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ABSTRACT OF THE DISSERTATION

Development of 3D Printing Enabled Methodologies for Microfluidic Cell Analysis and
Surface Plasmon Resonance Sensing Enhanced by Nanoconjugates

by
Zhengdong Yang

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2021
Dr. Quan Cheng, Chairperson

Understanding biomolecular interactions and cellular activities based on these in-
teractions are important research topics in bioanalytical chemistry that can have a large
impact on key fields such as drug discovery, biomedical sciences, and environmental mon-
itoring. High performing biosensors are an essential part for this task. Effective sensing
platforms with improved analytical performance and reduced cost are actively sought after
and remain a major area of intense research endeavors. The goal of this thesis is to develop
novel biosensing systems enabled by 3D printing technology and nanoscience for probing
biochemical interactions and achieving cell lipidomic analysis.

Surface plasmon resonance (SPR) biosensors have been wildly applied for biomolec-
ular assays in a label-free fashion. The sensitivity of SPR sensors, however, still needs signal
enhancement when dealing with trace amounts of analytes. Chapter 2 describes the fab-
rication and application of gold nanoparticles-coupled POPC liposomes nanoclusters for
signal amplification for SPR sensors and the study of protein-membrane recognition on a

biomimetic interface. By combining the large mass of liposomes and plasmonic coupling of

vi



the noble metal nanoparticles, the highly stable POPC-gold nanoparticles showed a large
amplification effect and a 0.1 ng/mL LOD was achieved for cholera toxin detection.

3D printing technology has greatly impacted the bioanalytical fields by providing
the fabrication capability with almost no geometric restriction, rapid prototyping, and low
cost. Chapter 3 describes the design and fabrication of a Dove prism by 3D printing with
transverse micropatterns for multiplexed sensing with SPR imaging. The sensitivity of the
system was evaluated by bulk refractive index change and protein binding assays; both
showed similar performance as compared to the SPR configuration using high end glass
optics.

3D printing technology has been further applied to fabricating microfluidic chips
for cell analysis. Chapter 4 demonstrates the design and fabrication of a 3D printed mi-
crofluidic device for on-chip cell lysis, lipid extraction and phase separation for lipidomic
study of algae C. reinhardtii cells by the microchip enhanced MALDI-MS. Compared with
conventional bulk methods, extraction by the microfluidic device showed higher efficiency

and cell lysis capability.
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Chapter 1

Introduction

Biochemical interactions, such as small molecule-biomacromolecule interactions
and protein-ligand interactions, are critical for intracellular processes and key factors in
our understanding of diverse biological systems. The use of biosensors to assist in the
investigation of biomimetic systems has become increasingly important for the study of
biochemical interactions. Surface plasmon resonance (SPR) biosensors, which are capable
of monitoring changes in surface mass density of the sensor chip [1], have been widely
utilized in the study of biomolecule interactions in various biomimetic systems [2]. SPR
sensors have attracted considerable attention in bioanalysis through advantages such as
label-free detection and simple instrumental format [3]. Thus far, a variety of approaches
to development of sensing performance and instrumental setup of SPR sensors have been
reported [4].

Cell omics study is another important discipline for investigations of biological

systems. Unlike biochemical interactions, which focus on a specific type of interactive



process, omics is a comprehensive and statistically rigorous assessment of a various types of
molecules [5]. Lipidomics is a subdiscipline of omics that is focused on cellular lipids on a
large scale and plays a crucial role in biological, biomedical, and environmental research [6].
Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) is a sensitive
and reliable tool for lipidomics research, and the analysis method is simple and convenient.
In prior studies, our group developed a gold microwell chip for MALDI-MS with improved
sensing performance, and the gold microwell chips are also used in the work of this thesis
[7].

The research goal in this dissertation is to develop chip-based biosensing systems,
including SPR sensors and microfluidic chip-based MALDI-MS, by integration of 3D print-
ing and novel nanoparticle preparation, that demonstrate better sensing performance with

lower cost than existing tools for lipidomics and biochemical interaction studies.

1.1 Surface Plasmon Resonance (SPR) and Surface Plasmon

Resonance Imaging (SPRi) Biosensors

1.1.1 Theory of Surface Plasmon Resonance Biosensors

Since the first SPR sensor for gas detection and biosensing was developed in 1982
[8], sensing platforms based on SPR have been widely applied in bioanalytical chemistry,
drug screening, and environmental monitoring [9]. SPR is known as a quantum electro-
magnetic phenomenon at the metal-dielectric interface where incident light interacts with
free electrons on the surface, generating electron density waves (surface plasmons) that

propagate along the metal-dielectric interface [10]. This electromagnetic field reaches its



maximum at the interface and decays exponentially on both sides as the distance from the
interface increases. Thus, if there are molecular interactions at the interface or a change of
refractive index for the dielectric media, SPR is capable of monitoring these slight changes
[11] [12]. As a transverse magnetic (TM)-polarized wave, in which the magnetic vector is
perpendicular to the surface plasmon propagation direction and parallel to the interface
plane, the surface plasmon has a propagation constant which can be described by the fol-

lowing equation [13]:

5mn52
=ky{/ ——— 1.1
p \/ Em + Mg (1.1)

where k is the wave number in the free space, €, denotes the dielectric constant of the
metal (including real and imaginary parts), and n is the refractive index of the dielectric.
Gold and silver were selected to be the two most widely used metals for SPR sensors [14]
[15]. Based on Equation 1.1, to match the optical wave vector of the incident light to the
wave vector of the surface plasmon wave and meet the condition of surface plasmon reso-

nance, a coupler with a higher refractive index or with diffraction effects is needed [10].
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There are several ways to excite SPR with the assistance of different couplers [10] [16]
(Figure 1.1): (1) prism couplers in Otto configuration have a prism placed at the top of
the metal film and a gap filled with sample liquid in between [17]; (2) prism couplers in

Kretschmann configuration have a coated metal film above the prism surface and the sam-



ple medium in contact with the other side of the metal layer [18]; (3) grating couplers have
metal diffraction grating; (4) waveguide couplers have a setup similar to the Kretschmann
configuration; and (5) optical fibre couplers allow miniaturization of SPR sensors. Among
the described configurations, the Kretschmann configuration in attenuated total reflection
(ATR) mode is the most commonly used geometry due to its compact features and porta-
bility [13]. Multiple modes are applied for SPR sensing over time using this configuration,
including reflected light wave intensity monitoring [19], resonant angle measurement [20],
and resonant wavelength measurement [21].

The SPR sensor is currently used as a powerful tool to monitor cellular receptors
and ligand binding. The association and dissociation rates obtained from SPR are impor-
tant information for the evaluation of binding kinetics of molecules [22]. Normally, for a

reversible reaction:

kq

AB

A+B

where k, denotes the association rate constant and kg denotes the dissociation rate constant.
The conventional method for calculation of the key binding kinetic parameters is described
as follows, with BIAcore, one of the most commonly used commercial SPR instruments, as
an example. The signal R is assumed to be proportional to the formation of AB, and R4z
is proportional to the concentration of active ligands for the targets on the interface. In this
case, (Rpmqz — R) represents the unbonded sites on the surface at a specific time, t. Based

on the assumptions above, an equation is obtained as follows [23]:



% — kaCRyas — (KaC + kg) R (1.2)

By plotting dR/dt versus R, the slope of ks is obtained and is defined by the following

equation [23]:

ks = koC + kg (1.3)

If the ks values are determined under different ligand concentrations (C), k, and k4 can be
calculated, based on equation 1.3, as the slope and the intercept on the y axis while plotting

ks versus C.

1.1.2 Surface Plasmon Resonance Imaging (SPRi)

The development of the surface plasmon resonance imaging (SPRi) technique has
greatly improved the throughput of conventional SPR, sensors [24], which is achieved by
monitoring the reflectance image of the chip with a plasmonic microarray under a CCD
camera [3]. Compared with traditional SPR biosensors, which rely on scanning resonance

angle change or resonance wavelength change, SPRi sensors generally measure the intensity



of reflected p-polarised light at a fixed angle [25] (Figure 1.2). S-polarised light is used as a
reference signal to reduce effects of visual artefacts [25]. For quantitative SPRi assays, the
incident light angle should be located in the linear response region of the reflectivity curve,
where the light intensity change is proportional to the effective refractive index [26]. Due to

the application of SPRi with multiple microarrays on a single chip, SPRi sensors are able

to collect data on various analytes/samples at one time.
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Figure 1.2: Scheme of the working principle of SPR imaging biosensors. Reprinted from
Ref. [27], Copyright 2010, with permission from Royal Society of Chemistry



Arrays design plays an important role in sensing performance and the capacity for
multiplexed analysis using SPRi. Krishnamoorthy and coworkers presented an electroki-
netic biomolecular screening chip combining microfluidic technology with SPRi and were
able to screen up to 10 samples simultaneously [28]. Additionally, our group has developed
a sialoside-based carbohydrate microarray with 400 spots on a single chip by contact print-
ing for SPRi [29]. New developments in interface design will continue improvement of SPRi
sensing platforms, resulting in higher sensing efficiency and lower non-specific background

signal [27].

