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Abstract

In the past decades, a variety of accurate and reliable analytical technologies have been developed
for the quantitative measurements of target analytes (e.g., proteins, metabolites, nucleic acids,
unnatured drugs) in biological samples. Nowadays, the new era of personalized medicine and
healthcare intelligence is further promoting the development of analytical technologies, especially
calling for the replacement of traditional manual analysis with automated and high-throughput
machine operations. The emerging field of microfluidics offers a potential solution to
miniaturizing and automating traditional analytical methods, where frequently repeated liquid
handling operations (e.g., metering, mixing, extraction) can be programmed and processed on a
microfluidic device. However, laboratory automation of these delicate devices is hampered by a
lack of world-to-chip interfaces and the complexity of external infrastructure settings. In this
dissertation, we introduced a universal robotic-fluidic interface (RoMI) and modular microfluidic
design for fully automated microfluidics in biomedical applications. Our research projects include:
1) establishing and validating the RoMI platform through a droplet dispensing module; 2)
developing a multiplexed strategy for protein network studies in vitro using the RoMI platform
and a customized droplet dispensing module; 3) developing a human-free sample-to-answer
ELISA system using the RoMI platform and a hybrid microfluidic module. With its modular
connectivity, high adaptability, and multitasking capacity, RoMI can be used to drive a variety of
microfluidic modules in a simply programmable manner with minimal external infrastructure
requirements. Overall, the newly developed RoMI has displayed significant promise in promoting
the usability and flexibility of microfluidic technology in biomedical analyses, allowing for new

opportunities and insights in the next generations of laboratory automation.
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Chapter 1 Introduction

1.1 Background
1.1.1 RoMI for automated low-volume liquid handling

Liquid handling is an essential step involved in almost all laboratory procedures for contemporary
life sciences and medical studies. These include polymerase chain reaction (PCR), immunoassays,
and drug screening; where biological or clinical samples have to be frequently transferred between
storage containers or dispensed onto analytical substrates. (Kong et al., 2012; Oosterbroek and van
den Berg, 2003) With the new advent of precision and personalized medicine, the demand for
handling minute volumes of samples has increased drastically. For instance, a large array of
combinatorial assays often have to be prepared and screened with sensitive and precious samples
in synthetic biological studies (Harris and Jewett, 2012; Villarreal et al., 2018; Villarreal and Tan,
2017) and combinatorial drug therapies (Al-Lazikani et al., 2012; Beltran et al., 2011). In these
studies traditional manual procedures of liquid handling using micropipettes is cumbersome and
impractical. (Art et al.,, 2016) To minimize analytical errors and improve the operational
efficiencies, further technical advancement is essential for liquid handling methods with higher
precision, lower volume processing capacity, and negligible human-induced errors and

interruptions. (Derby, 2008; Ding et al., 2013; Dunn and Feygin, 2000)

To overcome the human errors involved in the traditional manual operations, an array of automated
liquid handling workstations have been developed in the last couple of decades to resemble the
pipetting function using a robotic interface. (Feature, 2008; Lorenz, 2004; Mathes and Parker, 2017)
In general, piston-driven single channel or multichannel micropipettes are mounted onto a high-

precision 3-axis traveling stage (e.g., Fluent™ from Tecan and OT-2™ from Opentrons), which



directs the spatial movements and positioning, and can be programmed to automate a number of
repetitive protocols and workflows, resembling the manual pipetting procedures. (Mattheakis,
2014; Scott-brown and Papachristodoulou, 2017) Benefiting from the rapid development of
industrial robots, the concept of co-robots has been recently introduced with the purpose of
laboratory automation. The idea is to offer more flexible and adaptive operations compared to their
existing counterparts. These labor-saving robotic devices aim to improve the productivity and
throughput of routine and repetitive work, while offering the capacity to work with laboratory
personnel and research staff side-by-side. These processes will be accompanied by injury
preventing sensors and embedded protocols. (Liu and Tomizuka, 2016) A new variety of pipetting-
manipulating co-robots have been devised and added to the family of liquid-handling equipment,
such as Mantis from Formulatrix and ReadyGo from BioWavelet. (Mitchell et al., 2015; O’Connell

etal., 2014)

Although encouraging progress has been demonstrated by adopting robotic automation to liquid
handling in both industry and academia, one major limitation of this approach remains
inadequately addressed, namely the accuracy of low-volume (sub-microliter) processing.
Moreover, the intrinsic differences between human-pipette and machine-pipette interfaces have
been largely overlooked, aside from marginal modifications, thereby creating further barriers to
automate additional human-centric operations. (Chen and Pan, 2011; Fan et al., 2018; Fredrickson
and Fan, 2004) Additionally, to address such a growing demand in ultralow-volume liquid handling,
nanoliter or picoliter dispensing technologies have been quickly adopted from the inkjet printing
industry. (Cheng et al., 2005; Cooley et al., 2002; Dunn and Feygin, 2000; Sirringhaus et al., 2000)
While the pipetting method always results in a residual volume on the pipette tips and leads to

inaccuracy in a low-volume setting, inkjet printing is able to eject liquid from a small orifice by



utilizing a precisely-controlled driving force to overcome the surface tension and ensure accuracy
of liquid volumes. (Jacot-Descombes et al., 2012; Oosterbroek and van den Berg, 2003; Zakir
Hossain et al., 2009) Both the do-it-yourself method by modifying from an off-the-shelf inkjet
printer (e.g., PIXMA iP1300 from Canon, and K100 from EPSON)(Hong et al., 2015; Oh et al.,
2013; Yoshioka and Jabbour, 2006) and the commercial solutions of a high-precision dispenser
(e.g. Dimatix from Fujifilm, and D300 from Tecan)(Alkasir et al., 2012; Brennan-Krohn et al.,
2017; Di Risio and Yan, 2007; Reis et al., 2005) have become widely employed in sub-microliter
dispensing. However, the existing high-precision dispensing nozzles either require an expensive
integrated piezoelectric actuator to achieve the dispensing precision, which typically involves
complicated manufacturing process, (Li et al., 2015) or relies on a thermal expansion approach,
which is incompatible with many biological systems. (Derby, 2008) Additionally, these high-cost
dispensers prohibit their application for disposable uses, and cumbersome washing and cleaning is
required to minimize cross-contamination between uses. (Antohe and Cooley, 2007; Ding et al.,
2013) Moreover, the connection to the dispenser head is rather conventional, using extensive
classical tubing and fitting connections, resulting in large loading and dead volumes, considerable
waste of precious reagents, and difficulties when changing reagents and samples. (Fan et al., 2017,
Setti et al., 2005; Zakir Hossain et al., 2009) Meanwhile, ultralow-volume liquid handling could
also be realized by pneumatic drive. Miniature droplets could be generated by pulsed pneumatic
pressure. The frequency of pulse waves in the droplet generator can be tunable by the pulse
duration, nozzle size and driving pressure. (Cheng and Chandra, 2003) The pneumatic valve
implemented next to the microfluidic T-junction can produce arrays of uniform emulsion droplets
in various sizes in a high throughput manner. (Choi et al., 2010) In our previous studies, we have

shown that pneumatic droplet generation method has great potential in biological and chemical



studies, since the droplets size could be highly controllable using the tunable geometrical and

pneumatic parameters. (Li et al., 2018a, 2018b)

Recently, microfluidic-derived dispensing technologies, also known as microfluidic adaptive
printing (MAP), have been established to generate picoliter and nanoliter droplets on-demand. By
separating the actuating mechanism from the liquid-containing cartridge, the microfluidic printing
has the advantages of simple fabrication, inexpensive construction, non-contact dispensing, and
flexible multiplexing, allowing a low-cost alternative to existing nanoliter dispensing solutions.
(Leung et al., 2012) In our original work on MAP, we have designed and fabricated an
interchangeable microfluidic cartridge with multiplexed sample channels, driven by a dot-matrix
printer head, featuring a low loading volume of 0.6 pL and a dead volume of 0.05 pL. (Ding et al.,
2015, 2013) By utilizing both piezoelectric and pneumatic drives, MAP printing achieves linear
scalability, high frequency, and tunable droplet generation. It has been successfully employed in
multi-parametric gene regulatory studies and combinatorial peptide microarray synthesis. (Fan et
al., 2017; Li et al., 2019, 2018a, 2018b; Villarreal et al., 2018) More recently, several high-
precision sub-microliter pipetting systems using the MAP mechanism have been introduced with
disposable microfluidic pipetting tips. (Choi et al., 2015; Fan et al., 2018; Mao et al., 2018; Zhang
et al., 2016) Although existing studies have illustrated the potential of integrating microfluidic
printing with a commercial micropipette to achieve high precision and on-demand nanoliter
volume dispensing, the functions of such devices are limited to dispensing only, while the interface
between the machine and the pipette tips remains unchanged. Therefore, the lack of world-to-chip

(macro-to-micro) connectivity still prevents complete automation.

In this dissertation, we introduce the first pipette-free robotic-dispensing interface using a

microfluidic-enabled container cap, referred to as a Microfluidic Cap-to-Dispense (LCD) which



achieves a seamless integration of liquid handling and robotic operations. The new pipette-free
microfluidic-robotic interface offers a simple and modular way to connect the robotic drive with a
standard liquid container, exploiting the high accuracy and high flexibility of the robotic
recognition and motion system to achieve high-precision on-demand volume dispensing by
microfluidic adaptive printing. In brief, this novel microfluidic liquid-handling system includes
multiple functions for laboratory automation in a complete automated solution, namely
target/sample recognition, container catch-and-release, positioning, high-precision dispensing, and
multiplexing. As the core of the uCD concept, the multilayer-assembled microfluidic cap consists
of a microfluidic printing nozzle, a tube connector, and two pneumatic control channels reversibly
linked to the robotic effector upon contact. In addition, the robotic effector has been custom-
modified to grab the liquid container, but also contains the pneumatic drive to power the
microfluidic cap through the contact interface. As a demonstration, we have employed the uCD
system to fully automate the characterization of a synthetic genetic circuit, in which multi-
dimensional analyses of two regulatory factors have been investigated in high throughput with low
consumption of reagents, yielding an optimized condition for the selected genetic expression
process. This experiment can be easily modified and adapted to similar combinatorial biological
processes. Compared with serial dilutions typically operated by manual pipettes in most biological
labs, our system improves the efficiency and accuracy of multifactorial studies with a wide range
of concentrations. With its modular connectivity, nanoliter processability, high adaptability, and
multitask capacity, pCD has shown a great potential as a generic robotic platform for future pipette-

free laboratory automation.



1.1.2 RoMI enabled protein network reconstitution

Recent work has reconstituted protein networks in vitro, where at least two purified catalytic
compounds (enzymes and proteins) are put together to investigate how they affect each other and
give rise to a cellular function of interest.(dos Santos et al., 2020; Garni et al., 2018) The emerging
studies of protein networks are becoming important for various applications, for instance,
switching on/off biological transduction pathways(Hui and Vale, 2014; Su et al., 2016), developing
energy self-supplying systems(Berhanu et al., 2019; Miller et al., 2020), and screening peptide-
based drugs(Cui et al., 2016). Conventionally, the biochemical study of proteins is carried out using
well plates and manual pipetting. Due to the increasing demands for quantitation, efficiency, and
convenience of detection, a number of liquid handling robotic workstations (e.g., Biomek® 3000
from Beckman Coulter and Microlab® STAR from Hamilton), together with fluorescent
biosensing technologies(Morris, 2013), have been developed to study protein reactions in well
plates (96 to 1536).(Kong et al., 2012; Smith, 2007) The power of automated robotic workstations
is evident in improving the capacity of sample handling and the reproducibility of analytical results
while reducing human errors and saving hands-on time.(Kong et al., 2012; Wang et al., 2019)
However, the liquid handling volume of these workstations usually ranges from a few to hundreds
of microliters. Thus, the reagent cost is considerable for quantitative protein network studies that
consist of thousands of protein network reactions. In addition, the well plate-based methods have
intrinsic fundamental limitations for the assembly of the protein network. As revealed recently,
protein kinase reactions in solution (well plate-based) is different from that in cell-mimicking
vesicles, mainly due to the membrane confinement or attachment.(Gureasko et al., 2008; Hui and

Vale, 2014; Wang et al., 1992)



To minimize the reagent consumption and mimic the cell membrane confinement in vitro, droplet
microfluidics is emerging as the next-generation platform for the construction of biomimetic cells.
It enables the encapsulation of multiple biomolecular reagents in water-in-oil droplets in spherical
micrometer-sized compartments and therefore mimics the environment of natural cells.(Shim et
al., 2021) For instance, a cross junction-based microfluidic design has been successfully used for
the encapsulation of hybrid synthetic chloroplasts(Miller et al., 2020) and DNA fragments with the
IVT2H reagents(Cui et al., 2016) in droplets in high throughput. Furthermore, a six-way junction-
based droplet-generating device has been demonstrated for the study of a three-enzyme (p-gal,
GOx, and HRP) combinatorial biochemical pathways.(dos Santos et al., 2020) Such studies have
validated the benefits of reconstituting biological pathways using droplet microfluidics,
demonstrating features such as high-frequency, high encapsulation efficiency, and precise size
control. However, it remains challenging for conventional droplet microfluidic devices to flexibly
vary the droplet contents on demand.(Abate et al., 2010; Rane et al., 2015) To this end,
picoliter/nanoliter injection technologies have been lately employed for combinatorial screening
applications. For instance, Weiss and his co-workers have designed injection channels downstream
of a vesicle-encapsulation channel. They used a high voltage to induce the fusion of the reagent
from the injection channel into the vesicle, and they have successfully tuned the injected volume
by varying the pressure in the injection channel.19-20 In another example, Rane’s group has
employed a valve-based droplet generation method for reagent injection and droplet displacement
operations in a microfluidic device, and they have adjusted the reagent injection volume and
concentration in a droplet by tuning the duration of valve opening.(Rane et al., 2015) However,
such on-chip injection devices need delicate control equipment for each individual channel, thus it
is difficult to scale up for multi-parametric screening. Besides, extra efforts are required to
distinguish different droplets using techniques such as injecting labeling reagents or designing a

7



lengthy incubation channel. Therefore, the current droplet microfluidics-based platforms are still

challenging for the quantitative studies of protein networks.

Recently, our group has developed a novel microfluidic adaptive printing (MAP) platform to
generate droplets in air, in contrast to the conventional droplet-in-oil channel-based microfluidic
devices.(Ding et al., 2013b) We have combined it with cell-free systems to enable multi-parametric
studies of genetic promoters, and achieved combinatorial studies of the reagents conveniently
through the adaptive droplet printing. In this dissertation, we built on our prior work and engineered
a microfluidic printing robot for a novel two-step process assembly of protein networks in different
concentration profiles. The robot enables us to compare target protein(s) in both unbound-state and
bound-state (to a lipid membrane) simultaneously. In the first step, we utilize our previously
developed microfluidic pipette-free robot that incorporated with a robotic-microfluidic interface
(RoMlI) to handle multiple microfluidic cartridges to generate multiplexed droplet arrays on a
hydrophobic substrate, seamlessly integrating the modular microfluidic cartridges with robotic
operations for the automated low volume pipetting.(Wang et al., 2019) Notably, these microfluidic
cartridges are inexpensive and disposable, with an accuracy of 93.8 % in generating 59.2 nL single
droplets. In the second step, phospholipid-dissolved oil is poured over the droplet arrays to form a
lipid membrane surrounding the preformed droplets. In addition, anchor lipids DGS-NTA(Ni) are
selectively added into the oil, allowing for the specific bindings between the lipid membrane and
his-tagged proteins inside the preformed droplet. As a demonstration, we assemble a sub-network
of mitogen-activated protein kinase (MAPK) containing MEK or/and ERK kinase. Around 100
droplets with different protein concentrations have been prepared within 10 min, in which the
droplet size (1 puL) is 1-2 orders of magnitude lower than that of the conventional well plate-based

protein network reactions. We also study the activities of both unbound and bound kinases



simultaneously. Benefiting from its high multiplexing capacity, disposable cartridges design, cell-
mimicking reaction environment, and selective lipid-protein binding, our robotic system can be

applied for broad protein network research.

