. Our work puts forward
the concept of the droplet-user interface, which can realize real-
time interaction between the droplet and the operator through
a touchpad like a mouse-desktop interface, which improves the
interactivity, controllability and flexibility of the liquid handling
process.

Many biochemical reactions have extremely stringent
requirements for the reaction conditions, such as control over

Teamviewer/VNC

remote control interface

Raspberry Pi 3B+ o= ---------  PC / mobile devices

:Visual feedback
E—

Move 2

Serial port

Move 3 Move 4

Fig. 6 The control interface of the OpenDrop board. (a) The control framework of OpenDrop by PC or other mobile device through Raspberry
Pi. (b) Remote real-time interaction can be achieved like the mouse moving over the touchpad. The remote interface shows the energized state

of the electrode array. The energized electrode is shown in green.
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specific conditions of temperature, humidity, pressure, sterility,
vacuum, and the like. This adds a lot of inconvenience for the
researcher and the experiment. If the operator can operate the
liquid remotely, the impact on the reaction environment can be
greatly reduced, and the operation can be more convenient and
efficient. For example, in the case of a large-scale outbreak of an
infectious disease, high-throughput nucleic acid detection is
needed in a short period of time, and cross infection should
absolutely be avoided. The DMF method can not only improve
the flux of sample treatment and shorten the waiting time
before the detection process, but also ensure the non-infection
of the operating environment with more convenient operation,
which can further improve the biosafety and ensure the accu-
racy of the detection.**® This method can also be applied to
many biological reaction processes, such as reactions under
strict constant humidity conditions. The DMF board can be
completely encapsulated in a constant humidity box with
droplet operation by remote control. The reaction can be
observed in real-time through a camera, so that the reaction
process requires zero interference from the person involved.

By connecting the OpenDrop board to the Raspberry Pi 3B+
and using the VNC protocol or the Teamviewer intranet pene-
tration method for remote control, a wireless connection
between the manipulated droplets and the control host
computer was realized, and a camera was installed on the
Raspberry Pi. The conditions of the reactants can be seen in
real-time and adjusted according to experimental requirements.

Similar effects can be achieved if a robot arm is used for control,
but the DMF board has obvious advantages over a robot arm. On
the DMF board, the reactants can react and be screened in multiple
threads; the cost is extremely low, the volume is small, and the
operation is more flexible. The DMF system has more portability
when adapted to a variety of different reaction scenarios.

3.6 Key performance metrics and the analysis of movements

Abstractly, the entire droplet operation interface is similar to
mouse-desktop coordination control. The overall response time
consists of three aspects: Teamviewer remote desktop rendering
time, command transmission time, and Raspberry Pi and
OpenDrop processing time. The refresh rate of the remote
desktop of the upgraded Teamviewer is 60 frames per s, so each
frame time is about 17 ms. When transmitting through the LAN,
the command transmission time is less than 1 ms under normal
bandwidth. With regard to Raspberry Pi and OpenDrop pro-
cessing time, through the use of a 48 MHz microprocessor and
program optimization, one cycle of data input to HV voltage
output can be completed within 1 ms. Therefore, the decisive
step for the response time of the entire system is the remote
desktop refresh rate of Teamviewer. At a unit execution rate of
<20 ms, there is no impact on user experience in spite of a very
slight hysteresis in real-time control via the remote desktop.
Movie S51 shows the remote operation and the corresponding
droplet movement.

The error rate of the system depends on the balance between
the mouse movement on the remote desktop and the response
time. Errors will occur when the mouse is moved to different
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electrodes within two separate response times. In order to solve
this problem, we set up a large interactive interface on the
remote desktop to increase the time to move the mouse to the
adjacent electrode grid. Meanwhile, the screen resolution is
reduced to speed up the transmission and reduce the corre-
sponding time, thereby reducing the error rate. On the other
hand, when the droplet moves too slowly to reach the corre-
sponding position, and the next instruction has been executed,
the error rate will rise. Therefore, the operator can watch the
status of the droplet movement in real time, so that feedback
control can be performed on the remote desktop, which can
reduce the error rate.

The accuracy of the system consists of the droplet position
and droplet concentration. The most suitable droplet volume is
20-60 pL. Within the volume range, due to the continuous
pulling force of the electrode, the center of the droplet can fall
in the center of a single electrode uniformly. When multiple
droplets are mixed and the volume of the droplet increases, one
droplet occupies multiple grids. The operation of the droplet
will become complicated and unstable. Under this condition,
the droplet can be split into several droplets of suitable size to
meet the need for appropriate operation.