1.1.3 Applications of Noble Metal Nanoparticles for Signal Amplification

of SPR Biosensing

For traditional SPR biosensors, the limit of detection is often in the nanomolar
range, restricting its application for high-sensitivity biosensing [30]. A number of approaches
to signal amplification of SPR biosensors have been reported. Noble metal (e.g., gold
and silver) nanoparticles, as typical metallic plasmonic nanostructures, are widely applied
for signal enhancement in SPR due to their unique properties [24]. At nanometer sizes,
noble metal nanoparticles hold free electrons on their surface, which oscillate under the
excitation of proper incident light. This phenomenon is called localized surface plasmon
resonance (LSPR). Specifically, when being used as a signal enhancer tag in SPR sensing
platforms, the surface plasmon polaritons of the metal film can couple with the localized
surface plasmon of the metal nanoparticles, causing significant signal enhancement [31]. The

configuration, size, and shape of the metal nanoparticles were reported to be key factors



in signal amplification performance in SPR according to both theoretical and experimental
studies [32] [33].

Gold nanoparticles (AuNPs) are the most commonly used noble metal nanoparti-
cles for signal enhancement in SPR because of the high stability and ease of preparation.
Labeled gold nanoparticles can be applied as signal enhancement tags for sandwich im-
munoassays in SPR by taking advantage of the plasmon coupling effect of AuNPs [34] [35].
Moreover, AulNPs can also combine with other nanoparticles and act as magneto-plasmonic
probes for signal amplification [36]. In addition to use as signal amplification tags, AuNPs
have also been used via direct immobilization on the metal layer, which improves sensitivity
by forming a self-assembled monolayer (SAM) or through being entrapped on the surface

[37] [38], resulting in increased surface area compared to the original planar surface.

1.2 3D Printing for Optical Biosensors

1.2.1 Principles and Fabrication Methods for 3D Printing

Three-dimensional (3D) printing, also known as additive manufacturing, provides
a fast and robust way to fabricate highly complex objects quickly and at low cost and has
revolutionized many aspects of the manufacturing industry [39]. To date, multiple printing
techniques with various materials delivery and solidification methods have been applied
in 3D printing fabrication (Figure 1.3) [40] [41]. Among these fabrication methods, fused
deposition modeling (FDM) and stereolithography (SLA) are the two major technologies

with commercial application.
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Figure 1.3: Major fabrication techniques for 3D printing. (a) Laser assisted stereolithogra-
phy (SLA), (b) Laser assisted selective laser sintering (SLS), (c) Inkjet printing, (d) Fused
deposition modeling (FDM), and (e) Liquid deposition modeling (LDM). Reprinted from
Ref. [41], Copyright 2018, with permission from ACS Publications.
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The FDM method relies on thermoplastic polymeric materials that are extruded to
print the objects in a layer-by-layer workflow [42]. This technique is capable of printing out
multiple materials, including acrylonitrile butadiene styrene (ABS), polylactic acid (PLA),
polycarbonate (PC), and a PC-ABS blend [43]. Generally, FDM involves low-cost materials
and open source nature, yet also has drawbacks, such as low resolution output and a time
consuming process [44].

Stereolithography (SLA) utilizes liquid photocurable polymeric resin that poly-
merizes into solid form when triggered by ultraviolet (UV) light; like FDM, the deposition
of material in SLA occurs layer-by-layer [42]. Various types of resin can be used to meet the
requirements of the printed products. Objects printed by SLA have well-controlled layer-
thickness and relatively smooth surfaces [45]. Use of SLA has advantages in the fabrication
of accurate and complex internal structures, but has limited capability in handling multiple

materials for a single object [44].

1.2.2 3D Printing Techniques for Optical Biosensing

To date, 3D printing has been used in a variety of disciplines and products, such as
robotics, medical devices, actuators, switches, and sensors [46] [47]. Specifically, 3D printing
has had remarkable impact on the advancement of analytical chemistry through its wide
application in design and production of new analytical equipment and manufacturing parts

[40].
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Additionally, 3D printing of optical equipment for biosensing has generated con-
siderable attention based on its low cost and production of parts with high quality optical
properties, thereby promoting use of 3D printing in biomimetics, production of plasmonic
materials, microfluidics, and for fabrication of other optical components (Figure 1.4) [48].
As a promising point-of-care and lab-on-a-chip system, microfluidics has been coupled with
3D printing technologies for optical detection [49] [50]. In the meantime, 3D printed ob-
jects can also be used for mechanical integration of biosensors. An example of this is the
fabrication of a 3D printed fluidic cartridge for fully automated colorimetric enzyme-linked
immunosorbent assay (ELISA) for malaria detection [51]. Moreover, another important
use for 3D printing is to fabricate plasmonic surfaces. Zhang and coworkers reported 3D
printing of entire structural components of an angle-scanning SPR sensor [52]; likewise,
our group demonstrated the 3D printing of equilateral prisms by SLA for SPRi sensing
[53]. Overall, there is a great potential for continuing beneficial impact of 3D printing on

analytical chemistry, particularly in the development of advanced biosensing platforms.

1.3 Microfluidic Devices and Their Applications in Analyti-

cal Chemistry

1.3.1 Microfluidics: Concept and Theory

Since the early research on gas chromatography at Stanford University and the
development of ink jet printers by IBM in the 1960s, microfluidic devices have been flour-
ishing as efficient tools that are deployed widely throughout industry [54]. A microfluidics

platform is a system involving microscale channels, with dimensions that are usually tens
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to hundreds of micrometers, that manipulate fluids at relatively small volume (1 nL to
10~nL) [55]. Microfluidic devices are commonly used for reactions, mixing, sample treat-
ment, and detection through microfluidic networks with goal-specific designs. Specifically,
in the field of bioanalysis, microfluidics shows advantages in its capacity to deal with sam-
ples at extremely low volume. Using microfluidics, sample separation and detections can
be achieved with brilliant sensitivity in high-throughput processes, thereby decreasing both
the cost and time needed for analysis [55]. Microfluidics theory is a mixture of many sub-
disciplines, including fluid mechanics, electrostatics, statistical mechanics, thermodynamics,
and materials science.

If the continuous fluid in the microchannel is a Newtonian fluid, it will follow the
Navier-Stokes equations, which describe the continuum version of F=ma for a unit volume

[56] [57]:

ou

pa—{—p(u.V)u:V-a—{—f:—Vp+nv2u+f (1.4)

where f stands for the body force densities, and p, p and V denote the density, pressure
and dynamic viscosity of the fluid, respectively. u represents the linear velocity, and o is
the fluid stress (force per unit area). However, for most cases in the microfluidic model,
when inertial forces are negligible compared with the viscous force, the nonlinear term is

omissible, and equation 1.4 becomes:
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In both circumstances, mass conservation meets the condition that:

5 TV () =0 (1.6)

giving the incompressibility condition (V -« = 0) for fluids at a low flow rate and with
nearly constant density.
Reynolds number (Re) is a common parameter for prediction of fluid flow situa-

tions, and can be expressed as:

where L is the linear dimension, and v denotes the kinematic viscosity of the fluid. Con-

sidering that the spatial length scale L and the fluid velocity u are both relatively small,
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which results in a small value for Re, the fluid in the microchannel is laminar in most cases

[58].