1.1.3 RoMI enabled automated ELISA

Immunoassays, as one of the most commonly used biochemical tests, have been conducted
ubiquitously in hospitals, research laboratories, etc. (Vinet and Zhedanov, 2011) Since its
origination in the 1950s, immunoassays have become the most commercially successful diagnostic
technology, covering applications from home pregnancy testing to AIDS testing and to the most
recent COVID-19 diagnosis, etc. (Carter et al., 2020; Vinet and Zhedanov, 2011) It typically relies
on a specific and strong interaction between an antibody and an antigen to detect a potential target
analyte, which ranges from natural and man-made chemicals, biomolecules, cells to viral particles,
etc. (Vinet and Zhedanov, 2011) Specifically, a classic immunoassay consists of three components,
namely an antibody, an analyte (antigen), and a detectable label for the indication and signaling of
the antibody-antigen binding events. Thus, the immunoassays can be classified into multiple types
according to the various forms of labels, including enzymes, radioactive isotopes, fluorophore,
chemiluminescent probes, microbeads, and nanoparticles, etc. Among them, the most popular
labels used are enzymatic types, owe to the simple molecular design in the overall assay; and the
corresponding enzyme-linked immunosorbent assays (ELISA), therefore, have become the most
common immunoassay. Notably, almost all existing diagnostic laboratories may have already
encountered at least one form of ELISA tests. (Lequin, 2005; Vinet and Zhedanov, 2011) In its
simplest form, the conventional ELISA contains solid-phase reactions between an antibody (Ab)
immobilized on a solid-phase platform (e.g., 96 well microtiter plates) and an antigen (Ag) in a

liquid sample. (Vinet and Zhedanov, 2011) Despite its advantages including simplicity in design



and high sensitivity in detection, the conventional manually operated ELISA has experienced some
major drawbacks. For instance, the assay procedure is usually laborious since it involves multiple
liquid pipetting, washing, and incubation steps, in addition to the lengthy reaction time involved.
(Hosseini et al., 2018) Moreover, it relies considerably on the skills of technicians, which becomes
critical to obtain consistent results. (Hosseini et al., 2018) Finally, the heavy human involvement
requires numerous administrative and regulatory efforts in the procedure to minimize the harms of
a target analyte that could be toxic, infectious, and sometimes even fatal to the operators. Such
limitations of the conventional ELISA procedure call for innovations to automate the multiple
liquid handling and readout steps and eventually eliminate the participation of humans, ideally
leading to a fully automated human-free ELISA procedure. (Hosseini et al., 2018)

The commercial automation efforts for ELISA operations have been primarily focused on the
standard well plate platforms. Some of the representative automated ELISA systems are shown in
Table 1-1. A range of specialized instruments have been designed to fit the microwell plates, such
as robotic pipetting devices, washers, shakers, incubators, and microtiter plate readers. More
recently, fully automated ELISA systems have been implemented to integrate the aforementioned
components into one piece of equipment. Representative commercial products include Freedom
EVO® ELISA Biopharma from Tecan, Crocodile ELISA miniWorkstation from BERTHOLD
TECHNOLOGIES, ELISA STARIet from HAMILTON Robotics, and Agility® ELISA from
Abbott, etc. Although such systems have enabled the fully automated functions of the ELISA
procedure and some of them are capable of processing up to hundreds of samples at a time, they
typically possess a large footprint and are expensive to acquire, and thus, are not intended to be
used in the research laboratories or resource-limited clinics. Furthermore, these conventional well

plate-based platforms have relatively low efficacies of molecular adsorptions and the
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correspondingly low sensitivity of readouts due to the limited surface-to-volume ratio of the wells.
(Hosseini et al., 2018)

As an emerging transformative technology, microfluidics has begun to reshape the conventional
bioanalytical fields, including ELISA systems, over the past decades, with the potential to offer 1)
affordability, 2) sensitivity, 3) specificity, 4) user-friendliness, 5) rapid and robust, 6) equipment-
free, and 7) deliverable to those in need for such technologies, as outlined by the World Health
Organization (WHO). (Peeling et al., 2006) Table 1-1 features a group of representative
microfluidic-enabled ELISA automation systems. Based on the primary constructive materials, the
automated microfluidic ELISA systems could be categorized into polymeric, paper-based, or
hybrid devices. Among them, the polymeric ELISA chips employ various mechanisms for liquid
handling, including capillary force (Khodayari Bavil and Kim, 2018b), centrifugal force (Lee et
al., 2009b), off-the-chip (YYang et al., 2011) or integrated pumps and valves (Kim et al., 2011;
Zheng et al., 2012), sequential delivery of liquid segments (Chin et al., 2011; Song et al., 2016).
Lee’s group have designed a fully automated disc-shaped microfluidic ELISA system for the
detection of infectious diseases from the whole blood, with microbead-based suspensions, in which
plasma separation, incubation, washing, and enzyme reaction have been incorporated. (Lee et al.,
2009b) Moreover, Qin’s group have employed the SlipChip technology to generate liquid
segments followed by flowing into the ELISA wells under a vacuum pressure generated by a
pipette. (Song et al., 2016) As manifested in Table 1-1, such microfluidic ELISA platforms
miniaturize the whole system, remove the dedicated control equipment, reduce the duration of
assays, and enhance the detection sensitivity, as compared to that of the conventional plate-based

ELISA. (Sanjay et al., 2020) However, the current polymeric microfluidic chips require extended

11



Table 1-1 Comparisons of current automation schemes of ELISA

Device Types Liquid Handling Detection LOD Time Volume Automation
(ng/mL) (min) (nL)
Microtiter Conventional 96 well Robotic pipettor, plate Spectrophotometer 1.6-6.25 Over- 50-100 Fully
plate plate washer night
Passive microfluidics Capillarity enabled Optical microscope 0.1 <10 ~1 Partially
automated liquid
transfer
Centrifugal dises Centrifuge and laser Optical absorbance 0.51 30 50 Fully
irradiated ferrowax detector
microvalves
Polymeric
chip Off-the-chip valves and Syringe pumps and CCD camera/scanner 0.1 45+ 20 Partially
pumps valves
In-channel microfluidic Embedded pneumatic Fluorescence 0.01 60 <1 Partially
patterning valves microscope
Sequential delivery of A vacuum source On-chip volumetric 0.1 <15 ~1 Partially
liquid segments bar charts
Chromatography paper Thermally actuated Light transmittance 4 55 3 Partially
with patterned valves valves detector
Paper-
based chip Patterned nitrocellulose Capillarity enabled Digital camera 0.81 15 100 Partially
(NC) membrane automated liquid
transfer
PMMA /paper Syringe pump Scanner/phone 0.2 70 25 Partially
camera
Hybrid chip PMMA/NFM Pressure controller, Digital camera 0.1 20 15 Fully

solenoid valve, and
robotic arm

(References from the top to the bottom are: Sanjay et al., 2020, Khodayari Bavil and Kim, 2018, Lee et al.,
2009, Yang et al., 2011, Zheng et al., 2012, Song et al., 2016, Fu et al., 2019, Apilux et al., 2013, Sanjay et
al., 2020 and this work)

development cycles and complex fabrication procedures with a high production cost, in addition
to the limited flexibility configured for multi-purposes. Moreover, the surface area of the
microchannel is limited to effective protein bindings. Furthermore, the world-to-chip interface is
another major challenge to the laboratory automation of such microfluidic devices. (Yuen and
Goral, 2010)

Alternatively, the paper-based microfluidic devices have appreciably more surface area available
for Ab-Ag binding, benefiting from their intrinsic 3D nanoscopic topology. They are cost-effective,
and therefore, can be readily deployed in resource-limited settings. (Li et al., 2020) One pioneer
work in the automation of paper-based ELISA have been proposed by Chailapakul, Takamura and
their colleagues, which has patterned flow barriers on a nitrocellulose (NC) paper for the control
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of fluid flow and used capillarity for the purely passive automatic loading of the liquid onto the
paper, thus eliminating any external dedicated instrument for flow control. (Apilux et al., 2013)
Despite of the increased binding sites and the device simplicity, the paper-based ELISA methods
have shown limited sensitivity compared to the polymeric devices, largely due to the restricted
hydrodynamic forces under the purely passive capillary-driven flow. (Khodayari Bavil and Kim,
2018b) Recently, a nanofibrous membrane (NFM)-based ELISA system has been presented,
utilizing an extremely high surface-to-volume ratio of NFM for the efficient Ab immobilization,
which has been proven with a significantly higher sensitivity than that of the conventional NC
papers. (Zhao et al., 2020) With such efficient immobilization, the NFM-based ELISA device has
enabled naked-eye colorimetric detection at a limit of detection as low as 0.3 ng/mL, within a rapid
incubation window of 5 min. (Zhao et al., 2020) However, the emerging NFM-based ELISA
system has yet to be automated, mainly due to the lack of solutions to handle and manipulate the
NFM substrates automatically and conveniently.

By combining the features of both the polymeric and the paper-based devices, the hybrid ELISA
chip offers additional advantages over its predecessors. In one recent work by Li’s group, a
reusable PMMA/paper hybrid device has been designed to be plug-and-play, resulting in a
demonstration for high-sensitivity and low-limit detection of immunoglobulin G (IgG) down to
0.2 ng/mL. (Sanjay et al., 2020) In particular, a pre-patterned paper is inserted into a simplified
PMMA microfluidic device with preset slots, and the sample is then infused into the device to flow
back-and-forth through the paper, enabling enhanced analyte enrichment and efficient washing.
(Sanjay et al., 2020) Although various studies have significantly improved sensitivities and
expanded dynamic ranges of hybrid microfluidic devices to the conventional ELISA operations,

the current approaches are still far from being fully automated. For instance, an external flow drive
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(e.g., a syringe pump) is needed to attach to the system, while the microfluidic chip has to be
manually placed for scanned readout.

Recently, our group has introduced the first modular robotic-microfluidic interface (RoMI) for the
world-to-chip bridging. The fully automated manipulation of the modular microfluidic devices
using a standard robotic arm has been implemented with operations such as recognition, capturing,
positioning, and liquid handling. (Wang et al., 2019) In this dissertation, we have extended the
RoMI platform for the automation of ELISA, referred to as Robotic ELISA, by incorporating a
modular microfluidic chip that embeds the aforementioned ultrasensitive NFM-based biosensor
into a layer-by-layer polymeric construct. The fully automated robotic system is intended to carry
out multiple bioanalytical procedures to replace all the manual steps involved in classic ELISA
operations, including the pneumatically driven high-precision pipetting, mixing, efficient washing,
as well as integrated machine vision for colorimetric readout, leading to a facile human-free
sample-to-answer workflow of ELISA. Moreover, the microfluidic chip is designed to
accommodate a standard modular fabrication procedure and assembled layer-by-layer into an
integrated device, which can be captured and released by the robotic effector reversibly. Benefiting
from the modular microfluidic design, the automated back-and-forth flows of the liquid samples
and subsequent reagents through the NFM sensors have been achieved, and as a result, the Ab-Ag
binding efficacy and the overall sensitivity has been significantly improved, relative to that of the
manual operations of the same procedure. (Zhao et al., 2020) As a demonstration, we have
successfully applied the Robotic ELISA platform to the automated detection of chloramphenicol
(CAP). All of the ELISA operations from sample preparation to signal readout have been
automatically completed within 20 min without human intervention, of which the reaction volume
(15 pL) is an order of magnitude lower than that of the conventional ELISA methods using 96-

well plates, and the limit of detection (LOD) achieved is 0.1 ng/mL. Benefiting from its modular
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design and automated operations, the Robotic ELISA platform could be potentially deployed for a
broad range of detections in resource-limited settings or high-risk environments, where human
involvement needs to be minimized, while the testing timeliness, consistency and sensitivity are

all desired.

1.2 Objective, Significance, and Innovation

The overall goal of this dissertation is to build a universal Robot-Microfluidic Interface (RoMlI)
that can handle various microfluidic modules, thus enabling programmable and fully automated
biochemical analyses. The first objective is to design and fabricate a pair of RoMI connectors
mounted on the end-effectors of the robotic arms. By opening and closing the robotic arms, a
seamless and reversible connection between the robot and the microfluidic module could be used
for multi-module tasks with minimized off-chip components. In addition, we have designed and
fabricated a droplet printing module by employing our previously developed microfluidic adaptive
printing technology. With this, RoMI could realize fully automated, high-precision, low-volume
liquid handling by operating printing modules that preloaded with different reagents. The second
objective is to apply the developed RoMI and the printing module in multiplexed protein network
studies. To further simulate the cell environment, phospholipids-dissolving oil is added to form a
lipid membrane layer on the surface of the droplets. This case study shows the great potential of
RoMI in promoting the understanding of the reaction mechanism of protein networks in natural
cells. The third objective is to employ RoMI to automate a novel nanofibrous membrane-based
microfluidic ELISA module. The target analyte could be detected in a fully automated sample-to-

answer manner within 20 minutes.
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In summary, the objective is to develop an innovative laboratory robot, RoMI, that can 1) employ
robotics to automate microfluidics; 2) adapt to a variety of microfluidic module designs; 3)
minimize the use of off-chip components; 4) be open-source and easy-to-use for the entire
biochemical community. As microfluidic technology plays an increasingly important role in
molecular detection, RoMI has the potential to become a leading laboratory robot that can
introduce the latest microfluidic technologies into biomedical analyses in a simply automated and

programmable manner.
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Chapter 2 RoMI for automated pipette-free high-precision liquid
handling

2.1 Abstract

Microfluidic devices have been increasingly used for low-volume liquid handling operations.
However, laboratory automation of such delicate devices has lagged behind due to the lack of
world-to-chip (macro-to-micro) interfaces. In this chapter, we have presented the first pipette-free
robotic-microfluidic interface using a microfluidic-embedded container cap, referred to as a
Microfluidic Cap-to-Dispense (LCD), to achieve a seamless integration of liquid handling and
robotic automation without any traditional pipetting steps. The uCD liquid handling platform offers
a generic and modular way to connect the robotic device to standard liquid containers. It utilizes
the high accuracy and high flexibility of the robotic system to recognize, capture and position; and
then using microfluidic adaptive printing it can achieve high-precision on-demand volume
distribution. With its modular connectivity, nanoliter processability, high adaptability, and
multitask capacity, uCD shows great potential as a generic robotic-microfluidic interface for

complete pipette-free liquid handling automation.