In the operation of cell-free protein synthesis, the viscosity of
Droplet 1 (E. coli extract and T7 RNAP) is large, which makes it
difficult to move, although it can still be controlled using more
time (Movie S47). When the viscosity of the fluid increases
further, DMF cannot smoothly control the movement of the
droplet. Baird et al. proposed a unified model to approximate
the steady-state velocity of droplets on DMF.*” According to this
formulation, the total energy of the system can be expressed via
the usual formula for the energy stored in a capacitor:

U= ;CVZ 1)

where C is the net capacitance of the dielectric coatings, and Vis
the applied voltage. The droplet velocity during EWOD actua-
tion is given as follows:

ot h

T 24u L )

where u is the dynamic viscosity, % is the channel height (i.e.,
the height of the droplet), and L is the characteristic length of
the system. According to eqn (2), when 4 and L are determined,
DMF droplet operation is limited to the dielectric coefficient,
voltage, and viscosity. When V and C increase, the electrostatic
force on the droplet increases, so the movement speed
increases. When the viscosity of the droplet increases, the speed
of movement decreases because of the higher viscous force.
Therefore, when the fluid viscosity increases and real-time
control cannot be performed smoothly, C and V can be appro-
priately increased to better control the high-viscosity liquid.
Some studies have used OpenDrop to explore the factors that
influence the speed of droplet movement. By comparing Par-
afilm, PTFE and ETFE dielectric layers of different thicknesses,
the effect of the dielectric constant on the moving speed is
verified. Meanwhile, the average droplet velocities increased
rapidly as the applied voltage increased from 190 V to 330 V.
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When performing the movements of different kinds of liquid
on the same DMF board, the movement speed ratio of different

liquids is compared using the formula given by:
w_ Vit g
w1 w

(3)

In order to make the different droplets move at a similar
speed, the voltage can be adjusted within an appropriate range.
The square relationship of V makes the adjustable range larger
and can compensate for the viscosity range of most liquids in
CFB reactions.

3.7 Advantages and limitations

Remote access to the CFB reaction improves the interactivity,
controllability and flexibility with higher efficiency by real-time
controlled DMF. By adopting the mouse-like desktop control
interface, the process of operating a CFB experiment is like
playing a computer game when handling the complex liquid
array. In fact, the greatest advantage of this droplet desktop
solution is its network effect. When the number of different
types of droplets is huge and they need to be matched with each
other, the droplets can be accurately distributed by the DMF
method. Thereby, many heterogeneous reactions can be carried
out in parallel, just like the matching of parcels and destina-
tions in unmanned warehouses. The scenario of cell-free reac-
tions on DMF is essentially the same as a traffic scheduling
problem in logistics. Some research groups have tried to use the
methodology of industrial logistics scheduling to study micro-
scale motion control.** The advanced microfluidics and micro-
chemical processing can be achieved by using the same
method for droplet control and integrating Al. This is also the
reason why the combination of DMF and CFB reaction was
chosen. CFB reactants have multiple types, and require a large
parallel flux under the experimental conditions of control
variables. The characteristics make CFB reactions suitable for
DMF operation under a complex network, and DMF can offer
remarkable advantages.

The DMF method combined with cell-free synthetic biology
can be used to investigate the temporal and spatial order of
living organisms. Each droplet can represent an independent
time and space dimension, which is an independent microen-
vironment. The heterogeneous and asymmetric characteristics
between droplets can be used to construct complex spatiotem-
poral problems.*® The droplet behavior at different space-time
scales simulates the interactions between different biological
microenvironments in vitro and can be controlled on the time
axis through a control program to study the spatiotemporal
behavior at the droplet resolution.*

However, with the OpenDrop board, since the number of
electrode arrays is only 128, it is still small in volume, and there is
no way to perform free control of large-scale droplets. If the volume
is expanded, there will be a shortage of ports and computing
power. Since each electrode voltage needs to rise to 250-300 V,
OpenDrop uses two HV507 chips for amplifier operation, and each
HV507 has 64 OUT ports. If this amplifier method is still used,
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when the electrode array area needs to be enlarged, the number of
pins will be greatly increased since the number of arrays is
multiplicative. If the HV507 is simply connected in series to
expand the control, it may cause instability at the operating point
of the electronic system. An alternative method is to apply a high
voltage output only to a portion of the electrodes in the electrode
array. For example, a high voltage may be applied only to elec-
trodes that have droplets present and that need to be controlled to
move, thereby greatly reducing the high voltage output and the
number of pins. However, this method requires a high voltage
output pin that is technically more difficult to implement as the
electrode moves continuously.

Other control methods have also been studied, such as using
a magnetic field to control the transport of droplets, which can
avoid the limitation of high voltage electricity, but the corre-
sponding degrees of freedom and the number of controlled
droplets will be reduced. With the development of magnetic
control principles, it is possible to have optimized control by
a magnetic field.>> The communication between chemical
signals and physical signals can be bridged through integrated
organic and inorganic interfaces for actionable decisions.*
Further DMF control of the droplets can be based on the natural
chemical characteristics of different droplets to excite the
electrodes in addition to visual position feedback.

4. Conclusion

As conceptual research, a remote real-time control platform of
digital microfluidics for cell-free biological synthesis reaction
and detection was developed. Through pigment verification, in
vitro enzyme-catalyzed glucose detection and cell-free protein
expression, the feasibility of the control method was demon-
strated to improve the interactivity, controllability and flexibility
of complex liquid handling schemes with higher efficiency. The
remote access of the mouse-like droplet interface provides new
insight into smart operations and distributions of cell-free
biology for complex reaction networks with expanded opera-
bility and less artificial interference in laboratories and indus-
tries. Future work will be further combined with droplet
splitting, input-mixing-detection closed-loop operation, high-
throughput design, artificial intelligence control with complex
droplet distribution networks, and further engineering itera-
tions. The scenario of cell-free reactions on DMF is essentially
the same as a traffic scheduling problem in logistics. Therefore,
the smart cell-free system will also be able to learn from related
industrial Al fields for cross-scale applications.
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