1.3.2 Materials and Fabrication Methods of Microfluidic Devices

Fabrication method is a pivotal factor in the development of a microfluidic platform
and a primary consideration when designing microchannel networks. Figure 1.5 presents
the benchmarks in microfluidic device fabrication history. Fabrication method varies based
on the materials used for the microfluidic devices. Diverse substrate materials, including

silicon, metals, ceramics, glass, and polymers have been used for microfluidic platform fab-

rication for different applications [59].
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Figure 1.5: Benchmarks in the microfluidic devices fabrication history. Reprinted from Ref.
[59], Copyright 2021, with permission from Multidisciplinary Digital Publishing Institute.
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Silicon-based microfluidic devices show excellent chemical compatibility and ther-
mal stability, but suffer from the disadvantages of high price, fragility, and opacification,
making them unsuitable for optical uses [60]. In comparison, metal-based microfluidic
devices offer high thermal stability, low cost, and ease of use during fabrication [61]. Metal-
made microfluidics systems have been successfully applied in nanoparticle synthesis [62].
In recent years, paper microfluidic devices have shown unique benefits in microfluidic man-
ufacture, including simplicity of use, low cost, and disposability [63]. One of the most
impressive aspects of paper microfluidics is that, relying on the hydrophilic paper mate-
rial (e.g., cellulose fiber), fluid can be conveyed along the paper surface via capillary force
without the assistance of a pump [64]. This advantage has resulted in wide use of paper
microfluidics in fast point-of-care biosensors for target analytes [65]. However, a major
weakness of paper-based microfluidics is the lack of mechanical strength, therefore it can
be easily broken when handled improperly [66]. Other than the materials described above,
glass and polymers are the most commonly used microfluidics materials, which show great

potential in many aspects of microfluidics applications.

Glass Materials for Microfluidic Devices and Fabrication

Glass, primarily Si0O2 but also containing other oxides, such as CaO, Na2O, K0,
Al503 and BsO3, was first chosen as a substitute material for silicon substrate during early
use of microfluidic devices to reduce cost and increase transparency [67]. Even though poly-
mers like polydimethylsiloxane (PDMS) and poly (methyl methacrylate) (PMMA) gradu-
ally become increasingly popular for microfluidics devices fabrication due to simplicity of

manufacturing and cost-efficient features, glass-made microfluidic devices still have the ad-
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vantages of high chemical and thermal resistance and low non-specific adsorption when
dealing with biological samples [68] [69] [70].

Most of the manufacturing methods for microchannels on glass substrate can be
summarized as chemical, mechanical, and laser-based processes [67]. Normally, wet etching
by hydrofluoric acid (HF) with high etching efficiency, dry etching by deep reactive ion
etching, and electrochemical discharge machining are the three major chemical processes
for glass microfluidics channel fabrication [71] [72] [73]. Abrasive jet machining, ultrasonic
machining and cutting approaches by materials removal, micro milling or micro grinding
are commonly used cutting processes for microfluidics fabrication [74] [75] [76]. For laser
based processes, photothermal, ultra-short pulse, and absorbent material approaches are

the conventional fabrication methods [77] [78] [79].

Polymer Materials for Microfluidic Devices and Fabrication

The emergence of polymer microfluidic devices overcame the limitations of tradi-
tional micro-electromechanical systems (MEMS) materials, which suffer from high cost and
time-consuming fabrication processes [80]. Polymer materials used for microfluidic devices
are PMMA, fluoropolymers, PDMS, cyclo-olefin polymers and copolymers (COPs/COCs),
and thiol-ene polymers (TEs) [59]. Fabrication methods for polymer based microfluidic
devices can be flexible according to needs and accessibility, including mould or master man-
ufacturing processes (such as micro-cutting, ultrasonic machining, electrodischarge machin-
ing, micro-electrochemical machining, laser ablation, electron beam machining, focused ion
beam machining, and mould fabrication on curved surfaces), low-volume production (such

as casting, laminate manufacturing, laser fabrication, and 3D printing), and high volume
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production (such as hot embossing, injection moulding, film or sheet operations, roller em-

bossing, and microthermoforming) [80].
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Figure 1.6: Scheme of conventional PDMS microfluidic devices fabrication. (A) Mould
fabrication process. (B) PDMS casting and bonding. (C) Application of PDMS microfluidic
devices. Reprinted from Ref. [80], Copyright 2021, with permission from Multidisciplinary
Digital Publishing Institute.
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PDMS, one of the most widely used microfluidics polymer materials, is a typical
elastomer that is capable of changing shape under force and return to its original shape after
the removal of the force. Besides this feature, PDMS is also inexpensive, easy to fabricate,
transparent, and biocompatible, which makes it an excellent materials candidate for use in
microfluidic devices [81]. Casting (or soft lithography) is one of the most commonly applied
fabrication approaches in PDMS microfluidics, in which moulding is used to generate micro-
sized or even nano-sized channels. Figure 1.6 illustrates a common fabrication procedure
used in production of PDMS-based microfluidic devices using an SU-8 master mould [80].
Briefly, the negative SU-8 resist is first spin coated onto the substrate. A soft bake procedure
is then carried out by adjusting to proper temperature. A photomask with the designed
pattern is applied; SU-8 polymerization then occurs in the area exposed to UV light and
is accelerated by a second bake process. After rinsing the unpolymerized area, the pattern
mould on the substrate for microfluidic channels appears. A well-blended mixture of PDMS
silicone elastomer base and catalyst is then transferred to the mould with the designed
patterns and cured at a specific temperature. The polymerized PDMS elastomer is then
removed and sticked with a cleaned substrate via plasma treatment [82]. PDMS casting

has also been used for fabrications of multi-layer PDMS microfluidic devices [69].

3D Printing Techniques for Microfluidics Fabrication

Currently, due to the rapid expansion of applications for 3D printing, it has be-
come one of the most important and promising alternative approaches to the traditional
SU-8 moulding method for fabrication of microfluidic devices [83]. Processes that employ

3D printing allow rapid, inexpensive, and user-friendly manufacturing and prototyping for
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geometrically complicated structures [84]. Thus far, 3D printing techniques have been ap-
plied in many aspects of microfluidic fabrication using various types of resins. Techniques
involving 3D printing can be used to create multiple functional elements for the microflu-
idics setup, such as actuators (valves, pumps, and multiplexers) [83], as well as complete
microfluidic devices [85]. Moreover, printing moulds for PDMS microfluidics is another
important application of 3D printing in microfluidics fabrication. Use of 3D printing not
only maintains the advantages of PDMS materials, such as biocompatibility and elasticity,
but also simplifies fabrication of moulds for duplication of PDMS microfluidics platforms,

resulting in dramatic reduction of fabrication cost.

1.3.3 Microfluidic Device Applications
Microfluidic Devices for Sample Treatment

Taking advantage of the small dimensions and ultra-high surface-to-volume ratio
of microfluidic channels, microfluidic devices are capable of handling extremely small sample
volumes and are highly efficient in mixing or reaction acceleration, making them excellent
tools for sample treatment in a high-throughput context. One of the important uses of
microfluidics for sample treatment is fluid separation and water treatment [86]. Specifically,
liquid-liquid extraction is a typical method of sample purification and separation, and easily
achieved using microfluidic devices. There are several benefits to performing the extraction
process in micrometer-scale channels: (1) only a small amount of sample is needed, and
microchannels with high surface-to-volume ratio accelerate mass transfer between phases

[87]; (2) the flow remains laminar because of the low Reynolds number [88]; and (3) the high-
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throughput approach requires less energy consumption [89]. In addition, microfluidic devices
have been used for water purification with membrane and electrochemical technologies [90]
[91].

Besides conventional sample separation and water treatment, another important
use for microfluidic sample treatment is separation of biological samples [92] and preparation
of samples for medical diagnostics [93]; examples include whole blood fractionation [94] and
micro-solid-phase extraction from cell lysates [95]. Moreover, microfluidic devices have
been used to create droplets of controlled size and shapes for applications, such as sample
screening and monodispersed particles or vesicles production [96].

DNA sequencing is another field in which microfluidics can be a powerful tool.
Traditionally, for processing of samples for DNA sequencing, several steps are needed to
prepared a sample with enough DNA of interest; this includes cell transformation and
culture, picking colonies, and DNA purification and amplification, with Sanger extension
and product purification typically necessary, which is inefficient, expensive and cumbersome
[97]. With the assist of (digital) microfluidic techniques, the DNA sample preparation
workflow can be simplified considerably and automated [98]. The development of lab-on-a-
chip microfabrication promotes high-throughput DNA sequencing with improved efficiency

and substantial conservation of samples.