2.2 Working Principle

The uCD system is designed to establish a universal interface between robotic automation and
liqguid handling of chemical and biological solutions without involvement of traditional
micropipetting processes.(Kong et al., 2012) It comprises of four essential components: the
microfluidic dispensing cap, the robotic end-effector with pneumatic connectors, the robotic

arm/motion stage, and a machine vision unit for recognition, as shown in Fig. 2-1a.
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As the key component, the microfluidic dispensing cap has been fabricated by stacking three
polymer layers from bottom to top, as shown in Fig. 2-1b: a membrane layer with a high-precision
micro-machined nozzle, a microfluidic channel layer, and a 3D-printed fitting adapter. The micro-
machined nozzle plays an important role in determining the process for droplet pinch-off and
ejection, while the microfluidic layer balances the discrete output of droplets and constantly refills
the fluid. Moreover, the custom 3D-printed adapter is intended to fit and connect to standard liquid
containers with various sizes in a regular lab setting, but also incorporates all liquid and pneumatic
connections, such as a channel towards the microfluidic layer, another tube connected to the
enclosed solution, along with two additional pneumatic channels that can be reversibly linked to

the robotic end-effector upon contact.

Notably, the classic robotic end-effector, a parallel-styled gripper with two fingers, is equipped
with a rubber contact pad on each finger to catch the microfluidic dispensing cap with the
pneumatic channels, as illustrated in Fig. 2-1a. The elastic pads made of rubber resin have been
embedded in the pneumatic connections using O-ring seals. Upon contact, the compressed air from
the programmable pneumatic drive can be directed towards the microfluidic dispensing cap to refill
and dispense the droplets from different channels with a millisecond resolution. A 4 degree-of-
freedom robotic arm has been combined with the end-effector to enable automated manipulations.
An expanded 10 on the robotic arm has been utilized as a communication means to coordinate and

synchronize the functions, such as movement, catch-and-release, and dispensing.

The machine vision module achieves two functions. The first is to recognize the container
information encoded by a QR code on the side of the cap, and the second is to use the QR code as

reference coordinates and to help position the dispensing cap for further operations. Specifically,
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when guided by the machine vision, the robotic arm first identifies and locates the container with
the targeted reagent using the QR code. Consecutively, the end-effector (gripper) is commanded
to engage into the two opposite sides of the microfluidic cap with pneumatic connections

established.

As depicted in Fig. 2-1c, the droplet printing process is controlled and propelled by two external
pneumatic drives: a low-pressure source (P.) to load the liquid from the container to the dispensing
nozzle and a pulsed high-pressure one (Pn) to eject droplets from the nozzle. Fig. 2-1d illustrate
simplified hydraulic circuits to describe the two states of the droplet dispensing process labeled
with major influential parameters, namely a loading/refilling state (top) and a dispensing state
(bottom). In particular, the fluid dynamics inside the microchannel can be modeled as a constant
displaced flow caused by the continuous input of refilling liquid and the dispensing output of
discrete droplet volumes. The displaced flow moves through the microchannel, with flow
resistance of Rc, towards either the nozzle openings with flow resistance of Rn or the adjacent side
channel with flow resistance of Rr. At the interface between the side channel and the robotic

effector, a one-way valve is attached to prevent the fluid from leaking into the pneumatic drive.

During the refilling state, liquid from the container will fill out the microfluidic cap while stopping
at the dispensing nozzle and the robotic interface with the one-way valve, both of which can be
modelled as fluidic diodes Dn and Dr, respectively, as shown in Fig. 2-1d. As the refilling pressure
P is smaller than either the valve-opening pressure or the Laplace pressure of the nozzle, the liquid
will reach an equilibrium state after filling up the dispensing cap. Once a high pulse pressure Py is
applied from the side channel during the subsequent printing state, a droplet with a volume of V is

ejected through the nozzle opening with a volumetric flowrate of Q. The following equation
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expresses the relationship between the dispensed droplet volume (V) and the flow resistance of the

microfluidic channel and the nozzle opening along with the pneumatic drives:

Py/Rr+PL/R T _ PyT _ PyTmrt
V=0 -T= H/Rr+PL/Re T _ PuT _ PH (Eq. 1)
1/Ry+1/Rpn+1/R; Ry Rn 8ut

where T is the duration of the pulsed pressure, r is the nozzle radius, t is the nozzle thickness and
u is the dynamic viscosity of the liquid. Notably, in the dispensing cap design, we apply a design
rule to keep Rr << Rn << Rc, which further simplifies the equation. Within the laminar flow region,
the flow resistance of the nozzle Rn follows the classic Hagen-Poiseuille equation (Sutera and
Skalak, 1993). It is also worth noting that the hydrostatic pressure from the liquid height is

considerably smaller than the refilling pressure, and therefore, it has been neglected in the equation.

Fig. 2-1 lllustrations of a) 3D illustration of the microfluidic-robotic interface (MRI); b) 3D illustration of
the microfluidic-embedded cap dispenser; c-d) Hydraulic circuits for describing the two states of the droplet
dispensing process labeled with major influential parameters, namely a refilling state and a printing state.
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2.3 Materials and Methods

2.3.1 Design and fabrication of the microfluidic cap

A UV-laser (JG15S, Zhengye Laser, China) was used to ablate a PMMA membrane to form
nozzles. The laser ablation parameters were optimized to achieve a uniform edge of the circular
though hole, resulting in a vertical pinch-off process for droplet generation with rare satellites
scattering on the substrates and rare droplets adhering to the nozzles. Micro-circles with radius of
5, 15, 25, 35, 45 and 55 um were designed using CAD software and produced ablated nozzles with
radius of 25, 32.5, 40, 50, 62.5, and 75 um, by shrinking the PMMA material (thickness: 75 um)
at a high temperature. The UV-laser was also used to ablate a double-side membrane (ARcare®
90445, Adhesives Research, thickness of 80 um) to form microchannels with a width of about 800
pm. The milli-chip was designed in SolidWorks software and fabricated with a photosensitive resin

using a 3D printer (Shenzhen WeNext Technology Co., Ltd), with 1 mm-diameter inlets and outlets.

The micro-chip layer was stuck onto the top of the milli-chip, with channel endings aligned to the
two openings on the bottom surface of milli-chip for liquid refilling and output, respectively. The
nozzle layer was then stuck onto the microchip, with nozzle aligned to the end of the microchannel
for liquid dispensing. Subsequently, a steel needle (1 mm diameter, 1.2 cm length) was inserted
into the center hole of the plug part of the milli-chip. Then the whole fabricated microfluidic caps

were fabricated to fit by insertion into standard liquid containers, such as 200 pL EP tubes.

There are three round through-holes (diameter: 1 mm) in the milli-chip for the gas and liquid drive:
one side-through-hole with 90-degree bend upward for transfer compressed air to drive the liquid

in the the container into the steel needle; then liquid goes though the steel needle and center-
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through-hole to fill liquid into the micro-chip. Liquid flows through the nozzle and upward to
another side-through-hole with 90-degree bend and stops at the one-way valve. Pneumatic pulse
pressure then goes through the valve and pushes the liquid toward the microchannel and nozzle, as

shown in Fig. 2-1c.

The nozzle and microchannel were designed to have a high resistance for precise droplet volume
control. After the droplets are pinched off under the nozzle, the residual liquid is retracted
backwards into the microchannel, driven by its Laplace pressure (Derby, 2010), while the
microchannel balances the discrete output of droplets and constantly refills the liquid. The
displaced flow moves through the microchannel either upwards to the pulse source or downwards
to the nozzle. When the pulsed air pressure is switched on and off, the extra volume of fluid is
ejected through the nozzle opening, not backward into the microchannel due to its high resistance

Rc >> Rn.

2.3.2 Calibration and imaging methods

Planar PDMS membranes coated on glass-slide substrates were used as the calibration surface to
characterize the volumes of the printed aqueous droplets. Since the contact angle of bare PDMS is
close to 90 degrees, it offered a simple method to calculate the volume of these hemispherical
droplets. To decrease the evaporation rate, dimethylsulfoxide (DMSQO) was added to the aqueous
solution with a mixing ratio of 2.5: 23.75: 73.75%, color dye: DMSQO: deionized water. The images
of droplet dispensing process are imaged by a high-speed camera (VEO-E310L, Phantom, USA).
To characterize the dispensing parameters, arrays or patterns of droplets were deposited onto the
PDMS surface. The images of the droplets were captured with a standard optical microscope
(EVOS XL, Life Technologies, USA) and analyzed using the ImageJ software.
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2.3.3 System integration and patterning algorithm

To introduce a pneumatic drive into the microfluidic dispensing cap, a robotic end-effector, more
specifically, a parallel gripper with two fingers, applies a horizontal force to tightly hold the cap.
A pair of customized 3D-printed air connectors with holes in the center surrounded by silica rubber
O-rings with a diameter of 2 mm, were mounted on both gripper fingers to introduce compressed
air into the cap and guarantee a seamless pneumatic connection as a plug-and-play interface. The
compressed air from the programmable pneumatic drive can be precisely controlled and actuated
into the two opposite sides of microfluidic cap for accurate refilling and dispensing with sub-
millisecond resolution, resulting in the formation of nanoliter droplets. In the pneumatic system,
we have included a custom-made circuit based on Arduino architecture and two mini solenoid
valves (LHDA1221111H, Lee Co). The pressure pulses have been derived from a pressure
regulator (OBKZN) with a range up to 15 psi and a precision of 0.01 psi connected to the

compressed air from an air compressor.

To precisely position the droplet in the right place, translational motions were needed for the
dispensing task, usually described in a Cartesian coordinate system. A 4-DoF robotic arm was used
to achieve this demand, in which three DoFs on the base, the upper arm and the lower arm were
programmed to approach the target position in XYZ coordinate system and the last wrist rotational

DoF was used to adjust the orientation (of the cap) around the Z-axis.

The robotic end-effector and the arm were combined to form a manipulator, whose functions were
coordinated and synchronized with the other parts of the system via the expanded I0son5V TTL-

level and 3.3 V LVTTL-level as communication means.
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The desired complicated patterns were designed in advance as pixel matrices. On each pixel, the
type of the reagent and the droplet count were designated. For each reagent, there will be a matrix,
where the value of each element, a natural number, specifies the droplet count. The droplet count
can vary from zero to several tens, resulting in a blank spot at a distinct drop. After catching a
target reagent from the designated position, the robotic manipulator will move and stay at the
printing region and execute the printing task instructed by the corresponding pattern matrix. The
stay period was also determined by the droplet count in this position. By providing multiple
reagents and their pattern matrices, objects can be mixed in each specified position. The spatial
interval of the droplets between the adjacent elements in the pattern matrix was adjustable in the
program of the robotic manipulator. Often, the interval was set above 0.5 mm to prevent
contamination from adjacent droplets. The presented system enables automated precise dispensing
of liquid and reagents in modern complex lab dispensing tasks, such as large-scale complicated

pattern in multi-well plates.

2.3.4 Biomolecular micropatterns demonstrations

To demonstrate the compatibility of the uCD system with biological samples a multiparametric
dose response experiment was conducted. This experiment consisted of 3 components: bacteria,
isopropyl B-D-1-thiogalactopyranoside (IPTG), and Luria Broth (LB). The bacterial strain used in
this paper was generated by cloning the fluorescent protein mCherry into the pET15b plasmid and
transforming it into E. coli BL21 (DE3)-pLysS cells (Novagen). Overnight cultures were made
from fresh colonies of that strain. The cultures were then diluted in fresh media 2 hours prior to
printing allowing them to reach a concentration of approximately 108 cells/mL. All the reagents

were then sequentially printed to build each unique reaction.
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The droplets were dispensed onto PDMS-coated cover glass to allow for observation on a Nikon
Eclipse Ti-E inverted microscope. A 2 mm-thick layer of mineral oil was added after printing to
cover the droplets to avoid evaporation. A Texas red filter cube (560 nm excitation/630 nm
emission) from Nikon was used to measure the mCherry fluorescence. Images of the droplets were
automatically taken over several hours. The fluorescence intensities in the images were then
analyzed using ImageJ and Matlab scripts. The half maximum effective concentration was
calculated by determining the inducer concentration required to achieve half the maximal

fluorescence for each cell density and then averaged.

2.4 Results and Discussion

2.4.1 Automation of the pCD platform

A complete uCD operation flow includes multistep automation, i.e., sample recognition, catch,
positioning, dispensing, return and release, as illustrated in Fig. 2-2. As aforementioned, the target
identification has been achieved through the machine vision using a QR-code recognition
algorithm (Fig. 2-2a). In addition, the QR-code recognition has provided the robotic arm with
spatial coordinates to allocate and capture the targeted containers. The robotic gripper with two
fingers grabs the microfluidic dispensing cap with the pneumatic link established (Fig. 2-2b).
Following the container capture, the robotic arm moves the c-equipped container to the target
position and starts to dispense the liquid driven by the programmed pneumatic control (Fig. 2-2c).
After delivering the desired volume, the robot returns the container back to the original location

(Fig. 2-2d), while it is ready to start another cycle of dispensing.
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Fig. 2-2 Illustration of the complete LCD operation: a) sample recognition; b) catch and positioning; c)
dispensing; and d) return and release.

2.4.2 Characterization of droplet dispensing

The process of droplet formation was recorded using a high-speed camera. As shown in Fig. 2-3,
the droplet has immediately emerged from the nozzle from the last ejection (t = 0.1ms); Within a
short duration, the droplet tends to move away from the nozzle, forming a characteristic pendent
shape (t = 0.6ms); At a critical distance, the liquid bridge would break off and the droplet
completely departs from the nozzle (t = 0.8ms); As the droplet further moves, it gradually evolves
into a nearly spherical shape with gravitational and inertial influences negligible under its
dimensions, while the residue fluid retracts back into the nozzle (t = 1.5ms); Finally, the residue
fluid completely returns to the nozzle surface and is ready for the next cycle of droplet ejection (t

= 3.5ms).
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Fig. 2-3 Stroboscopic images showing droplet formation.

The Coefficients of Variation (CVs) have been considered to evaluate the consistency and
distribution of the single droplet volumes printed from the uCD system. Fig. 2-4a shows a
microscopic image of a printed droplet array on a planar surface from a 25% DMSO solution (with
a viscosity of 1.5 cP and surface tension of 55.4 mN/m at 25 °C) (Lebel and Goring, 1962;
Markarian and Terzyan, 2007). Furthermore, the printed single droplet array with the targeted
volume of 84 nL have been measured and plotted in Fig. 2-4b. Computed from the droplet diameter
measured by the histogram plotted by ImageJ, it shows a mean value of 84 nl and a diameter CV
of 3.18%, confirming the high repeatability of the single droplet printing of the uCD system.
Furthermore, the linearity of the printed droplet sequences has then been evaluated by repetitive
dispensing of 100 to 1000 times, with the single droplet volume targeted at 100 nL. The weights
of these printed volumes have been assessed by a high-precision scale and summarized in Fig. 2-
4c, where the x-axis represents the targeted volumes while the y-axis stands for the corresponding
volumes measured by the gravitational method. As can be seen, the measurement results, based on
three-time repeats, have been plotted and fitted into a linear curve, exhibiting a high correlation

coefficient of R2=0.9994.
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For a classic EP tube with capacity of 200 pul, the current uCD design could continuously produce
more than 3000 droplets with each loading with 80 um nozzles, or 9000 droplets with 65 pm
nozzles, till the last drop of reagent in the container. This could be highly desirable for the precious
biological/chemical reagents. The customized pattern of such has been automated by the robotic

arm, by which the positioning precision and spatial resolution are mainly determined.
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Fig. 2-4 a) The microscopic image of droplets array; Scale bar: 1mm; b) The volume distribution of the
array; ¢) Linearity of accumulated droplets from 100 nl to 1000 nl, with a R2> 0.99; d) The experimental
measurements of the ejected droplet volumes depending on multiple nozzle radius, and e) pressure levels, f)
pulse durations. In e) and f), the mean droplet volumes are shown in red dots (32.5 um) and blue dots (40
pum), and all the fitting curves has a R2 > 0.98.