Microfluidic Devices for Production and Modification of Lipids

Cell culture, cell treatment, and lipid harvesting are several other important ap-

plications of sample treatment by microfluidic systems [99] (Figure 1.7).
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Within an enclosed microchannel, microenvironments for cell culture and treatment are
easily controlled and monitored [100]. In addition, treated cells can be transferred directly
into the next microfluidic device for further treatment by connecting the outlet of the first
microfluidic device to the inlet of the second microfluidic chip without additional transfer
processes, which avoids contamination during sample transfer processes. In most cases, the
microchannels are used as microreactors for screening and modification. The lipid com-
ponents of microorganisms can be accumulated and separated within a properly designed

microfluidic setup, which significantly reduces the time and cost of lipid harvesting.

Coupling of Microfluidic Devices to Mass Spectrometry (MS)

By coupling microfluidic devices to MS, sample preparation can be simplified and
analytical performance can be enhanced simultaneously [101]. These microchips can be used
for either sample separation followed by MS analysis or direct on-chip analysis of the unsepa-
rated sample [102]. For instance, using microchips as miniaturized emitters for electrospray
ionization (ESI), sample consumption is significantly reduced and detection sensitivity is in-
creased [103]. In addition, coupling of microfluidics to MALDI-MS via microfluidic chips has
been utilized for sample dispensing and pretreatment (such as preconcentration, digestion
and purification), resulting in better sensing performance [101].

To date, microfluidics techniques have been applied in sample preparation, point-
of-care processes, cell analysis, nucleic acid assays, drug screening, and omics studies [104],

and use continues to expand in the physical and biological sciences.
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1.4 MALDI-MS and Its Use in Lipidomics

1.4.1 Basics of MALDI-TOF Mass Spectrometry

MS technology has revolutionized the identification of multiple analytes via simple,
rapid, and efficient assays for analytical chemistry and the life sciences. In MS, charged
gas-phase ions are isolated by electric or magnetic fields and identified by their specific
mass-to-charge ratio (m/z). Based on MS data, the molecular structure and composition
of an analyte can be identified. Ionization plays a crucial role in MS-based analysis. ESI
and MALDI, two common ionization approaches in MS, are both soft ionization methods
which transmit minimal internal energy to the analytes [105].

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) is a powerful tool for the identification and study of DNA, protein, lipids, and
glycoconjugates [106] [107] [108], where ions are desorbed from a solid interface with the
assistance of a matrix. The dried matrix and sample crystal is exposed to a laser beam,
causing it to be ionized and converted to the gas phase (Figure 1.8). Since the absorption
of laser energy is a key factor in analyte ionization, the use of a proper matrix and suitable
substrate is essential [109]. A number of compounds, such as derivatives of benzoic acid,
cinnamic acid, and other similar aromatic compounds, are good candidates for matrix selec-
tion, due to multiple factors, including amenability to co-crystallization and direct influence
on the ionization performance of the analyte [110]. In addition, the sensing performance

for MALDI-MS also varies with planar substrates with different materials [111].

25



Matrix/Analytes

Endothermic reaction
Sample

support

. Y (@ —> To MS analyzer

1. Deabsorption.

>

2. Desolvation.
>

3. Ionization (Proton translocation).

>
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In contrast to ESI, MALDI utilizes samples as solids rather than in the solution,
making it less suitable for direct coupling with liquid chromatography for quantitative
analysis. However, unlike ESI, the salt, detergents, or other impurities that exist due to
sample preparation for ESI do not impact the sensing results via the ionization mechanism

of MALDI, indicating the superiority of MALDI in this context [105] [112].

1.4.2 MALDI-MS Applications in Lipid Research

MALDI-TOF MS has a broad range of applications, including identification of
microorganisms for medical diagnostics, environmental science, food safety, and biodefense
[113]. MALDI-TOF MS has also been demonstrated as a powerful tool for lipidomic research
[114].

As one of the main components of cellular membranes and lipid particles, lipids
plays critical roles in cellular activities, cell signaling transduction, disease diagnostics, and
environmental monitoring [6] [115]. As part of lipid analysis on a large scale, lipidomics
has ongoing, significant impact on the fields of biology and analytical chemistry. Compared
to conventional methods, such as high-performance liquid chromatography (HPLC), thin-
layer chromatography (TLC), and ESI-MS, MALDI-TOF MS is a powerful assay used in
lipid research that allows high throughput analysis with excellent sensitivity [116]. With
both lipid and the matrix able to be dissolved in organic solvents, one-step and single or-
ganic phase sample preparation provides high reproducibility in formation of homogeneous
crystals compared to the analysis of other polar molecules [117]. MALDI-TOF MS has
been used to identify and characterize various lipid species, such as free fatty acids, choles-

terol and cholesteryl esters, glycerolipids and glycerophospholipids, and acylglycerols and
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phospholipids [118] from vegetable oils, cell extracts, tissues and body fluids, and oxida-
tion samples of lipids, which provide valuable analytical information about cells and tissues

[117).

1.5 Scope of Dissertation

The goals for this thesis are to improve the fabrication and sensing performance of
surface plasmon resonance biosensors and microfluidic chip-based MALDI-MS, for lipidomics
and biochemical interaction studies with integration of nano materials and 3D printing tech-
nology.

Lack of sufficient sensitivity could be an issue of SPR sensors while detecting
trace amount of analytes. Signal amplification platform for SPR with novel materials is
needed to improve the sensing performance. Chapter 2 focuses on the study of signal
amplification impact of nanoclusters for plasmonic biosensors, and describes use of noble
metal nanoparticles-coupled lipid vesicles as a signal amplification tool for SPR biosensing.
These nanoclusters were fabricated via a straightforward salt-induced aggregation process
and purified using a column-free approach. Nanocluster stability was assessed to determine
material robustness. Through the large mass of the liposomes and plasmon coupling effects
of the noble metal nanoparticles, the SPR, signal was significantly enhanced. In addition,
the sensing platform with nanoclusters provided a good reference to be used in studies of
cell membranes and vesicle interaction.

3D printing technique is playing an increasing important role in the analytical field.

However, there is limited work reported for 3D printing optics-based multiplex biosensing
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systems. In Chapter 3, we demonstrate use of 3D printing to fabricate Dove prisms with
line patterns for SPRi, which are capable of conducting multiplex assays simultaneously.
Compared to the 3D printed equilateral prism for SPRi biosensing previously reported by
our group, the resonance angle became 8° smaller and the sensing area increased by 21%,
producing more reliable results. We also used this platform to monitor the refractive in-
dex change of the medium and protein binding on the interface. Furthermore, 3D printed
E-beam evaporation masks were used to fabricate plasmonic microarrays on prisms with a
larger number of sensing arrays via a photolithography-free process. Through these meth-
ods, the cost of the prisms were significantly reduced and micropattern fabrication was
greatly simplified without compromising the sensitivity of the SPRi sensor.

MALDI-MS is a powerful analytical tool for lipidomics study. Cell lysis and lipid
extraction are crucial sample treatment steps for conventional MALDI lipid analysis. How-
ever, traditional lipid extraction methods usually require large sample volume and are time
consuming. In Chapter 4, we describe further application of 3D printing to fabricate mi-
crofluidic devices for sample treatment for mass spectrometry lipidomic analysis. A 3D
printed microfluidic system was used for on-chip cell lysis, lipid extraction, and phase sepa-
ration. The high mass transfer rate between the phases was demonstrated by fluid dynamic
study of both velocity field simulation and droplet breakup simulation. TLC, fluorescent
images, and MALDI-MS assays were used to evaluate the efficiency of the microfluidic lipid
extraction process. Moreover, various organic phases were used for lipid extraction via the
microfluidic system and lipid profiles with different lipid intensities were obtained. Through

this work, we have developed a novel 3D printed microfluidic platform for highly efficient
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lipid extraction and opened new avenues for lipidomics research. In Chapter 5, we summa-
rize the work described in previous chapters, with additional discussion of related studies

and future directions.
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Chapter 2

Multifunctional Nanoclusters by
Nanoparticle-Coupled Liposomes
for Enhanced Plasmonic
Biosensing with the Supported

Lipid Membrane Interface

2.1 ABSTRACT

We report the fabrication of stable nanoclusters by salt-induced coupling of nanopar-
ticles onto functionalized liposomes and their application in enhanced biosensing on a

biomimetic surface. The coupling of nanoparticle-liposome structures and the subsequent
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uncoupled large nanoparticle clusters removal were characterized by transmission electron
microscopy (TEM) and absorption spectra. These nanoclusters were then tested for sig-
nal amplification with surface plasmon resonance (SPR), demonstrating advantages of an
effective amplification by combining the large mass of lipid vesicles and the plasmonic prop-
erties of noble metal nanoparticles. Using 13nm AuNPs-POPC nanoclusters, bacterial toxin
detection was drastically enhanced with a markedly low nonspecific background, reaching
a LOD of 0.1 ng/mL on a supported membrane interface. The nanoclusters prove to be
a highly robust and reproducible signal amplification tag for optical biosensing, and also
demonstrated a long shelf life, remain effective for over four weeks before showing signs
of deterioration. A comparison between different types and sizes of noble metal nanopar-
ticles with POPC liposomes was conducted and their effectiveness on amplification was
assessed. The simple preparation procedure of liposome-nanoparticle nanoclusters reported
here offers a promising bio-nanomaterial for sensitive biosensing and studies of vesicles-cell

membrane interactions.

2.2 INTRODUCTION

Cell membranes play an essential role in the segregation of cellular contents from
the external environment, signal transduction, and molecular recognition [1].There is sig-
nificant interest in mimicking natural cell membranes with self-assembled lipid membranes
as they remain chemically and electrically insulating and offer great potentials in biology
and bioanalysis [2].Typical lipid assemblies include planar lipid membranes and spherical

liposomes [3], which are ideal models due to their similar physicochemical properties such
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as high fluidity and mobility [4].Currently, supported lipid membranes have been broadly
used to study protein-cell membrane interactions [4] [5] [6], transmembrane transport [7]
[8], T cell activation [9], vesicle adsorption behaviors [10], and generation of biosensing mi-
croarrays [11] [12].By forming supported lipid bilayers on a calcinated silicate surface on
gold [13], surface plasmon resonance (SPR) biosensing can be conducted, which allows for
study of membrane-protein recognition [4] and polymeric coating in a label-free fashion [5].
Calcinated surface can also effectively suppress nonspecific binding in SPR sensing, which
is a high advantage [14]. For some extremely demanding tasks, however, conventional de-
tection may not have sufficient sensitivity when dealing with trace amount of analytes [15],
therefore signal amplification is needed. In recent years, a number of signal amplification
strategies have been reported to improve SPR sensitivity [16] [17] [18].However, the fragile
nature of lipid membranes and the need for a continuous hydrated environment have made
signal amplification on a lipid membrane interface very challenging, and only limited success
has occurred [13].

Noble metal nanoparticles, especially gold nanoparticles (AuNPs) and silver nanopar-
ticles (AgNPs), have garnered tremendous attention as localized surface plasmon resonance
(LSPR) sensors [19] [20] [21]. LSPR of nanoparticles can also be coupled with propa-
gating surface plasmon polaritons to generate a larger field enhancement that further im-
proves detection sensitivity [22]. However, biofunctionalization of nanoparticles without
compromising their stability and performance in sensing has been a challenge, especially
for nanoparticles with poor stability [23]. A common approach to functionalizing AuNPs

is modifying them with thiolated biomacromolecules and antibodies via gold-thiol bond or
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direct adsorption of proteins via electrostatics interaction [24].However, the sulfhydrylation
of biomacromolecules and the salt aging process is time-consuming and further complicates
preparation steps. The stability of nanoparticle-antibody composites via electrostatic ad-
sorption can be problematic due to the high possibility of the protein desorption on the
surface of functionalized AuNPs [25] [26].

Liposomes have been utilized as a drug delivery vehicle and as the material for
biosensing due to simple preparation, high biocompatibility and large surface area [27] [28].
The encapsulation properties and large surface area of liposomes have been utilized for sig-
nal amplification for colorimetric [29], fluorescent [30] and SPR sensing [31] [32]. Coupling
liposomes with metal nanoparticles has generated interest due to the prospect of low tox-
icity in drug delivery [33] and stability enhancement of membranes [34]. Liposome-metal
nanoparticles system have been used as an efficient tool for photothermal therapy [33] and
study of interactions between halide capped nanoparticles and liposomes [35]. Normally,
the preparation of liposome-nanoparticle composites requires in-situ synthesis or a separa-
tion procedure that makes the process cumbersome. Sugikawa et al. reported preparing
liposome-gold nanoparticles by a simple mixing process and studied the relationship between
fluidization of lipid and nanoparticles assembly onto the DPPC liposomes [36]. However,
precipitates were observed in a few hours after mixing at 25°C indicating the destabilization
of the nano composites.

In this paper, we report a simple and highly reproducible approach for generating
robust and stable liposome-nanoparticles for sensing enhancement. The charged groups

that stabilize noble metal nanoparticles were electrostatically screened by the addition of
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salt. Nanoparticles of different sizes were assembled on POPC liposomes and their stability
and use as signal amplification reagents for SPR sensing were characterized. The large mass
of liposome-nanoparticles nanoclusters and the LSPR coupling effect of the nanoparticles
showed enhanced signal amplification as compared to DNA stabilized AuNPs and POPC
liposomes. In addition to signal amplification, this hybrid bio-nanomaterial demonstrated
ultra-low non-specific binding on the bilayer sensing surface, suggesting a novel sensing plat-
form that may open new avenues for interaction study between vesicles and cell membranes

in living organisms.

2.3 EXPERIMENTAL

2.3.1 Materials and Instrumentation

Gold(IIT) chloride trihydrate, trisodium citrate dihydrate, ethylenediaminetetraacetic
acid (EDTA), sodium hydroxide, silver nitrate, cholera toxin from vibrio cholerae (CT), bi-
otinylated anti-cholera toxin antibody from rabbit were purchased from Sigma-Aldrich (St.
Louis, MO). Streptavidin was from Thermo Scientific (Rockford, IL). Monosialoganglioside
receptor (GM1) was obtained from Matreya (Pleasant Gap, PA). 1-Oleoyl-2-palmitoyl-sn-
glycero-3-phosphocholine (POPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-(biotinyl) sodium salt (biotin-PE) were obtained from Avanti Polar Lipids (Alabaster,
AL). Biotinylated oligonucleotides T20 were obtained from Integrated DNA Technologies
(Coralville, TA).

Absorbance spectra were collected with Cary 50 UV —vis spectrophotometer (Agi-

lent Technologies, Santa Clara, CA). Nanoparticle tracking analysis (NTA) was obtained by
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NanoSight NS300 (Malvern Instruments, Malvern, UK). Transmission electron microscopy
(TEM) images were obtained by Phillips FEI Tecnai 12 TEM (Andover, MA) in CFAMM
of UCR. Surface plasmon resonance (SPR) assays were carried out with a NanoSPR3 device
with dual channel (NanoSPR, Addison, IL). The running buffer for all SPR assays was 20

mM phosphate buffered saline (PBS) (containing 150 mM NaCl, pH 7.4).

2.3.2 Nanoparticles Preparation

The citrate stabilized 13nm, 25nm gold nanoparticles and EDTA-capped silver
nanoparticles (AgNPs) were prepared according to the standard procedure which has been
reported in the previous literatures [37] [38] [39]. DNA functionalized 13nm citrate stabi-
lized gold nanoparticles were prepared by using thiolated oligonucleotides, which has been
demonstrated by Hinman et al [25]. and Hurst et al [40]. Briefly, 25uL of 100pM biotin func-
tionalized, 20-nucleotide thiolated polythymine (T%9) was added to 1mL of 3.9nM citrate
stabilized 13nm AuNPs solution. After mixing with 20uL of 500mM citrate-HC1 (pH=3.0),
the solution was sonicated for 25s. The solution was then mixed with 34ul and 241uL of
5M NaCl solution in sequence to increase the surface coverage of DNA. The solution was
placed in the fridge (4 °C) overnight and was purified by centrifugal filtration to remove

excess salt the following day. All nanoparticles solutions were stored at 4 °C before use.

2.3.3 Liposome-Nanoparticles Preparation

For the preparation of GM1-POPC-AuNPs, a mixture containing 200uL of POPC
stock solution (5mg/mL in chloroform) and 21.1uL of GM1 stock solution (5mg/mL in

chloroform) was transferred in a glass vial and dried under nitrogen to form a thin lipid
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film (for biotin-POPC-AuNPs preparation, 200uL of POPC stock solution was mixed with
6.28 L of 10mg/mL biotin-PE stock solution). The glass vial was then placed in a vacuum
desiccator overnight [13] [41]. The lipid film was rehydrated with 250puL 13nm AuNPs
solution (3.9nM). For POPC-AgNPs and POPC-25nm AuNPs preparation, the lipid film
was resuspended in 250uL 0.2nM EDTA-AgNPs solution and 250uL 0.6nM 25nm AuNPs
solution, respectively. The solution was then treated by 5s of vortexing and 35min of bath
sonication to form liposome-nanoparticles precursors. The solution was then extruded at
least 11 times through a polycarbonate membrane with 100nm pores to generate unilamellar
liposome-nanoparticles assemblies with consistent size. Next, 6ul. of 5M NaCl solution
was added to 200uL assembly solution to induce the nanoparticle/liposome coupling and
aggregation of free nanoparticles in the solution. The solution was then centrifuged at
1500rpm for 2 min to remove aggregated nanoparticles. The supernatant was collected and

stored at 4 °C before use.