As expressed in Eg. 1 of the microfluidic printing model, a number of potential parameters can
influence the droplet formation process, including nozzle radius and thickness, fluidic viscosity,
pulse pressure and duration (Choi and Kim, 2016; Li et al., 2018). In this study, we have chosen
the major influences of the nozzle radius (r), the pneumatic pressure (Pn) and the pulse duration

(T) to be experimentally assessed.

34



First of all, the nozzle dimension (r) plays an important role in determining the droplet volume
(Ding et al., 2013). A range of different nozzle radius with the same milli- and micro-chips have
been investigated with the droplet variations in response to the driving pulses. As shown in Fig. 2-
4d, given a fixed pulse pressure of 3.0 psi and pulse duration of 6 ms, the ejected droplet volume
increases in an approximately linear fashion from 38 nL to 291 nL with the nozzle radius rising
from 32.5 to 75 pum, that is 7-fold volume expansion. As expected, when the nozzle size keeps
small, the experimental data match well with the inverse 4th-power relationship between the
droplet volume and nozzle dimension, as can be theoretically predicted by Eq. 1. However, as the
nozzle size increases (above 60 um in radius), the original assumption of Rr << Rn becomes no
longer valid, and therefore, the experimentally measured values deviate from the theoretical
predication of the desired droplet volume by a large margin. These deviations become more severe

in a larger nozzle as shown experimentally.

Further reducing the nozzle dimension would result in drastic decrease in the droplet size;
meanwhile, it causes the nozzle resistance to hike considerably. However, to eject the fluid out
from the nozzle using the MAP principle, it requires the nozzle resistance Rn to be considerably
lower than that of the microchannels Rc. We have experimentally determined that the minimal
nozzle radius would be greater than 25 um for effective printing in the uCD platform. On the other
hand, a wider nozzle would lead to larger ejected droplets, while the maximal refilling speed of
the liquid sample is directly proportional to the microchannel resistance, and caped at about 300

nL/s in the system, given the refilling pressure of 0.5 psi and pulse duration of 20 ms.

Besides the nozzle geometry, the pneumatic drive pressure (PnH) can also be determinant in the

droplet formation, as the model predicts (Fig. 2-1c). We have investigated the influences from the

35



magnitude and pulse duration of the pneumatic drive, respectively. Fig. 2-4e illustrates the
experimental results of the droplet volumes at multiple pressure levels, given a fixed pulse duration.
As evident by a well-fitted measurement curve, the rising volume of the ejected droplets is nearly
linearly correlated with the elevating pulse pressure. In particular, by extending the pneumatic
pressure from 2.0 psi to 6.0 psi, the droplet size has been scaled with more than 2-fold increment
from 23 to 58 nL with 32.5 um nozzles, and 60 to 145 nL with 40 um nozzles, at the fixed pulse
duration (of 6 ms). It is worth noting that a minimal pressure (of 2.0 psi) becomes necessary to
overcome both the internal resistance of the microchannels and Laplace pressure presented at the
nozzle for the droplet formation (Brian Derby, 2010). Moreover, Fig. 2-4f shows a similar linear
relationship between the pulse duration and the droplet volume, ranging from 21 to 55 nL with
32.5 um nozzles, and 57 to 143 nL with 40 um nozzles, at the fixed pulse pressure (of 3.0 psi). In
principle, a shorter pulse duration would lead to faster droplet ejections, and thus, a higher
dispensing speed. However, the restrictions have been presented by both the mechanical response
time of the solenoid valve (~2 ms) and the response time of the compressed air pressure inside the
channel, from which a minimal pulse duration of 3 ms is resulted. In conclusion, the droplet sizes
can be fine-tuned by either the geometrical parameter of the nozzle (i.e., its radius) or the on-

demand pneumatic drive pressure (i.e., the pressure level and duration).

2.4.3 Demonstrations of the uCD platform

As discussed above, the uCD dispensing platform would enable the complete lab automation
solution with high throughput and low reagent consumption for various biological and clinical
procedures. As proof-of-concept experiments, we have established collective patterns of

monochrome or multi-colored droplets to images of combinational arrays, as shown in Fig. 2-5. It
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includes a planar molecular pattern with single and multiple droplet dispensing (Fig. 2-5a); a Taiji
pattern (Fig. 2-5b) and an Eiffel tower shape (Fig. 2-5c) with two different colors printed from
separate UCD containers; a multicolor DNA helix structure, with strangled chains presented by
two types of 5-in-1 droplets (red and light blue dots) and A/T/C/G by multicolor single droplets
(pink, green, yellow and purple), respectively (Fig. 2-5d); a world map formed by an array of 985
single droplets (Fig. 2-5e); and a multicolor droplet array to form logos of the UC DAVIS and
SIAT CAS (Fig. 2-5f). The multiplexed and combinatorial pattern formation illustrates the
automated multi-reagent processing. As each dispensing, HCD container with caps is independent
and modularized, the entire robotic operating system can be easily expanded to large-scale multi-

reagents dispensing applications, without a limited number of reagents.

..........

oooooooooooooooooooooo

.....
-------

Fig. 2-5 Monochrome or multi-colored Droplets-based patterns: a) molecular; b) Taiji; c) Eiffel tower; d)
DNA helix; e) world map; and f) UC-DAVIS and SIAT-CAS logos. (scale bar: 5 mm)
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To demonstrate the compatibility of the pCD system with biological sample processing, we
implemented a generic combinatorial experiment utilizing three different reagents to assess their
interactions. The components included a strain of bacteria with an inducible genetic circuit, an
inducer, and a diluent. The objective of this experiment was to characterize the response of the
genetic circuit at various concentrations against a range of inducer concentrations. Such
experiments are required when constructing complex genetic systems (Zong et al., 2018), assessing
the efficacy of a drug on a system (Ding et al., 2015), and optimizing component stoichiometry in

a variety of reactions (Fan et al., 2017).
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Fig. 2-6 Photos of the 10 x10 array of combinatorial mixtures comprised of a)3 color dyes, with red
representative of cell suspension, purple of IPTG, and blue of LB buffer; and b) biological samples of cell
suspension, IPTG, and LB buffer.

Here, we studied the response of a Lacl repressible genetic circuit, which would give rise to the
expression of the fluorescent protein mCherry upon sufficient induction by its inducer, isopropyl
B-D-1-thiogalactopyranoside (IPTG). To achieve this, a 10-fold range of concentrations of both
the bacteria and the inducer were tested in one hundred independent reaction conditions in which
each spot contained 18 ejections, leading to 1.2 L in total. To ensure the dispensing accuracy of

the proposed biological experiment, a 10 x10 array of combinatorial mixtures comprised of 3 color
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dyes were first generated using the uCD system as shown in Fig. 2-6a, followed by the dispensing

the biological samples and reagents, as shown in Fig. 2-6b.

Fig. 2-7 The Response of a Lacl repressible genetic circuit. a) 3-hr and b) 5-hr results merged by bright field
and fluorescent imaging results from the combinatorial droplet array with cell suspension, IPTG, and LB
buffer; ¢) 3-hr and d) 5-hr heat maps analyzed from fluorescent images.

As a result, the two-dimensional combinatorial matrix of the cell suspension and inducer assay was
established. Fig. 2-7a and b show the fluorescent images taken from the combinatorial droplet
array, at 3 and 5 hours, respectively. To quantify these images, the total fluorescent densities were
measured and normalized in the range -1 to 1 as shown in Fig. 2-7c and d. with ranges of [-0.1,
0.1] and [-1, 1] respectively. From this data, we determined the half maximal effective
concentration (EC50) of IPTG to activate the circuit to be around 66.7 uM. The EC-50-
determined by this experiment is consistent with previously reported characterizations of similar
genetic circuits (Baneyx, 1999; Gardner et al., 2000). This experiment also demonstrates printing

of sensitive reagents, which if exposed to harsh conditions will cease to work. The uCD also
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demonstrates its ability to limit cross contamination between reagents as no fluorescence is
observed in droplets without cells or inducer. Compared with the manual dilution processes
operated in many biological labs, our uCD system offers a fully automated pipette-free solution
with considerable improvement in efficiency and accuracy of multifactorial studies, while
completely liberating laboratory personnel from repetitive and routine pipetting work with human-

induced errors and interventions eliminated.

2.5 Conclusions

In this chapter, we have developed a pipette-free microfluidic cap-to-dispense method, employing
a microfluidic cap with seamless plug-and-play connectivity to robots. It allows automatic high-
precision sample dispensing ranging from nano-liter to micro-liter volumes, directly from standard
biological containers, without involving any pipetting transfer and potential cross-contamination
procedure. As a paradigm-shifting platform, this pCD robotic liquid handling system offers several
distinct features, compared to existing liquid handling technologies, including: 1) a fully-
automated robotic interface; 2) highly-precise tunable microfluidic dispensing; 3) multi-task
operations, including recognizing, capture, positioning, dispensing and releasing; 4) a broad
applicability and flexibility for a wide range of biological operations; 5) sample storage in
containers with reusable uCD caps for rare or expensive samples. Moreover, the microfluidic cap
is ready for mass-production-ready and serves as an inexpensive and disposable platform for

various research and development applications.
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Chapter 3 RoMI for protein network reconstitution

3.1 Abstract

Protein networks can be assembled in vitro for basic biochemistry research, drug screening, and
the creation of artificial cells. However, the traditional well plate-based methods have fundamental
limitations for the assembly of protein networks due to the lack of membrane confinement or
attachment. Furthermore, the current microfluidics-based platforms have limited flexibility for
varying the concentrations of multiple protein components. We have addressed the challenge by
engineering a microfluidic printing robot. The new printing robot has automated multi-reagent
processing capability and disposable microfluidic cartridge design, such that it can exchange
multiple cartridges in sequence without cross-contamination. Importantly, the robot can print
droplets (1 pL) at 1-2 orders of magnitude lower than that of the conventional well plate-based
methods. The robot allows the assembly of protein networks in water-in-oil droplets with different
concentration profiles. It also enables the study of protein networks in both membrane-unbound
and -bound states. We demonstrate the robot using a sub-network of mitogen-activated protein
kinase (MAPK) containing MEK or/and ERK kinase. The current system provides a labor-free,

reagent-saving, efficient and flexible way for protein network research and related applications.

3.2 Materials and Methods
3.2.1 Microfluidic Printing Robot Integration

Microfluidic printing robot was built on a 4-DoF robotic arm (Magician, Dobot, Shenzhen, China).
The robot arm was integrated with a pressure controller (PG-MFC, PreciGenome, San Jose, CA)
and a custom-made valve controller. The valve controller was based on Arduino architecture with

two mini solenoid valves (LHDA1221111H, Lee Co, Franklin, TN). The robotic arm was equipped
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with a two-finger gripper that applied a horizontal force using an embedded air pump in the robot.
A pair of customized 3D-printed connectors were mounted on the robotic gripper that served as a
seamless pneumatic connection between the robot and the microfluidic cartridge. As a result, the
compressed air could be introduced from the robot to the cartridge controlled by the valve control
circuit with the sub-millisecond resolution. The system was communicated and controlled by a
computer via USB ports in a programmable manner (Python, Python software foundation,
Beaverton, OR). More details of the fully automated liquid handling process have been described

in the previous work(Wang et al., 2019).

3.2.2 Microfluidic Print-Head Fabrication

The microfluidic cartridge consisted of a 3D-printed reservoir/macrochannel layer, a double-
adhesive microchannel layer, and a micronozzle layer. The cartridge could store 200 pL of reagent
volume in the reservoir. The reservoir/macrochannel layer was designed in SolidWorks software
and fabricated with a Clear Resin (Formlabs) using SLA 3D printer (Formlabs Form 3). The
double-adhesive microchannel layer (ARcare® 90445, Adhesives Research, thickness of 80 pm)
was designed in AutoCAD, and laser-cut (Universal Laser Systems, VersalLaser 2.30) to form the
microchannel with a width of 200 um. The micronozzle layer was fabricated by drilling 80 pm
through-holes on a PMMA sheet (Nuowei, Shenzhen, thickness: 75 um). These three layers were

aligned and assembled layer by layer under an inverted stereoscope.

3.2.3 Microarray Substrate

Polydimethylsiloxane (PDMS)-coated cover glass (60x48 mm, Gold Seal®, cat. 48404-142, VWR,
Radnor, PA) was used as the array substrate. PDMS was prepared using a 10:1 (w/w) mixture of

the base to a curing agent (SYLGARDTM 184, Dow Corning), spin-coated on the cover glasses
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at 1000 r.p.m. for a 90 um thick layer, and then cured on a hot plate at 120 °C for 1 hour. PDMS
served as a hydrophobic substrate for the formation of water-in-oil droplets (water contact angle

is >100°)(Mata et al., 2005).

3.2.4 Multiplexed Water-in-oil Droplet Microarray Formation

Before printing, the humidity was kept at 40%-50% using a humidifier. The printing parameters
were set in an Excel file for each reagent, including starting position, row and column distances,
row-column matrix, and the number of accumulated droplets. All fresh reagents were loaded into
the reservoir of the microfluidic cartridges through the side inlet by manual pipetting right before
printing. Once grabbing the target reagent from the designated position, a calibration step was set
to dispense droplets. Thus, we could visualize the performance of the cartridge. After that, the
robot executed the printing task instructed by the Excel file. In our test, both row and column
distances were set as 3 mm. The total droplet volume in each site was <1 pL for maintaining the
droplet shape. A1.5 mm-thickness acrylic sheet (Amazon, Vacaville, CA) and a double adhesive
sheet were cut with a laser machine and assembled into the customized-size frame. After printing,
we placed the customized frame around the entire printed droplets and added lipid-dissolved oil
over the droplets gently. The estimated oil volume was about 25 pL per droplet. A schematic

diagram of the entire process of forming multiplexed water-in-oil droplets is shown in Fig. 3-1.

3.2.5 Preparation of lipid-containing oil

Two different types of lipids were purchased from Avanti Polar Lipids (AL, USA), L-a-
phosphatidylethanolamine (cat. 840021C, Egg PE), and 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-
1-carboxypentyl) iminodiacetic acid) succinyl] (nickel salt) (cat. 790404C, DGS-NTA(NI)), which

were used without further purification. Paraffin oil was purchased from Fisher Scientific (cat.
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AC444180250, Waltham, MA). Two different lipids in different concentrations were mixed in
small glass vials, dried under a gentle stream of nitrogen, and then kept under a vacuum for roughly
3 hours. Completely dried lipids were resuspended in the paraffin oil, followed by shaking (200
r.p.m.) at 30 °C overnight. The final concentration of Egg PE was 0.5 mM, while 0-0.1 mM DGS-
NTA(Ni) were selectively added for different tests. The dissolved lipids in paraffin oil remained

stable at room temperature for around one week.

3.2.6 Droplet Characterization

The printed droplet volume was characterized by the methods of imaging and weighing analysis.
The images of droplets were taken under a bright field microscope (EVOS XL, Life Technologies,
USA). The diameters of the droplets (on a PDMS array substrate in Fig. 3-2a) were measured
through the particle analysis function in ImageJ software (NIH, Bethesda, MD). We estimated the
droplet volume by assuming that each droplet is a hemispherical shape with a contact angle of 109°
on the substrate (Fig. 3-2b). We weighed it after dispensing 100-1000 times droplets (Fig. 3-2c-d)
into a container with mineral oil under a 4-digital microbalance (Mettler Toledo AB54-S/FACT).
In Fig. 3-2c, the printing pressure was consistent, but the total printing number changed. In Fig. 3-
2d, the printing pressure was adjusted for printing 100 droplets. Through the weighing analysis,
we enabled to characterize the droplet volume and the volume linearity. As shown in Fig. 3-2c-d,
the total printed droplet weight converted to total printed volume according to the water density
(0.996 g/mL) and 20% v/v glycerol in water density (1.051 g/mL) and further averaged into a

single droplet volume as required.
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RoMI

Printing-
head

Fig. 3-1 Schematic of the entire process for forming multiplexed water-in-oil droplets. a) The microfluidic
robot grips the target cartridge and forms a seamless robot-microfluidic interface (RoMI); b) The cartridge
generates a droplet array under the control of RoMI; a—c) are repeated until the multiplexed droplet array is
formed as shown in c) and an adhesive-customized frame is placed around the entire printed droplets; d)
lipid-containing oil is added onto the lipids to form a phospholipid layer around the droplet.

3.2.7 Purified Protein reagents

For visualizing the protein distribution in the water-in-oil droplet, we purchased recombinant
proteins, Aequorea Victoria Green Fluorescent Protein (GFP) His-tag (cat. A42613, Thermo
Fisher Scientific, MA) and Cyb-streptavidin (PA45001, GE Healthcare). Both proteins were
diluted with a PBS buffer (pH = 7.4) before testing. In the proof-of-concept experiment, the
proteins (ERK2, MEK1_R4F, and phosphorylated ERK?2) were expressed and purified from Dr.

Jiyoung Shim.
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3.2.8 MEK or/and ERK activity assay in vitro

We used the PhosphoWorksTM Fluorimetric ADP assay kit (cat. 21655, AAT Bioguest, CA) for
assaying MEK-ERK network by monitoring red fluorescence intensity due to the ADP formation.
We followed the manufacturer’s protocol. Briefly, we added 10 pL of the protein solution to 5uL
of ADP Sensor and 10 puL of ADP Sensor Buffer for using a fluorescence microplate reader (Tecan
M1000Pro, Méannedorf, Switzerland). The protein solution contained: 1 uM MEK_R4F and 2.5
MM ERK2 substrate were separately prepared in the kinase buffer (50 mM Tris/HCI (pH 7.4), 150
mM NaCl, 10 mM MgCI2, and 1 mM ATP)(Pirman et al., 2015). The mixture (Protein solution,
ADP Sensor and Buffer) was added to each well of a black flat-bottom 384-well microplate (cat.
781096, Greiner Bio, NC) and monitored for the red fluorescence at 30 °C with shaking (orbital,
1 min every 5 min) for 2 hours. The excitation and emission wavelengths for the ADP sensor were
540 and 590 nm, respectively. After monitoring red fluorescence intensity, we examined ERK2

phosphorylation by MEK1 (R4F) mutant(*) in the same reaction using immunoblot analysis.

3.2.9 Western blotting-based assay

A 9 mL of the reaction was mixed with 2X Laemmli sample buffer (cat. 1610737 Bio-Rad, CA),
and then heated to 55°C for 10 minutes after we finished monitoring the ADP assay using a
microplate reader. All the samples were prepared in the same manner except for pERK2. The
positive control, pERK2, was diluted to be 0.1 mM and made ready for running SDS-PAGE gel.
All reactions were loaded and run on 12-well 4-20% pre-casted SDS-PAGE gel (cat. 4561095DC,
Bio-Rad, CA). The proteins were transferred to a PVDF membrane (cat. 1620174, Bio-Rad, CA)
and verified by blotting with 1:10,000 of p44/42 MAPK-mouse mADb (cat. 4696, CST, MA) and

p47hospho-p44/42 MAPK-rabbit mAb (cat. 4370, CST, MA) respectively, followed by mouse-
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HRP (cat. 31430, Thermo Fisher Scientific, MA) and rabbit-HRP (cat. 7074, CST, MA). The
chemiluminescent signal was detected using a CCD camera after exposing the membrane to the
Western ECL Substrate (cat. 1705061, Bio-Rad, CA) for 5 minutes. This assay was repeated four

times from the individual sample sets.

3.2.10 MEK or/and ERK activity assay in-vitro Automated Assembly

For using the microfluidic printing robot, we prepared four cartridges: kinase buffer (50 mM
Tris/HCI (pH 7.4), 150 mM NacCl, 10 mM MgCI2, and 1 mM ATP)(Pirman et al., 2015), 2.5 uM
ERK2 WT substrate in the kinase buffer, 1 uM MEK1 (R4F) * in the kinase buffer, and the
combination of ADP Sensor mix. We multiplexed the input reagent by printing additional droplets
to the preformed one at ambient temperature. We allotted the same amount of the ADP Sensor mix
but varied the concentration of the kinase proteins in each droplet. After printing four reagents
with different volume ratios, the final volume of the droplet was almost 1uL. We used a

fluorescence microscope to monitor the protein activity alone and the protein network reaction.

3.2.11 Fluorescence microscope Image Acquisition and Analysis

The water-in-oil droplets on the microarray were observed under an inverted microscope (Nikon
Eclipse Ti-E). For the His6-tagged GFP and Cy5-streptavidin tests, a green filter cube (525 nm
emission) was used to measure the GFP fluorescence and a purple filter cube (648 nm emission)
was used to measure the Cy5 fluorescence. For the MEK-ERK network, a red filter cube (605 nm
emission) was used to obtain the red fluorescence signals. All droplet locations were assigned, and
then the droplet image was automatically taken individually at 30 °C for 1 hour every 10 min. All

the microscope images were converted to a tiff image file using NIS-Elements Viewer 5.21 64-bit.
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The fluorescence intensities were quantitated by calculating the average red value while filtering

out the black background using the OpenCV library (Python version 3.7).

3.3 Results and Discussion

3.3.1 Printed droplet volume is consistent

To evaluate the consistency of the single droplet volume, we analyzed a single water droplet
volume distribution (n=60, Fig. 3-2b) on a PDMS substrate (Fig. 3-2a). Specifically, 83.3% of the
droplets are in the range of 52-61 nL, of which 58-61 nL droplets are the most, accounting for
40.0% of the droplets. The diameter CV (coefficient of variation) of the droplets is 2.1%, and the
droplet volume CV is 6.2%. These results show the high uniformity of the single droplet, which is
comparable to that of expensive piezoelectric-based droplet dispensers.(Fan et al., 2018) Therefore,

the desired volume (in a discontinuous manner) can be determined by the droplet number.

To further ensure the printing stability of the microfluidic robot, we measured (Methods M6) the
total weight of different droplet numbers, ranging from 100 t01000 in Fig. 3-2c. The total droplet
volume was linearly proportional to the droplet number, with a correlation coefficient of 0.9999.
In particular, the slope value was 0.0592, indicating the single droplet volume was around 59.2 nL.
The results showed that the microfluidic printing robot could stably print thousands of droplets,

and the average droplet volume from every 100 droplets is consistent.
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Fig. 3-2 Validation of printed droplets by the microfluidic printing robot. a) The microscopic image of a
droplet array; b) the single droplet volume distribution (n=60); c) linearity of the total droplet volume of
100-1000 droplets, with a R2 > 0.9999; d) the averaged single droplet volume under various printing
pressure from 2.0 to 5.0 psi. Black indicates water droplet. Red indicates 20% v/v glycerol droplet.

In addition, we tested the effect of printing pressure on droplet volume (Fig. 3-2d). The droplet
volume was increased as printing pressure increased for both water and 20% v/v glycerol-in-water,
with a high correlation coefficient R2 = 0.9976 and R2 = 0.9965, respectively. Specifically, the
water droplet volume was 62.3 nL at 2 .0 psi and 145.6 nL at 5.0 psi, and the 20% v/v glycerol-in-
water volume was 57.7 nL (7.38% decrease) at 2.0 psi and 124.8 nL (14.29% decrease) at 5.0 psi.
Thus, the calibrated printing pressure for 20% v/v glycerol-in-oil was 2.2 psi for printing ~60 nL,
while for water was 2.0 psi. Therefore, for most water-based reagents (e.g., PBS buffer, kinase

buffer mentioned above), 2.0 psi printing pressure was used in all the following experiments.

We also aim to create droplets that mimic the spherical shape of natural cells. Hence, we analyzed

the shape of the droplets (containing 0.25 uM His-tag GFP) in the oil w/ and w/o 0.05 mM DGS-
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NTA(Ni). As shown in Fig. 3-3, the estimated contact angle is 137.6 + 3.1 degrees, and the surface
area of the water-oil interface accounts for 86.9% + 1.9% of an ideal complete sphere. As a result,
the water-in-oil droplet is close to a spherical shape. Since the contact surface might affect the
signaling pathways underlying cellular adhesion, detachment, and communication, our
microfluidic robot could generate reaction environments that are more suitable for protein network

studies than standard well-plates.(Ferrari et al., 2019)

Fig. 3-3 Droplet shape analysis. Brightfield images of 1-9 droplets of 0.25 uM His-tag GFP in 0.5 mM Egg
PE paraffin oil containing (a) 0 and (b) 0.05 mM DGS-NTA(NiI), scale bar: 500 puM. (c) The measured [1and
[2 were used to estimate the contact angle and the surface area ratio of the water-in-oil interface (assuming
the droplet is a part of a sphere shape).

3.3.2 Proteins can bind to the membrane of droplets

Next, we investigated if a functional membrane interface could be formed on each droplet. We
printed five sets of droplet arrays containing 0.25 uM His6-tagged GFP with different droplet sizes
and added paraffin oil containing 0.5 mM Egg PE and with the different concentrations of 0,
0.0125 (2.5%), 0.025 (5%), 0.05 (10%), 0.1 (20%) mM DGS-NTA(Ni) (Fig. 3-4a). As a negative
control group, in the absence of DGS-NTA(NI), green fluorescence was evenly distributed in each
droplet. However, in the presence of the DGS-NTA(NI), His6-tagged green fluorescence protein
accumulated at the interface of the droplets. The green fluorescence signal became stronger at the

interface and darker inside the droplet from left to right as the concentration of DGS-NTA(Ni) was
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increased from 0 to 0.1 mM. The results indicate that more DGS-NTA(Ni) in the oil is beneficial
to immobilize His6-tagged protein at the interface. Therefore, we used 0.1 mM DGS-NTA(Ni) in
the following experiments. However, no difference was observed by changing the droplet size,
ranging from 0.24 uL to 0.96 L, under the same concentration of DGS-NTA(Ni). Thus, these
results show that the His6-tagged protein immobilized at the interface of the droplet after

supplementation of DGS-NTA(Ni)-containing oil over the droplets.

Next, we investigated the saturation of binding sites on the membrane interface. We studied the
distribution of different concentrations of His6-tagged GFP proteins under two different oils
without and with DGS-NTA(Ni) (Fig. 3-4b). We printed two sets of 0.6 uL droplet arrays
containing different concentrations of GFP, ranging from 0 to 1.0 uM, and added paraffin oil
containing 0.5 mM Egg PE without and with 0.1 mM DGS-NTA(Ni). In the absence of the DGS-
NTA(Ni), the green fluorescence was distributed uniformly in all droplets, and the green
fluorescence signal became brighter as the protein concentration increased. In the presence of the
DGS-NTA(NI), His6-tagged GFP (0.25 puM) was bound at the interface. However, when the GFP
concentration further increased, even with 0.1 mM DGS-NTA(Ni), the fluorescent signal inside
the droplet became stronger. The result suggests that binding sites at the interface of the droplet
are limited. When the binding sites are saturated, the excess protein is distributed inside the droplet.
In conclusion, when the His-tag protein concentration is lower than 0.5 uM, most of the His6-

tagged proteins in the droplets are immobilized at the interface with 0.1 mM DGS-NTA(Ni).

52



a DGS-NTA(Ni) concentrations (mM) b 250 - Ni
5

>

0 0.0125 0.025 0.05 0.1 200 A
150 4

100
50 4

Cross-section Intensity

Oum 0.25uM 0.5uMm 0.75uM 1.0 um

Droplet Size (uL)

\4

(1]

Streptavidin-cy5 concentrations (uM)
>

>
0 005 01 015 02 025

His-tag GFP concentrations (uM)

125 10 075 05 025 0

<&
<

GFP channel Cy5 channel Merged

Fig. 3-4 Printed droplet arrays using fluorescent probes. a) Fluorescent images of 0.24, 0.48, 0.72 and 0.96
pL droplets containing 0.25 pM His-tag GFP under 0, 0.0125, 0.025, 0.05, 0.1 mM DGS-NTA(Ni); b)
Fluorescent images and cross-section fluorescent intensities of 0.48 L droplets containing 0, 0.25, 0.5, 0.75
and 1.0 uM His-tag GFP under 0 (black curve) and 0.1 mM (red curve) DGS-NTA(NI); ¢) GFP channel,
Cy5 channel and Merged (GFP and Cyb5) results from the combinatorial droplet array with His6-tag GFP
(0-1.25 pM), streptavidin-Cy5 (0-0.25 uM), and PBS buffer (pH=7.4) under 0 (Top, -Ni) and 0.1 mM
(Bottom, +Ni) DGS-NTA(NI). Scale bar: 500 uM. (GPF images: 1s exposure time, Cy5 images: 500 ms
exposure time).

To ensure the precise control of protein localization inside each droplet, we measured the
localization of His6-tagged GFP and streptavidin-Cy5. As shown in Fig. 3-4c, we printed two sets
of 6 by 6 matrices and added oils without DGS-NTA(Ni) (-Ni) and with 0.1 mM DGS-NTA(Ni)
(+Ni), respectively. From the first row to the sixth row, there were 0, 1, 2, 3, 4, and 5 droplet
ejections of 2.5 uM His6-tagged GFP solution, and from the first column to the sixth column, there

were 0, 1, 2, 3, 4 and 5 droplet ejections of 0.5 uM streptavidin-Cy5. By the additional droplet
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ejections of PBS buffer (pH=7.4) to the preformed droplets, each site contained 10 droplet
ejections with a total volume of 0.6 pL. From all the images in Fig. 3-4c, both the fluorescence
signals from the GFP channel and the Cy5 channel gradually increased with the increased
concentrations of His6-tagged GFP and streptavidin-Cy5. The consistent changes of the
fluorescence signals showed that our method could accurately control the two different protein
concentrations in each droplet. In the case of +Ni, His6-tagged GFP was immobilized at the
interface of the droplet, while Streptavidin-Cy5 was distributed evenly inside the droplet. The
result verifies the specificity of the binding affinity between the His6-tagged proteins and DGS-
NTA (Ni). Overall, our robotic platform can control the protein concentration profiles in the

droplet and allow His6-tagged proteins to bind to the DGS-NTA(Ni) at the membrane interface.