2.3.4 SPR Calcinated Gold Chip Preparation

BK-7 microscope slides were cleaned with piranha solution (Caution!), rinsed with
nanopure water, and dried by compressed air. A 2nm chromium film, followed by 50nm
gold film, was deposited on the surface of the slides via e-beam evaporation. Finally, a
4nm SiO» film was deposited on top of the gold layer via plasmon enhanced chemical vapor

deposition (PECVD) system [12].
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2.3.5 Transmission Electron Microscopy

Formvar carbon coated copper grids were used for preparing specimen for TEM.
All the samples were stained with 2% uranyl acetate for 1 min [42]. The grids were then
placed on the drop of 1% methylecellulose for 1 min. After removing excess methylcellulose

by filter paper, the grids were dried in the air and were ready for image on TEM.

2.3.6 CT Assay and Signal Amplification of Liposome-Nanoparticles

POPC vesicle solution containing 5% biotin-PE in PBS was firstly injected to the
channel to form a lipid bilayer on the calcinated gold chip [13]. 500ug/mL streptavidin so-
lution in PBS was then injected, which was followed by injection of 500ug/mL biotinylated
anti-CT solution for capture of CT in different concentrations. After incubation for 50 min
and rinse with PBS buffer, GM1-POPC-13nm AuNPs solution was injected. The excess

liposome-nanoparticles were removed by rinsing with PBS buffer for 20min after incubation.

2.4 RESULTS AND DISCUSSION

2.4.1 Salt-Induced AuNP Assembly on the Liposomes

The preparation of the AuNP /liposome assembly was achieved by a salt-induced
process. Figure 2.1 shows the general scheme for the preparation of Biotin-POPC-13nm
AuNPs. The lipids were rehydrated in a citrate stabilized AuNPs solution for 10 minutes.
Once resuspended in the AuNP solution, the mixture was treated with bath sonication.

The solution was then extruded with a 100nm pore-size membrane to generate vesicles, and
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then treated with salt to induce liposome-cluster formation. Large nanoparticle aggregates

were removed by low-speed centrifugation.

Thin lipid filr rehydrated Bposorme-
with AuNPs soluthon AulPs precuanors

APy eeupling

Figure 2.1: The scheme for preparation of liposome-nanoparticle clusters.

UV-vis spectroscopy was first utilized to characterize nanoparticle aggregation in
different media (Figure 2.2A). We normalized the spectra by setting the peak intensity
to be the same for easier comparison. The absorbance peaks showed similar shapes after
sonication and extrusion, indicating limited aggregation of AuNPs before the addition of
salt. After salt addition, the absorbance peak became broader, suggesting an aggregation
process of AuNPs, which is consistent with literature reports [43] [44]. After centrifuga-
tion, the absorption peak became sharper than those treated with salt but broader than
the original AuNPs solution, indicating that a substantial degree of AuNP clusters were
removed. The assemblies were further characterized by transmission electron microscopy
(TEM) (Figure 2.2C&D), which clearly indicates that NaCl promotes AuNP aggregation

and AuNP coupling to the POPC liposome surface (Figure 2.2C).
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Figure 2.2: Salt-induced nanoparticles assembly on liposomes. (A) Absorbance spectra
of samples after each step of preparation. (B) Size distribution of POPC liposomes and
POPC-AuNPs via NTA. (C) TEM image of the sample after adding salt. Bar=100nm. (D)
TEM image of the sample after centrifugation. Bar=100nm.
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The removal of large clusters was also observed after centrifugation (Figure 2.2D).
Further study using nanoparticle tracking analysis (NTA) showed no major difference in
size between POPC—AuNPs (mean size: 116.0 £ 1.2 nm) and POPC liposomes (mean
size: 120.7 + 1.3 nm) (Figure 2.2B). The coupling of the AuNPs on to POPC liposomes
was also confirmed by comparation UV—Vis spectra of POPC liposomes, AuNPs, POPC
liposomes mixed with AuNPs (directly after mixing) and AuNPs-POPC composites (Figure
2.3). When liposomes were directly mixed with AuNPs, the UV-Vis curve is very closed
to the original AuNPs solution, with the peak on the left of the AuNPs—coupled POPC

vesicles in the spectra.
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Figure 2.3: UV-Vis Spectra Comparison of POPC liposomes, AuNPs, POPC liposomes
mixed with AuNPs (directly after mixing) and AuNPs-POPC composites.
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The TEM and NTA data prove the formation of liposome—AuNP nanoclusters but
where the AuNPs distribute can be ambiguous. After bath sonication and extrusion, a small
amount of nanoparticles were likely trapped inside or absorbed onto the outer interface of
liposomes during vesicle formation, due to Van der Waals force [36], electrostatic interaction
[45] [46] and hydrophilic properties of citrate stabilized AuNPs [47]. After adding salt, more
AuNPs started to adsorb onto the liposome surface, while the AuNPs suspended in solution
began to aggregate to form large clusters [44] and get removed by low speed centrifugation.
The exoneration of the clusters resulted in less absorbance of light of the solution and pre-

cipitation of nanoparticles onto the walls of the centrifuge tube (Figure 2.4).

|

_> ———>
R 3>
- - [ - '
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Figure 2.4: Pictures of preparation of POPC-13nm AuNPs.
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2.4.2 Signal Amplification of POPC-13nm AulNPs on SPR

We then tested signal amplification of SPR biosensing by injecting biotin—POPC—
AuNPs into the solution over a biotin—POPC bilayer—streptavidin interface for the detec-
tion of streptavidin (Figure 2.5A&B). The angular shift yields a large increase by more
than 1.00 degrees, suggesting biotin—POPC—AuNP assembly is specific and effective. Bio-
functionalized AuNPs have been commonly used and extensively studied as signal am-
plification tags on SPR [48]. Multiple stabilizers have been investigated to couple with
AuNPs to ensure their stability in biological media [49]. Among these AuNPs functional-
ization methods, DNA coated AuNPs shows excellent stability and versatility and similar
amplification on SPR has been conducted with functional DNA—AuNPs [25] [50] [51]. Con-
sidering this, the performance of biotin—POPC—AuNPs was compared to DNA—AuNPs
as well as biotin—POPC liposomes (Figure 2.5C&D). NTA and absorption spectroscopy
were utilized to determine the average concentration of POPC—AuNPs and DNA—AuNPs,
which were both set at 1nM [37]. From Figure 2.5, POPC—AuNP assembly generated
a signal increased by 0.788 degrees, which is 6.6 times greater than DNA—AuNPs. Be-
tween biotin—POPC—AuNP assembly and biotin—POPC liposomes, the former showed a
1.5 times signal increase on the bilayer interface and 2.5 times increase on a gold surface as

compared to POPC liposomes of the same concentration (Figure 2.6).