3.3.3 Well-plate assays of MEK1 (R4F) or/and ERK2 proteins

Before testing the MEK-ERK activities in droplets, we validated their kinetics using traditional
well-plate and western-blot assays. As shown in Fig 4a, ATP was converted to ADP in the presence
of protein kinases, then converted back to ATP in the presence of the ADP assay kit(cat. 21655,
AAT Bioquest, CA).(Lian et al., 2014) The ADP assay kit detects the produced amount of the
ADP indirectly through the reaction of enzyme cascades. As a result, the rate of horseradish
peroxidase (HRP) activity could be measured by a fluorescent probe(Lian et al., 2014). The
ATPase activity (ATP hydrolysis) of the proteins was evaluated using a microplate reader (Method
M9). A total amount of 25 pL solutions were used with 60% volume of the ADP sensor mix and
40 % volume of kinase containing samples to have the final concentrations of no kinase, 0.2 mM
of MEK1 (R4F)*, 0.5 mM of ERK2 WT, and the combination of both (COM) (Fig. 3-5b). The
brightest red fluorescence signal was observed in the combination group, followed by MEK1 (R4F)

alone, ERK2 WT alone, and no kinase (buffer only — negative control). The red fluorescence
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intensity increased until it plateaued. The kinase buffer group (background trace) is significantly
different from other samples. 0.5 uM ERK2 WT is significantly different from COM (0.5 pM
ERK2 WT + 0.2 uM MEKZ1*). However, there is no significant difference between 0.5 uM ERK2
WT and 0.2 pM MEK1* and between 0.2 uM MEK1* and COM. We analyzed the data using a
two-tailed t-test (P < 0.05, n=4) and a one-way ANOVA (P = 0.00023). The results proved the
ATPase activity of the COM group, as well as ERK2 WT alone and MEK1 (R4F)* in the absence
of the protein substrate. The ATPase activity of the single protein groups is consistent with
literature data. A prior work estimated ATPase kinetic constants of phospho-MEK alone and
phospho-MEK-ERK. The catalytic efficiency (kcat/KM) of phospho-MEK alone is ~ 3-fold higher
than that of phospho-MEK-ERK(Rominger et al., 2007). Furthermore, the overall catalytic rate of
phosphorylated ERK2 is higher than that of the unphosphorylated ERK2(Wang et al., 2002). The
combination of these two effects may explain the fastest ATP hydrolysis rate of the COM sample,
but the rate was not significantly different from the MEK1*. Altogether, consistent with literature
data, COM exhibits the highest ATPase activity, followed by MEK1*, and then ERK2 WT,

although the concentration of MEK1* is 2.5-fold lower than ERK2 WT.
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Fig. 3-5 Validation of MEK-ERK activities in well-plate assays. a) Schematic diagram of the MEK-ERK
protein network activities; b) The ATPase activities were examined using a microplate reader. Error bars
represent +SD from the mean of four independent experiments (n = 4). Two tailed t-test (*, P < 0.05;
significance difference between two groups, N.S.; no significant difference); ¢) Immunoblot analysis of
proteins with antibodies against indicated kinase proteins. The cropped panels were taken from the same
reaction after the fluorescence signal read-out in b.

We next sought to explore the kinase activity underlying this ATPase activity right after the
fluorescence read-out using western blots (Method M10). In parallel, the purified pERK2 was
added next to the COM for comparison. As shown in Fig 4c, ERK2 WT was detected in the ERK2,
COM, and pERKZ2 groups. pERk2 was identified in the COM and pERK2 groups. Thus, both
ERK2 WT and phosphorylated ERK2 were detected in the COM group and the pERK2 (positive
control) group, while phosphorylated ERK2 was not found in the only ERK2 sample. The western

blot data demonstrated the MEK1 (R4F)-mediated phosphorylation of ERK2 in the COM group.
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3.3.4 Kinase screening in droplets using the printing robot
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Fig. 3-6 Validation of MEK-ERK activities in droplets with and without membranes. a) Schematic
illustration of the water in oil droplet included a) reactions without (-Ni) and with 20% DGS-NTA (Ni)
(+Ni). b & c) ADP screening results. Normalized F.I. from two-dimensional dilution of both ERK2 WT and
MEK1 * b) without (-Ni) and ¢) with 20% DGS-NTA (Ni) (+Ni).

We next sought to examine the ATPase activity of full-length MEK1 (R4F)* and ERK2 WT using
our combinatorial droplet printer. We utilized four print heads to mix four reagents (kinase buffer,
1 mM of MEK1 (R4F) *, 2.5 mM of ERK2 WT, and ADP sensor mix) in different ratios. In each
droplet, 0.6 mL out of 1 mL was allotted to the ADP sensor mix, which left 0.4 mL for multiple
dilutions of protein kinase. To dilute the kinase, we printed the solutions sequentially using
different amounts of kinase and kinase buffer solutions. We designed a 3 by 3 combinatorial array.
Furthermore, we supplemented oil with and without 20% DGS-NTA (Ni). Oil with 20% DGS-
NTA allowed selective membrane attachment of the kinases (Fig. 3-6a). All the data were
normalized within each screening assay because the ADP sensor is temperature and time sensitive.
We compared the means from each concentration group to analyze the data (n=5) with a one-way

ANOVA for both unbound (P < 0.000005, -Ni) and bound (P < 0.00002, +Ni) kinase categories.
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We made two unique observations about the kinase assay in microliter droplets. First, the kinase
concentration was not saturated in our assay because a higher concentration of both protein kinases
(ERK2 WT or/and MEKZ1 *) produced a higher fluorescence intensity (Fig. 3-5b, 3-6b, and 3-6c¢).
Second, our statistical analysis results confirmed the slightly higher ATPase activity in the -Ni
category compared to +Ni at the same condition for all concentration groups. The results likely
arise due to the diffusion limited reaction of the kinases in the localized state at the interface versus

in a free state.

Otherwise, the droplet assays show consistent results with the well-plate assays. In each category,
the kinase buffer (no kinase at all) showed a statistical difference from other groups that contain
at least 0.1 uM MEKZ1 * in the -Ni category (Fig. 3-6b, P < 0.05). The kinase buffer also showed
a statistical difference from the COM (0.1 uM MEK1* + 0.5 uM ERK?2) as well as the groups that
contain at least 0.2 uM MEK1 in the +Ni category (Fig. 3-6¢, P < 0.05). These differences from
the negative control proved the ATPase activity of ERK2 WT and MEK1 (R4F) *. The highest
ATPase activity was shown in the COM (0.5 uM ERK2 + MEK1 *) without the significant
difference from the only MEK1 * except 0.1 pM MEKZ1* in the -Ni category (P < 0.05). Through
these results of combinatorial droplet microarray, we have demonstrated the kinase (ATPase)
activity of MEK1 (R4F) * and ERK2 WT individually and together, with the selective membrane

attachment of the kinases.

3.4 Conclusions

In summary, we have introduced the microfluidic printing robot for the high-throughput assembly
and screening of a kinase pathway in vitro. The microfluidic printing platform enables

multiparametric studies through a few unique features (i) automated printing of microarray (ii)
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generation of the concentration gradient (iii) combinatorial multiplexing (iv) the microfluidic
cartridges are inexpensive and disposable (cross-contamination free), (v) high printing
speed/throughput in precise-controlled nanoliter droplets, (vi) it forms biomimicry spherical and
membrane environment. Moreover, we endow the option of selective membrane attachment by
using his6-tagged purified proteins. Quantitative results show that more His6-tagged GFP was
immobilized at the interface as the higher concentration of DGS-NTA(Ni) was used. In addition,
the His6-tagged GFP was immobilized at the interface, while none-His6-tagged streptavidin-Cy5
was distributed evenly inside the droplet. Our result verified the protein rearrangement according
to the binding affinity specifically. Furthermore, both green and Cy-5 fluorescence signals became

stronger proportionally to the dose amount of the fluorescent molecules.

Applying the kinases to the microfluidic printing platform, we demonstrated the kinase activity of
MEK1 * and ERK2 WT individually and together in the multi-combinatorial droplet microarray.
ATPase activity was slightly higher in the membrane unbound kinase groups. The results from the
well-plate and droplet assays were in fair agreement. The immunoblot analysis confirmed the
phosphorylation of ERK2 by MEKL1 *. The ATPase activity of a MEK1* is dominant compared
to that of ERK2 WT despite much (2.5 times) lower concentration used. Overall, ATPase activity
is enhanced proportionally as both kinase concentrations increase. The difference between the
ATPase assay and immunoblot assay is consistent with literature data. As known, ATP hydrolysis
by phospho-MEKZ1(Rominger et al., 2007) and some protein kinases (i.e., ERK2) perform ATPase
activity by transferring the phosphoryl group (PO32-) to water(Roskoski, 2012). Our
combinatorial microfluidic printing platform could be scaled up for screening protein kinase
inhibitors with multi-kinases forming the signaling pathway in artificial cells. Furthermore, it may

enable the systematic and high-throughput study of biochemical pathways for drug discovery.
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Chapter 4 RoMI for sample-to-answer Robotic ELISA

4.1 Abstract

Enzyme-linked immunosorbent assays (ELISA), as one of the most used immunoassays, have been
conducted ubiquitously in hospitals, research laboratories, etc. However, the conventional ELISA
procedure is usually laborious, occupies bulky instruments, consumes lengthy operation time, and
relies considerably on the skills of technicians, and such limitations call for innovations to develop
a fully automated ELISA platform. In this chapter, we have presented a system incorporating a
robotic-microfluidic interface (RoMI) and a modular hybrid microfluidic chip that embeds a highly
sensitive nanofibrous membrane, referred to as Robotic ELISA, to achieve human-free sample-to-
answer ELISA tests in a fully programmable and automated manner. It carries out multiple
bioanalytical procedures to replace the manual steps involved in classic ELISA operations,
including the pneumatically driven high-precision pipetting, efficient mixing and enrichment
enabled by back-and-forth flows, washing, as well as integrated machine vision for colorimetric
readout. The Robotic ELISA platform has achieved a low limit of detection (LOD) of 0.1 ng/mL
in the detection of a low sample volume (15 pL) of chloramphenicol (CAP) within 20 min with-
out human intervention, which is significantly faster than that of the conventional ELISA
procedure. Benefiting from its modular design and automated operations, the Robotic ELISA
platform has great potential to be deployed for a broad range of detections in various resource-
limited settings or high-risk environments, where human involvement needs to be minimized,

while the testing timeliness, consistency and sensitivity are all desired.
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4.2 Working Principle

The Robotic ELISA system is designed to fully automate the entire ELISA workflow via the novel
robotic-microfluidic interface (RoMI), which precisely positions the microfluidic chip, reversibly
connects the pneumatic drives mounted on the robotic arm to the chip for automated liquid
handling, and consecutively enables optical readout, followed by the waste disposal. Specifically,
its operations include robotic loading, pipetting, mixing, washing, reaction, incubation, and
colorimetric detection. As shown in Fig. 4-1a, the Robotic ELISA platform comprises three major
components, namely the hybrid microfluidic ELISA chip, the robotic arm equipped with a pair of
the RoMI effectors that incorporate pneumatic connectors for microfluidic control, and a high-

definition vision unit for colorimetric detection.

First, the ELISA chip design has four major segments, that is, a serpentine channel connected to
the chip tip for flow regulation, a detection chamber (with the nanofibrous membrane embedded
inside), a planar buffer chamber, and a RoMI interconnect, as shown in Fig. 4-1b. The serpentine
channel is connected to the detection chamber, which has an embedded nanofibrous membrane for
the solid-liquid reactions, and the detection chamber is connected to the funnel-shaped liquid
reservoir. The funnel shape is designed to aid the wetting of the side walls of the buffer chamber
and avoid the trapping of air bubbles during the process of filling up. (de Gennes et al., 2004) In
the microfluidic model to describe the fluid dynamics, the serpentine channel is designed to have
significantly greater flow resistance than the rest. Therefore, during the aspiration of the reagents,
the aspiration rate can be precisely controlled, according to the hydraulic Ohm’s law under laminar

flow conditions, AP = Ry - Q, where AP is the pressure difference applied, Q is the flow rate, and

Ry is the flow resistance, a geometrically governed and liquid-specific constant. (Oh et al., 2012)
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Accordingly, the aspirated volume can be controlled, by precisely timing the duration of the

aspiration using a high-precision solenoid valve that links to the RoMI effectors.

:] Pneumatic
interconnect

Buffer chamber

Detection chamber
with NFM

J L L

Microfluidic channel

Fig. 4-1 Concept of the Robotic ELISA system. a) lllustration of the Robotic ELISA platform; b) illustration
of the nanofibrous membrane (NFM)-contained hybrid microfluidic chip.

Second, on the robotic arm, the pair of the RoMI effectors are made from custom-designed and
3D-printed adapters to the robotic arm. (Wang et al., 2019) In particular, one side of the RoMI
effector is connected to the pneumatic drive with precisely controlled pressure (either negative or
positive) via a solenoid valve, while the other side can reversibly engage to the RoMI interconnect
on the ELISA chip, upon gripping and clamping. As a result, the negative or positive pressure from
the pneumatic drive can be directly applied to the microfluidic chip upon the gripping of the RoMI
effector onto the chip, to perform the control of liquid handling. Third, the vision unit attached to
the robotic arm can be used for the real-time colorimetric readout of the nanofibrous membrane
inside the detection chamber. The imaging data can then be wirelessly transmitted and analyzed

instantaneously.
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As a demonstration, Fig. 4-2 depicts the use of the Robotic ELISA system in a standard competitive
ELISA protocol, which includes the operations of high-precision metering, mixing, washing,

enzymatic reaction, and robotic-vision enabled imaging and detection. First, the high-
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Fig. 4-2 lllustration of the Robotic ELISA operations, including a-b) high-precision metering, ¢) mixing and
enrichment, d) washing, e) enzymatic reaction, and robotic vision unit enabled imaging and detection.

precision metering can be achieved through the pneumatically driven aspiration. (Oh et al., 2012)
As aforementioned, the aspiration rate can be fine controlled by designing the serpentine channel
with high flow resistance, and the aspiration volume can be adjusted by precise timing of the
solenoid valve. Specifically, the process starts with sequential and quantitative aspiration of a
sample solution (Fig. 4-2a) and a target conjugated horseradish peroxidase (target-HRP) solution
(Fig. 4-2b), consecutively. Next, a mixing process can be achieved by alternately applying negative
and positive pressure to the buffer chamber, thus aspirating the liquid through the device, similar

to that of conventional pipette operations (Fig. 4-2c). In addition, the solutions can also sufficiently
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mix with the antibody-immobilized nanofibrous membrane inside the detection chamber during
the aspiration, as the convective flow increases the chance of contact between the multiple samples
and reagents with the membrane. As a result, the number of analytes bound to the antibodies can
be increased and the incubation time is shortened. (Sanjay et al., 2020) As shown in Fig. 4-2d,
efficient washing can be realized by a similar convective flow of the buffer solution enabled by
the alternating pneumatic pressures. Finally, an enzymatic reaction is introduced by robotic loading
of the colorimetric reagent of 3,3',5,5'-Tetramethylbenzidine (TMB) into the detection chamber in
Fig. 4-2e. Following that, the vision unit on the robot is used to automatically record the real-time
colorimetric change of the membrane, from which a recognition algorithm is applied to quantify

the colorimetric results.

4.3 Materials and Methods

4.3.1 Integration of the Robotic ELISA system

The Robotic ELISA system mainly consists of three control modules: a professional SCARA robot
arm (M1, Dobot), a pressure control unit (PG-MFC, PreciGenome), and a valve control unit that
contains a valve manifold and high precision solenoid valves (LHDA2421111H, The Lee
Company, USA). The system was communicated and con-trolled by a computer via USB ports in
a programmable manner (with Python). Specifically, the robotic arm was programmed to grab,
move, and release the hybrid microfluidic chip, with a maximum working range of 400 mm and a
rated precision of 0.02 mm; the pressure control unit was programmed to set the pneumatic

pressure level in the valve manifold within the range of -7 to 13 psi at a precision of 0.1 psi; the
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valve control unit was programmed to adjust the opening and closure duration of the solenoid valve

with millisecond precision.

A pair of custom 3D printed RoMI effectors were de-signed to connect the air flow from the valve
manifold to the RoMI interconnect on the hybrid microfluidic chip, with incorporated silicone
rubber O-rings to ensure tight sealing. They were designed in SolidWorks and fabricated with a
Clear Resin (Formlabs) using SLA 3D printer (Formlabs Form 3, USA). The RoMI effector linked
the outlet of the valve manifold and the RoMI interconnect on the microfluidic chip. A test bench
was set at the center of the robot arm’s working area. A custom microplate adapter was fastened
on the test bench and pre-calibrated. The images were captured in a programmable manner using
a USB link between the lab PC and a miniature camera (HM1355, Banggood, USA). Prior to the
measurements, by comparing with the membrane color in a reference device, the light source near
the platform can be adjusted accordingly in order to achieve consistent brightness readouts of the
sensing membrane. OpenCV library (Python version 3.7) was used to identify the periphery of the
nanofibrous membrane inside the hybrid microfluidic chip and calculate the averaged grayscale
value (color intensity) within the membrane. (Liu et al., 2015; Luo et al., 2019) In addition, the
uniformity of the colorimetric readouts on the membrane were evaluated, by calculating the

deviation of grayscale values.

4.3.2 Fabrication of the hybrid microfluidic ELISA chip

The nanofibrous membrane-contained hybrid microfluidic device can be prepared via laser
micromachining and repetitive layer-by-layer (LBL) assembly. As illustrated in Fig. 4-3, the device
consists of five layers, including three structural layers made of PMMA sheets (11510305 for 0.5
mm thickness and 11510310 for 1.0 mm thickness, Astra Products) and two layers made of
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pressure-sensitive adhesive (ARcare® 92712, Adhesives Research, Inc.), and the nano-fibrous
membrane can be incorporated in the third layer. Specifically, the first layer is 1 mm thick and has
a 1 mm opening that serves as the RoMI interconnect; the second layer has a thickness of 48 um,
with a serpentine microfluidic channel incorporated; the third layer has a thickness of 0.5 mm with
a detection chamber (2 mm in diameter) for the nanofibrous membrane to reside and a buffer
chamber to store the reagents; the fourth layer has a thickness of 48 pm and the fifth layer has a
thickness of 1 mm. All the five layers were designed in AutoCAD (Autodesk Inc.) and laser-cut
(Universal Laser Systems, VersalLaser 2.30) into the de-signed pattern. Each of the laser-cut layers
was inspected under a microscope (EVOS XL, Life Technologies) and the channel width was
measured and analyzed using ImageJ (National Institutes of Health). (Schindelin et al., 2012)
Finally, the five layers were carefully aligned and assembled layer by layer under an inverted

stereoscope.

B Adhesives
PMMA
M NFM

Fig. 4-3 Layer-by-layer (LBL) assembly of the microfluidic ELISA chip.
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Table 4-1 Flow resistance of the key segments in the microfluidic ELISA chip

d(mm) | w(mm) | L(mm) |h(mm) | Volume (uL) | Rf (Pa*s/mm"3)
Serpentine Channel | N/A 0.325 61.1 0.0467 0.93 2.17E+04
Detection Chamber | 2.05 | (=1.07) | (=2.05) | 0.5850 1.93 1.02E-01
Buffer Chamber N/A | 4.53/7.98 | 3.49/8.56 | 0.5850 49.21 9.83E-02
Total 52.07 2.17E+04

4.3.3 Characterization of the hybrid microfluidic ELISA chip

To test the aspiration performance of the hybrid microfluidic device, DI water was used as the
working fluid and a gravimetric method was used to determine the aspiration volume and aspiration
rate. In particular, the tip of the ELISA chip was immersed underneath a microplate well filled up
with water and a vacuum pressure (aspiration pressure from 0.5 to 3.0 psi) was applied to the RoMI
interconnect of the device; the aspiration duration was precisely controlled with a solenoid valve,
and the weight of the device before and after the aspiration process was measured with a high-
precision balance (Mettler Toledo AB54-S/FACT). In such a way, the volume aspirated was
determined, and the averaged aspiration rate was calculated by dividing the aspiration volume to
the aspiration duration. It is worth noting that due to the hydrophilicity of the chip and capillarity
of the liquid, a small amount of liquid (measured as 1.1 pL) was remained at the tip of the chip;
such remained volume of liquid was deducted in the calculation to increase the accuracy of

characterization.

In the optimization of washing cycles, enzymatic reaction, and enrichment flow and cycles, we
adopted the same concentration and volume ratios of the samples and reagents as those utilized in
our previous study. (Zhao et al., 2020) In the study of washing cycles, both membranes with or

without the immobilized antibodies were prepared for different washing cycles, the enrichment
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flow was set at 2 psi and the enrichment cycle was 6. In the test of enzymatic reaction duration,
the enrichment flow was set at 2 psi, the enrichment cycle was 6, and the washing cycle was 2. In
the test of the enrichment cycle, the pressure for enrichment flow was 2 psi, the washing cycle was
2, and the enzymatic reaction duration was 6 min. In the test of the pressure for enrichment flow,
the enrichment cycle was kept at 2 for all the various pressures under test, the washing cycle was
2, and the enzymatic reaction duration was 6 min. With an enrichment volume of 25 uL and the
enrichment pressure of 1 psi, the net enrichment duration was 61.6 s for one cycle; at the pressure
of 2 psi, the enrichment duration was 35.2 s for one cycle; at the pressure of 3 psi, the enrichment

duration was 24.4 s for one cycle.

4.3.4 Demonstration of the automated sample-to-answer ELISA workflow

A competitive ELISA assay was designed and conducted for the automated detection of
chloramphenicol (CAP) as a demonstration of the developed Robotic ELISA system.
Chloramphenicol (CAP), florfenicol (FF), thiamphenicol (TAP), and penicillin (PCN) were
obtained from Sigma Aldrich (USA). Different concentrations of CAP were prepared in PBS buffer
(pH=7.4). The biological sample was obtained from salmon matrix using a recommended protocol
for antibiotic extraction from food products. (Desmarchelier et al., 2018) Salmon samples (King
salmon, Savory Alaska, Leander, TX) were homogenized in dry ice using Sears solid state 10-
speed blender at speed 7. Briefly, 1 g of salmon homogenate was mechanically shaken with 8 mL
water, 5 ceramic beads, 30 mL acetonitrile (A998-4, Fisher chemical) and 30 pl concentrated
formic acid (FO507-1L, Sigma Aldrich) for 30 min at 200 rpm (Excella E24 incubator shaker series,
New Brunswick Scientific). Then, pre-weighted salt mixture containing 4g Na2S04 (798592,

Sigma Aldrich), 1g NaCl (S7653, Sigma Aldrich) and 1.5 g of trisodium citrate dihydrate (A12274,
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Alfa Aesar) was added. The sample mix was shaken for another 30 min at 200 rpm. After
centrifuging at 3000 rpm for 10 mins at 10 °C (SORVALL RT 6000D, rotor H1000B), 30 mL
supernatant was dried under nitrogen and reconstitute in 1mL of water: methanol (1:1). The sample
was further sonicated (Branson 1210, Danbury, CT) for 3 min, centrifuged (Eppendorf, 5424 R) at
12000 rpm (13523 xg) for 2 min at 0 °C and filtered through Ultrafree-MC-VV PVDF filters (0.1
pum; Millipore Sigma). The sample was diluted ten times with PBS buffer (pH 7.4). Afterwards,
10 pL of CAP standard solution (containing 0, 2.5, 5 and 10 ng/mL CAP, respectively) was spiked
into 90 uL of the diluted salmon sample extract, making the final concentrations of 0, 0.25, 0.5,

and 1 ng/mL CAP, respectively.

The relevant testing reagents were preloaded in a standard 96-well microplate (GBO-655901,
Greiner Bio-One Inc.), and then the microplate was sealed and stored at 4°C in the dark. In detail,
as shown in Figure 2, such reagents include 30 pL of 0.5 pg/mL (1.0 pg/mL for optimizing washing
cycles) HRP-CAP (50003, AAT Bioquest, USA) (Well (2)), two 100 puL PBS washing buffer
solutions (Well (4) & (5)) and 30 uL TMB solution (ab171523, Abcam, USA) (Well (6)). Before
the assay, the reagent-loaded microplate was transferred to the fixed location of the microplate
holder on the testing stage and then unsealed, following which a sample solution (30 pL or more)
was added to the microplate (Well (1)). Since the z-position deviation caused by the robot
movement or chip manufacturing was about 200 um, an extra volume of solution about 10 pL was
added to the wells to ensure the effective contact of the tip of the ELISA chip with the liquid in the
microplate wells. Such additional volume could be reduced by replacing the current microplates

with wells that have smaller sizes.
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In total, the sample solution and the relevant reagents occupied 6 wells. As shown in Figure 2, the
entire competitive ELISA protocol includes six steps: 1) aspirating 15 pL sample solution from
Well (1); 2) aspirating 15 pL HRP-CAP solution from Well (2); 3) mixing the sample and the
HRP-CAP solution in Well (3) to induce a competitive reaction with the immobilized antibodies
on the membrane, by pneumatically driving the mixture solution to flow through the membrane
back-and-forth, and then withdrawing the mixture to the same well after the reaction; 4) aspirating
and withdrawing washing solution (36 puL PBS buffer) to the membrane to wash and remove
unbound proteins, in Well (4) & (5) sequentially, and then air-drying the membrane under a high
air pressure of 4 psi for 30 s; 5) aspirating 10 pL TMB solution from Well (6) to induce the
enzymatic reaction; 6) recognizing the membrane and recording the grayscale values for 10 min

every 2 min. The sample size was three for all experiments.

4.4 Results and Discussion
4.4.1 Characterization of the aspiration process

As shown in Fig. 4-4a, the aspiration rates were determined under various pressure levels in the
microfluidic devices with and without an incorporated nanofibrous membrane. For the devices
without a nanofibrous membrane, the aspiration rate raised nearly linearly to the increment of the
applied pressure, with a high correlation coefficient R2 = 0.999. Specifically, the aspiration rate
was 0.19 pL/s at 0.5 psi, and it increased to 1.01 pL/s when the pressure level was elevated to 3.0
psi. These results were consistent with the prediction from the hydraulic Ohm’s law. (Oh et al.,
2012) Accordingly, the averaged flow resistance of the device could be computed, which was
20285 Pa-s/uL. On the other hand, the theoretical flow resistance could be calculated according to

the analytical Poiseuille’s equation under the laminar flow condition, for comparison. (Sutera and
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Skalak, 1993) As described in detail in Table 4-1, the overall flow resistance was calculated
approximately at 21677 Pa-s/ul, by considering resistances from the connecting serpentine
microchannels, the detection chamber, and the liquid buffer chamber, of which the latter two were
negligible. Though the theoretically determined flow resistance slightly deviated from (6.9%) the
experimentally determined counterpart, it could offer a highly accurate approximation, which
might be mainly altered by the dimensional (width and height) inaccuracies resulting from the
microfabrication process. These results enabled that the aspiration rate could be conveniently

adjusted by controlling the pressure applied.
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Fig. 4-4 a) The aspiration rates of the hybrid microfluidic chip under various pressure levels from 0.5 to 3.0
psi, with or without the nanofibrous membrane; b) the aspiration volume under various pulse durations from
10 to 90 s, given the pressure applied at 1 and 2 psi, respectively; and c) the measured accuracy of the
aspiration volume for a desired volume from 10 to 30 pL.
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Furthermore, we studied the control of aspiration volume by adjusting the pulse duration, as shown
in Fig. 4-4b. At a fixed pressure of 1 psi, the aspirated volume was measured linearly proportional
to the pulse duration, with a correlation coefficient of 0.9986. In particular, the aspiration volume
was 7.6 uL at an applied duration of 15 s, and it was increased to 35.0 uL. when the duration was
extended to 90 s. Similarly, at a higher aspiration pressure of 2 psi, the aspirated volume was still
found proportional to the aspiration duration with a correlation coefficient of 0.9983. The measured
volume was 7.1 pL for 7.5 s of aspiration, and it was increased to 31.4 uL when the aspiration was
extended to 45 s. In addition, at the same duration of 45 s, the aspiration volume was 18.4 uL for
the aspiration pressure of 1 psi, while it was 31.4 pL for the pressure of 2 psi, approximately twice
that of the 1 psi condition, as expected. These results confirmed that the aspiration rate was
approximately constant at the fixed pressure, and the aspiration volume can be conveniently
adjusted by varying the duration of aspiration. We further determined the accuracy of the duration-
adjusted aspiration volume, as shown in Fig. 4-4c. First, the required duration of aspiration for a
specific desired volume was deducted from the fitting curve in Figure 3b, which was 12.2 s for 10
uL, 19.9 s for 15 pL, 27.5 s for 20 pL, 35.2 s for 25 pL, and 42.9 s for 30 pL, respectively. Next,
the actual aspirated volumes were measured, and they were 10.53 pL, 14.97 pL, 20.00 uL, 24.77
uL, 29.20 L, respectively, under the aforementioned conditions. Therefore the accuracies for the
desired volumes were calculated as 5.33%, 0.22%, 0.00%, 0.93%, and 2.67%, which consistently

outperformed that of the commercial pipettes (with a claimed accuracy of 5%). (Fan et al., 2018)
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4.4.2 Optimization of washing, enzymatic reaction and antigen enrichment

In this part, we intended to optimize the key parameters in the Robotic ELISA workflow, such as
finding the optimal washing cycles, the optimal duration of the enzymatic reaction, and the optimal
pressure and cycles for antigen enrichment, to achieve a rapid yet reliable sample-to-answer

scheme. (Zhao et al., 2020)

First, we investigated and determined the essential number of washing cycles for colorimetric
readouts. One important criterion was that those HRP-CAP unbound to the antibodies (on the
membrane) should be completely washed away to avoid interferences with the TMB-associated
colorimetric reaction. Both membranes with or without the immobilized antibodies were prepared,
and they were subsequently react-ed with HRP-CAP, followed by washing with PBS buffers for
different washing cycles; finally, the colorimetric reagent of TMB substrate was added and the
corresponding time-evolved colorimetric results were illustrated in Fig. 4-5a. As can be seen, for
the control membrane without immobilized antibodies, its color turned from white to blue rapidly
within 2 min without the washing step. With washing once, however, a small margin on the edge
of the membrane turned blue after 10 min, indicating that the majority of the HRP-CAP had been
washed away. As we further increased the washing cycles to 2 and 3, as shown in the third and
fourth rows, the color of the membrane did not change, indicating that the washing cycles were
adequate. We further confirmed these conclusions by designing a positive control test. A
membrane with immobilized antibodies was prepared and reacted with HRP-CAP, and it was then
washed twice and reacted with TMB substrates. The colorimetric readouts are shown in the last

row of Fig 4-5a. As can be seen, the color of the membrane turned blue after 2 min of the enzymatic
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reaction. Overall, these results confirmed that the optimal washing cycle was 2 and therefore 2-

cycle washing was used in all of the following experiments.
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Fig. 4-5 Optimization of washing, enzymatic reaction, and antigen enrichment conditions. a) Images of the
nanofibrous membrane with (w/) or without (w/o0) the immobilized antibodies after adding the colorimetric
reagent of TMB substrate to induce the enzymatic reaction under various washing cycles from 0 to 3.
Comparison of the difference of the relative intensity value (i.e., ARI) under various b) enzymatic reaction
durations from 2 to 10 min, ¢) enrichment cycles from 0 to 6, and d) pressure for enrichment flow from 0 to
3 psi (“0” means “no enrichment”) between a negative control (PBS buffer) and a positive control (PBS
buffer containing 1 ng/mL CAP). Note that the error bar indicates the measurement deviation between three
different devices.