53



A

@ bictin
. streptavidin

g!?lnﬂuuﬂmpﬂﬁGiuMk

hd
(=

— With streptavidin
---=-- Without streptavidin

-
h

-y
=]

™ Streptavidin

ot
Ia

}' (! L*‘f i ol

e
5

remmmmmal

Biotin-POPC-AuNPs

Biotin-POPC

50 100 150 200 250
Tirme (min)

=
o

Resonance angle change (degrees) w

=1

-
on
Y
o

——— Biotin POPC-AuNPs
————— Biotin POPC vesicle

—— Biotin-POPC-AuNPs
""" Biotin-DNA-AUNPs

=
o
T
ry
(=]
T

P T

-

=
on
T

| T Biotin-POPC-AuNPs

Biotin-POPC-AuNPs Vs Biotin-POPC vesicles

Vs Biotin-DNA-AUNPs

Biotin-POPC Biotin-POPC

o
[=]

L L

a0 100 150 200 250 0 50 1 CI_G 1_5() 200 250
Time (min) Time {min)

Resonance angle change (degrees) Q
Resonance angle change (degrees) =

=]

Figure 2.5: Signal amplification of liposome-nanoparticles. (A) 3D scheme of surface chem-
istry on SPR for signal amplification and vesicles-cell membrane interactions study. (B)
SPR sensorgram for signal changes after injecting biotin-POPC-AuNPs on a bilayer inter-
face with and without streptavidin. (C) SPR sensorgram for signal changes of the same
concentrations of biotin-POPC-AuNPs (13 nm) and biotin-DNA AuNPs (13 nm) binding
to streptavidin on the bilayer interface. (D) SPR sensorgram for signal changes of biotin-
POPC liposomes and biotin-POPC-AuNPs (13 nm) with the same concentration binding
to streptavidin on the bilayer interface.
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The marked enhancement in signal amplification by POPC—AuNP assembly can
be attributed to several factors. The plasmon coupling between the metal nanoparticle
LSPR and the propagating surface plasmon polariton (SPP) on the gold film could be an
important one [52] [53]. In addition, SPR is known to be highly sensitive to small change
of refractive index caused by captured biomolecules [54], especially of those with large
mass such as lipid vesicles and metal nanoparticles. The combination of the large mass of
liposome—nanoparticles and the plasmon coupling effect appears to be an ideal signal en-
hancement strategy. Compared to a single nanoparticle or liposome, liposome—nanoparticles
nanoclusters show obvious advantages in coupling multiple nanoparticles and low non—specific

binding.
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Figure 2.6: Signal comparison of Biotin-POPC-AuNPs and Biotin-POPC vesicles binding
onto the streptavidin adsorbed on bare gold surface.
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Further study on amplification performance of the POPC—AuNPs nanoclusters
was carried out with GM1—POPC—13nm AulNPs for detection of cholera toxin, CT (Fig-
ure 2.7A&B). CT is a bacterial toxin secreted by Vibrio cholera, which is known to target
the membrane receptor monosialoganglioside GM1. In this work, a lipid bilayer of POPC
mixed with 5% of biotin—PE was first formed on the calcinated gold surface. After the in-
jection of streptavidin solution, the biotinylated anti—CT antibody was immobilized on the
bilayer interface via streptavidin—biotin interaction. The toxin was then captured by the
surface—bound antibody and the capture was amplified by GM1—embedded POPC—AuNPs
nanoclusters. From the sensorgrams in Figures 2.7B&C, an angular shift of 0.374 degrees
was observed for 5ug/mL CT with low nonspecific background, yielding almost 40 times
amplification as compared to the native protein capture. A calibration curve was generated
for CT detection from 0.1ng/mL to 1ug/mL, yielding a linear fit with R2=0.9726 (Figure
2.7D). Using the 3 S/N principle, the detection limit can go down to 0.1ng/mL. The blank
value refers to the non—specific binding of POPC—AuNPs with no CT injected. The sig-
nal generated only by CT is low and show no differentiation, however with the dramatic
signal amplification of the POPC—AuNPs, a clear differentiation of concentrations can be

observed.
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Figure 2.7: Detection of CT. (A) 3D scheme of surface chemistry on SPR for using GM1-
POPC-AuNPs nanoclusters as a signal amplification tool to detect CT. (B) SPR sensor-
gram depicting using GM1-POPC-AuNPs for signal amplification to detect CT. (C) SPR
sensorgram after injection of GM1-POPC-AuNPs to detect CT. (D) Calibration graph for
detection of CT with and without amplification by GM1-POPC-AuNPs.
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2.4.3 Long-term Stability of POPC-AulNPs Nanoclusters

We then tested the long—term storage stability of POPC—AuNP nanoclusters.
The performance and stability of POPC—AuNPs was tracked by UV—vis, NTA and SPR
biosensing over a 5—week period. There was no significant change in peak shape in UV —vis
spectra after four weeks of storage, indicating little variation in the level of nanoparticle
aggregation [55] (Figure 2.8A). The size distribution of POPC—AuNPs from NTA mea-
surements remained unchanged for the first 2 weeks, but increased slightly after 4 weeks,
from 124.3+1.1 nm to 128.1+3.2 nm (Figure 2.8B). The POPC—AuNPs still demonstrated
consistent amplification performance, as observed from the SPR measurements over the pe-
riod (Figure 2.8C). The high stability of POPC—AuNPs nanoclusters is possibly due to the
large template size and high stability of the liposomes, as well as the repulsive interaction

by thermal fluctuations [56] and head group electrostatic repulsion [57] between bilayers.

2.4.4 POPC-AgNPs and larger POPC-AuNPs nanoclusters for Signal

Amplification on SPR

Silver nanoparticles (AgNPs) and magnetic nanoparticles have been broadly used
for sensing and can generate enhancement due to stronger and sharper resonance [48] [58]
[59]. In addition, there have been reports on using AuNPs with different sizes and shapes to
optimize sensing performance [60] [61]. Therefore, investigation of coupling liposome with
various types of nanoparticles was pursued. We synthesized larger biotin—POPC—25nm
AuNPs and biotin—POPC—AgNPs nanoclusters and tested their performance in signal

amplification. For POPC—AgNPs, the dried biotin—POPC lipid film was rehydrated
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by EDTA—capped AgNPs solution, followed by sonication and extrusion process. Since
EDTA—capped AgNPs can tolerate higher salt concentration than the citrate stabilized

AuNPs, the NaCl concentration was increased to 0.6M to induce aggregation and assembly.
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Figure 2.8: Long-term stability of POPC-13nm AuNPs. (A) Absorbance spectra of POPC-
AuNPs 0 week, 2 weeks and 4 weeks after preparation. (B) Size distribution of POPC-
AuNPs 0 week, 2 weeks and 4 weeks after preparation via NTA. (C) SPR sensorgram for
biotinylated POPC-AuNPs binding to streptavidin on the bilayer interface 0 week, 2 weeks
and 4 weeks after preparation.
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From Figure 2.9, the number of AgNPs in liposome appears to be rather small,
possibly due to the large size of the AgNPs (~ 30nm). NTA measurements show the average
size of the POPC—AgNPs to be 130.4nm + 39.7nm, slightly larger than the POPC—13nm
AuNPs (Figure 2.9B). The somewhat broader absorbance peak than the original AgNPs,
after coupling, is consistent with the formation of liposome—nanoparticles nanoclusters
(Figure 2.9A). The signal amplification test by SPR with biotin—POPC—AgNPs shows an
enhancement by 0.923 degrees, larger than the POPC—13nm AuNPs. Larger gold nanopar-
ticle (25 nm) biotin—POPC—AuNPs nanoclusters were also tested for comparison, and a
0.652 degree increase in angular shift was observed (Figure 2.10), which is slightly smaller
than POPC—13nm AuNPs (0.788 degrees). Overall, nanoparticle—encapsulated liposome
nanoclusters provide robust signal enhancement as compared to nanoparticles or liposomes
alone. They show a great potential to be a universal material to improve performance of

sensing based on SPR detection scheme.
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Figure 2.9: Preparation and signal amplification of POPC-AgNPs. (A) Absorbance spectra

of POPC-AgNPs.

(B) Size distribution of POPC-AgNPs via NTA. (C) TEM image of

POPC-AgNPs. Bar=100nm. (D) SPR sensorgram for signal changes after injecting biotin-
POPC-AgNPs on bilayer interface with and without streptavidin.
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2.5 CONCLUSION

In this study, robust POPC—AuNPs nanoclusters were constructed by a salt—induced
aggregation process. The POPC—AuNP assemblies were stable with a longer than 4 weeks
shelf life, and the functional POPC—AuNPs proved to be effective as a signal amplifi-
cation agent for SPR biosensing. The combination of large mass of the liposomes and
the plasmonic coupling of the AuNPs yields marked signal amplification performance for
SPR detection while the non—specific binding is kept low. Compared to DNA—AuNPs
and POPC liposomes, POPC—AuNPs showed higher signal response, demonstrating a per-
formance with more than 6 times greater than DNA—AuNPs and 1.5 times greater than

POPC liposomes. The GM1 functionalized POPC—AuNPs were tested for detection of
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cholera toxin, which resulted in almost 40 times amplification and a detection limit of
0.1ng/mL. Larger AuNPs and AgNPs were also coupled to biotin—POPC liposomes, which
similarly yielded substantially amplified signals on SPR. POPC liposomes allow easy cou-
pling of various nanoparticles, generating stable liposome—nanoparticles assemblies that act
as effective signal amplification agents in biosensing. With further functionalization with
specific receptors, the nanoclusters could be applied to detect a wide range of biomolecules

with high detection sensitivity.
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Chapter 3