Next, we investigated the effects of the duration of enzymatic reaction on the colorimetric results,
aiming to find the minimum incubation duration for reliable detection. Specifically, to quantify the
color change of the nanofibrous membrane, the grayscale values (intensity) of the captured photos
were extracted. (Liu et al., 2015; Luo et al., 2019) In particular, the averaged intensity value of
each time-evolved photo was determined and the difference between the intensity value (at 2, 4, 6,
8 and 10 min) and the intensity value at the initial condition (0 min) was computed as Relative
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Intensity (RI). Next, the RI difference (ARI) between the readouts from a positive control (1 ng/mL
CAP) and a negative control (PBS buffer) was calculated and used as an indicator for the sensitivity
of the detection: a larger ARI meant a greater sensitivity. As shown in Fig. 4-5b, ARI was 10.0 at
2 min, and it increased to 18.8 at 6 min and stayed almost still thereafter. Therefore, 6 min was
considered the optimal duration for the enzymatic reaction and it was used in all of the subsequent

experiments.

After that, we studied the enrichment conditions for the efficient Ag-Ab binding, including the
enrichment cycle and the enrichment pressure, as summarized in Figs. 4-5c-d. Again, the ARI
values between the control group of the PBS solution (negative) and the sample containing 1 ng/mL
CAP (positive) were used to compare the colorimetric readouts. As shown in Fig. 4-5¢, the ARI
value was 7.5 without the enrichment cycle, and it increased to 16.7 after 2 cycles, 17.3 for 4 cycles
and 18.8 for 6 cycles. As can be seen, the increase in the enrichment cycle had marginal effects on
distinguishing the CAP-contained sample from the negative control. Consequently, 2-cycle
enrichment was chosen as the optimal enrichment condition, which took approximately 200 s in
total (1/3 that of the 6-cycle enrichment), to reduce the overall duration for the Robotic ELISA
workflow. As can be seen, ARI for the 2-cycle enrichment was only less than 15% lower than that
of the 6-cycle test. Though the sensitivity of detection was marginally compromised, the developed
Robotic ELISA system was still capable of achieving a highly sensitive detection of our targeted

analyte (CAP) in a short duration of mixing (within 2 cycles of enrichment).

Lastly, the effects of the enrichment pressure were also studied. As illustrated in Fig. 4-5d, the ARI
value was 7.5 without the enrichment, and it increased to 19.0 at a pressure of 1 psi (with the flow

rate of 0.41 pL/s); the ARI value decreased to 16.7 as the pressure increased to 2 psi (with the flow
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rate of 0.69 uL/s), and it dropped to 8.0 as we further increased the pressure to 3 psi (with the flow
rate of 1.02 pL/s). Since higher enrichment pressure generated faster flow, the flow might be too
rapid under a high pressure so that the duration left for the Ag-Ab binding was too short. (Sanjay
et al., 2020) Although the ARI for the 2-psi enrichment was 11% lower than that of the 1-psi
enrichment, the enrichment duration at 2 psi was half that of the enrichment duration at 1 psi.
Therefore, to minimize the overall duration of the Robotic ELISA workflow, 2 psi was chosen as

the optimal pressure for the enrichment flow.
4.4.3 Demonstration of the fully automated ELISA operations

As investigated in the previous Section, the optimized washing and reaction steps were applied, in
which both the washing and enrichment cycles were 2 with the enzymatic reaction duration of 6
min under the enrichment pressure of 2 psi. To demonstrate the fully automated human-free
sample-to-answer workflow, the Robotic ELISA platform was programmed for the detection of
CAP concentration ranging from 0 to 2 ng/mL (or 0 to 6.2 nM) in PBS buffer (pH=7.4), which

included the automated metering, mixing, washing and colorimetric readouts.
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Fig. 4-6 a) Time-evolved optical images of the membrane from 0 to 10 min under various concentrations of
CAP from 0 to 2 ng/mL, and b) Relative Intensity value between the colorimetric readouts at 6 min and the
initial condition (0 min) under various concentrations of CAP from 0 to 2 ng/mL. Note that the error bar
indicates the measurement deviation between three different devices.
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Fig. 4-6a illustrates the time-evolution of the color change of the nanofibrous membrane during
the enzymatic reaction, under six different CAP concentrations from 0 to 2 ng/mL. For each CAP
concentration, a group of six photos was captured, which included the initial condition of the
membrane and its subsequent conditions in every 2 min thereafter. As can be seen, for a low CAP
concentration at 0 ng/mL, the color of the membrane was initially in light grey; the color started to
change to blue after 2 min, and it rapidly turned into almost completely blue within 4 min and
stayed almost unchanged afterwards. On the other hand, for the case of a high CAP concentration
at 2 ng/mL, the initial col-or was the same with gradual transition to blue; however, the color
change of the membrane was rather slow, and it stayed in the grey-blue mix even after 10 min of
reaction. Such results confirmed the fact that the CAP from the sample competed with that in the
HRP-CAP solution and there-fore it inhibited the binding of the HRP-CAP to the immobilized

antibodies on the membrane, altering the colorimetric readouts.

Table 4-2 Selectivity of CAP detection for other common antibiotics at 1 ng/mL. Results are expressed
in % relatively to responses between 0 and 1ng/mL CAP detection.

Antibiotic Florfenicol Thiamphenicol Penicillin

Relative % 8.15% 2.79% -0.75%

To further quantify the colorimetric results and determine the sensitivity and limit of detection
(LOD), three devices were tested for each CAP concentration, and Fig. 4-6b showed the averaged
results of the RI values. The linear range was found to be between 0 to 1 ng/mL (R2 =0.973). (Zhao
et al., 2020) As can be seen, the RI value was 29.3 + 0.58 for the CAP concentration of 0 ng/mL
and it decreased to 12.7 £ 1.53 at 1 ng/mL. The absolute value of the sensitivity was therefore

determined as 16.6/(ng/mL). Since the standard deviation of the negative control group was 0.58,
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the LOD was set at 0.1 ng/mL by its definition. (Long and Winefordner, 1983) The current LOD
is well below the minimum required performance level for CAP in the United States (0.3 ng/mL).
(Zhao et al., 2020) It is also worth noting that the LOD achieved by the Robotic ELISA system
outperforms that conducted by manually operated nanofibrous membrane-based ELISA using the
same colorimetric readout, which is 0.3 ng/mL. (Zhao et al., 2020) Furthermore, the LOD is

comparable to the conventional microtiter plate reader-based ELISA detection. (Wesongah et al.,

2007)
Table 4-3 Recovery of CAP from spiked salmon samples determined by the Robotic ELISA
Sample Spiked concentration Found Recovery RSD
(ng/mL) concentration (%) (%)
(ng/mL)
1 0 ND - 0.57%
2 0.25 0.28 113.4% 6.53%
3 0.5 0.55 110.6% 9.93%
4 1.0 0.90 90.1% 9.25%

The selectivity of the developed Robotic ELISA system was tested by determining the response to
three additional antibiotics in terms of CAP-equivalent concentration of 1 ng/mL expressed as a
percentage of CAP response, including florfenicol (FF), thiamphenicol (TAP) and penicillin (PCN).
As summarized in Table 4-2, the developed immunosensor showed a high specificity to CAP, since
the results of the other antibiotics are all below LOD. To verify the feasibility of the Robotic ELISA
for biological sample tests, three hybrid devices were prepared for the detection of salmon samples
spiked with 0, 0.25, 0.5 and 1 ng/mL CAP. As shown Table 4-3, the respective recovery rates were
not detectable (ND), 113.4%, 110.6% and 90.1% for each of the four concentrations. The relative
standard deviations (RSDs) were from 0.57% to 9.93%. As a conclusion, these results demonstrate
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that the Robotic ELISA system can be successfully applied to the competitive ELISA in general

with a low detection limit (of 0.1 ng/mL) in a fully automated and highly efficient fashion.

4.4 Conclusions

In summary, we have developed a fully automated platform, known as Robotic ELISA, seamlessly
incorporating a robotic-microfluidic interface (RoMI) and a nanofibrous membrane-embedded
hybrid microfluidic chip, for the human-free sample-to-answer workflow of the conventional
ELISA tests. The Robotic ELISA allows automated multiplex operations such as high-precision
pipetting, back-and-forth mixing and enrichment, washing and vision-unit enabled colorimetric
readout. Compared to the existing ELISA automation solutions, the Robotic ELISA proposed here
offers several distinct advantages: 1) fully automated ELISA detection; 2) short overall operation
time (less than 20 min) from sample to answer; 3) high sensitivity and low limit of detection (0.1
ng/mL) in the detection of chloramphenicol; 4) low sample consumption (15 uL). However, the
dynamic range of the NFM-based colorimetric ELISA detection is rather small, due to the limited
color variations. To overcome this limitation, we could further design a multiplexed microfluidic
chip with a set of colorimetric sensors targeting at different dynamic ranges; thereby expanding
the detection range. It is worth-noting that the CAP ELISA assay only serves as a proof-of-concept
demonstration of our methodology. Benefiting from its modular microfluidic design and seamless
microfluidic-robotic interface, the proposed platform could be flexibly adapted to various robotic
platforms and can be further configured to automate a broad range of biological operations in a

simply programmable manner.
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Chapter 5 Conclusion and Future Directions

5.1 Summary

This dissertation focuses on the design and development of a universal robotic-microfluidic
interface (RoMI), as well as examples of modular microfluidics for automated, accurate and
efficient biochemical analyses. The entire work was initiated with the novel idea of automating
different microfluidic modules by sharing seamless and reversible connectors between the robotic
end-effectors and the microfluidic inlets. First, we have designed and fabricated a pair of RoMI
connectors and microfluidic printing modules, that can fully automate high precision and low-
volume liquid handling operations. Next, we have developed a novel two-step strategy for
combinatorial studies of protein networks. The developed strategy featured at minimizing hands-
on operations by using the RoMI system for low-volume liquid handling; eliminating cross-
contamination by using low-cost and disposable microfluidic printing modules; mimicking the cell
environment by forming water-in-oil droplets surrounded by a lipid membrane; and comparing
free/immobilized kinases activities by introducing protein-lipid bindings. These features make
RoMI a promising tool for in vitro protein network studies. Lastly, we have presented a system
that incorporates a RoMI and a hybrid microfluidic module, which embeds a highly sensitive
nanofibrous membrane for fully automated ELISA tests. This system could automate a series of
liquid-handling operations in a typical ELISA protocol, including pipetting, mixing and washing.
In addition, a vision unit has been integrated on the robotic arms to perform colorimetric
measurement, thereby realizing sample-to-answer ELISA analysis. Overall, the RoMI system have
several advantages compared with traditional microfluidic systems: 1) employing robotics to
automate microfluidics; 2) replacing complex integrated microfluidic design with simplest module

design; 3) making full use of external infrastructure settings (e.g., pumps, valves, pressure
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regulators); 4) establishing an open-source platform accessible to all biochemical communities.
RoMI provides insights into how to transform microfluidic technologies into powerful tools in

future laboratory automation.
5.2 Prospective Directions
5.2.1 Microfluidic module for advanced biomedical analyses

The traditional microfluidic platform has invested considerable efforts in integrating microfluidic
units and the corresponding control devices together to achieve the automation of a specific
laboratory protocol. (Haeberle and Zengerle, 2007; Nahavandi et al., 2014) In this dissertation, we
show the possibility of minimizing these efforts by using RoMI to process various microfluidic
modules. As a next step, we can automate more laboratory operation units by designing more
microfluidic modules, such as an extraction module that embeds a binding membrane and a
separation module that is integrated with a liquid chromatography column. By expanding the types
of microfluidics modules, RoMI can automate increasingly complex and laborious laboratory

protocols.

RoMI can not only meet the needs of traditional laboratory automation, but can also automate the
latest microfluidic-based devices. For instance, droplet digital polymerase chain reaction (ddPCR)
has developed rapidly in the past decade, where a T-junction or a cross-junction is used to isolate
bulk solution into discrete droplets that contain zero or one nucleic acid molecule. (Pekin et al.,
2011) RoMI can be adapted to handle these droplet generation modules and potentially automate
ddPCR detections. In addition, single-cell detection is becoming more attractive in biomedical
research and clinical diagnosis, which allows a better understanding of cellular heterogeneity and

possibly new diagnostic and therapeutic approaches. (Luo et al., 2019; Shinde et al., 2018)
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Recently, a number of microfluidic devices have been developed for single-cell encapsulation
(Alkayyali et al., 2019), single-cell sorting (Sajeesh and Sen, 2014; Wyatt Shields Iv et al., 2015)
and even on-chip single-cell detection (Gao et al., 2019; Murphy et al., 2018). RoMI can also

involve more microfluidic modules for single-cell studies.

5.2.2 RoMI for future laboratory automation

With the rapid development of artificial intelligence and machine learning, laboratory robots are
not only responsible for hands-on operations, but can also plan experiments, analyze data and even
make decisions. Recently, a variety of laboratory robots have been developed that can walk around
in a laboratory and operate laboratory instruments. (Biermann et al., 2021; Holland and Davies,
2020) However, it would be a better choice for RoMI to integrate the most advanced small-sized
sensing modules (e.g., optical, electronic, electrochemical, electromagnetic) instead of handling
bulky detection instruments. Moreover, extra robotic arms can be introduced in RoMI so that
multiple modules (both microfluidic and sensing modules) can work in a collaborative manner. In
addition, RoMI would benefit from the use of more algorithms to analyze various types of data, as
well as logical judgments for experiment design. For instance, RoMI would be a promising robot
for drug screening, where it could cyclically perform high-throughput screening to select/exclude
candidates. As collaborative and interdisciplinary research becomes increasingly dominant, we
hope RoMI can serve as an example for bringing the most advanced engineering technologies to

advanced biomedical studies.
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