3D Printed Prisms with
Micropatterns for Multiplex

Label-Free Biosensing

3.1 ABSTRACT

3D printed optics have attracted attention due to ease of design and fabrication and
low cost. Our group has previously reported the application of 3D printed equilateral prisms
using a commercial clear resin for surface plasmon resonance imaging (SPRi) biosensing.
However, the resonance incident angle using the prisms is relatively high, resulting in a
small sensing area. Additionally, the 3D printed equilateral prisms were not applicable for
multiplex biosensing. Here, we present the design and fabrication of a 3D printed Dove

prism with transverse patterns and the capacity for multiplex SPRi biosensing. Following
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the benchtop polishing process, the surface roughness of the sensing area was found to be
as low as 10 nm, which resulted in brilliant optical performance. In reflectivity images at
the sensing incident angle, the rectangular micropatterns were easily differentiated from the
background, and the cross sections of the S-shaped flow channel and micropatterns were
used as the sensing area for SPRi. Compared to the 3D printed equilateral prisms, the Dove
prisms showed an 8-degree reduction in sensing angle and led to more reliable results. The
prisms were utilized for protein recognition, including analysis of streptavidin and cholera
toxin, and demonstrated comparable sensitivity to platforms using commercial glass prisms.
Moreover, we demonstrated another approach to fabrication of microarrays on a prism
surface using a 3D printed E-beam mask. This work opens new avenues for utilization of
3D printing in multiplex optical biosensing in a cost-efficient, photolithography-free, and
convenient manner, without losing sensitivity compared to conventional the SPRi setup

with a commercial glass prism.

3.2 INTRODUCTION

Additive manufacturing, known as 3D printing, is an adaptable technique for the
construction of 3D architectures with complex geometric shapes from a well-designed 3D
model using a fast and straightforward approach [1] [2]. This technique relies on a layer-
upon-layer stacking method, which is in contrast to the traditional subtraction techniques
of material-removal processes [3], and is continuously attracting public and media attention
due to its unique advantages, such as user friendly, rapid prototyping and relatively low

cost [4] [5]. As 3D printing techniques allow complicated fabrication without tedious and
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expensive manufacturing processes, they are applied in many fields, including machinery,
aerospace and aviation, biomaterials, biosensors and biomedical devices, and robotics; sci-
entists and engineers in these fields use the optical, chemical, fluidic, electromagnetic and
thermal features of 3D printing to their advantage [6] [7] [8]. Specifically, 3D printing shows
great potential in analytical chemistry and has played an increasingly important role over
time. It contributes not only to the acceleration of manufacturing processes for multiple
analytical devices and systems, but also to the development of new analytical techniques
with improved performance [9]. Thus far, in analytical labs, 3D printing has been applied to
fabricate supporting analytical tools [10], integrated analytical systems [11], point-of-care
devices [12], and functional materials for biosensing [13], with more freedom for design and
improvement of functionality [9]. Fabrication of optical components for analytical assays
are an important application of 3D printing techniques [5], example of which include 3D
printed lenses and prisms [14], waveguides [15], and terahertz optics [16].

To date, multiple techniques for 3D printing have been applied in fabrication of
3D components, such as powder bed fusion, material jetting, sheet lamination, material
extrusion, binder jetting, directed energy deposition, and photopolymerization [6]. Among
these techniques, stereolithography (SLA) was established based on an ultraviolet (UV)
radiation-triggered, localized photopolymerization approach, which occurred in a bath con-
taining a mixture of monomers, oligomers and photo initiators. SLA generated significant
interest via its broad applicability in complex 3D structure manufacturing, high degree of
precision, and capacity for use of a wide variety of resin materials [17]. Moreover, SLA was

demonstrated as a powerful tool for fabricating 3D printed optics [18] [19]. SLA has, there-
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fore, become a foundational type of modern 3D printing [5], and there are broad prospects
for applications of SLA-based 3D printed optics.

Surface plasma resonance (SPR) biosensing is a widely used label-free technique
for monitoring biomolecular interaction and achieving protein quantification, which relies
on optical excitation of surface plasma waves [20]. The generation of surface plasma waves
generally requires prism couplers in order to increase the incident light wave vector to match
the wave vector of the surface plasmons [21]. The geometry and material of the SPR prism
couplers have significant impact on SPR sensing performance [20] [22]. Therefore, there has
been investigation of high-resolution SPR systems coupled with various types of prisms,
including Dove prisms [23], hollow prisms [24], and photopolymer hemispherical optical
prisms [25]. Taking advantage of ease of design and fabrication, rapid prototyping, and
low cost, researchers have used 3D printing to fabricate high-performance prisms for SPR
devices. Lertvachirapaiboon and coworkers reported development of a dual-mode SPR sen-
sor chip platform using a grating 3D printed prism, which had outstanding refractive index
sensitivities and achieved fine-tuning of the excitation wavelength for SPR biosensing [26].
Previously, by taking commercial equilateral SF2 glass prisms for SPR as a reference, our
group fabricated 3D printed equilateral prisms and applied them to surface plasmon reso-
nance imaging (SPRi) biosensing [19]. However, the 3D printed equilateral prisms suffered
drawbacks, such as high resonance angle (the reflectivity dip is at approximately 82°) and
small sensing area, which negatively impacts sensing performance due to the relatively low
refractive index of the print-out material (approximately 1.49). To solve this problem, we

designed and fabricated a 3D printed Dove prism with microscale line patterns for multiplex
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SPRi biosensing without using photolithography, and achieved dramatic reduction of the
incident resonance angle without changing the 3D printing materials. At the same time,
the SPRi sensing resolution was significantly improved due to a larger sensing area. The
sensing performance of the SPRi setup was tested via salt assays and protein biosensing,
which showed sensitivity comparable to commercial prism coupled to SPRi platforms. Fur-
thermore, a 3D printed E-beam evaporation mask for gold micro array fabrication with a
larger number of gold islands was also investigated as an alternative method of multiplex

SPRi biosensing.

3.3 EXPERIMENTAL

3.3.1 Materials

Methoxypolyethylene glycol amine (methyl-PEG-amine), 11-mercaptoundecanoic
acid (MUA), N-Hydroxysuccinimide (NHS), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC), cholera toxin (CT) from Vibrio cholerae and anti-CT antibody pro-
duced in rabbit were purchased from Sigma Aldrich (St. Louis, MO). Sodium chloride and
streptavidin were purchased from Thermo Scientific (Rockford, IL). m-PEG-SH (MW 1000)
and biotin-PEG-SH (MW 2000) were obtained from Nanocs Inc. (New York, NY). Clear
V4 photoactive resin (FLGPCL04) was obtained from Formlabs, Inc. (Somerville, MA).
SF2 (n=1.648) glass equilateral prisms were obtained from Surplus Shed (Fleetwood, PA).
A solution of 1x PBS containing 10 mM Na2HPO4, 137 mM NaCl, 1.8 mM KH2PO4, 2.7
mM KCI (pH=7.45) was prepared. Chromium and gold pellets for electro-beam evaporation

were obtained from Kurt J. Lesker (Jefferson Hills, PA).
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3.3.2 Instrumentation

A homebuilt SPRi setup was used for spectroscopy and imaging assays at room
temperature. Briefly, for real-time SPRi measurements, the prisms were fixed in a 3D
printed prism holder designed to fit the specific prism, the incident light angle was set to
the direction of 30 %R on the left-hand side of the dip of SPR reflectivity curve, where the
slope is the steepest. For the salt sensing assay using the commercial SF2 glass prism, a
gold deposited (2 nm chromium and 50 nm gold) glass slide was coupled with the prism for
SPRi measurement. The running buffer for the salt sensing assay is nanopure water, and
1x PBS for the streptavidin and CT assays (flow rate: 5 mL/h). Atomic force microscopy
(AFM) characterization was performed on a Veeco Dimension 5000 (Santa Barbara, CA)
under tapping mode. Ellipsometry was conducted using a UVISEL M200 (Horiba Jobin
Yvon, France). For both AFM and ellipsometry characterization, a 3D printed cuboid (20
mm X 20 mm X 1 mm) was treated with the same sanding and polishing procedure to
mimic the surface condition of the 3D printed Dove prism, and then used as the specimen

because of the sample height restriction of the instruments.

3.3.3 Design of the Dove Prisms/E-beam Evaporator Masks by Stere-

olithography /3D printing

The 3D models of the prisms were designed using SketchUp software (Trimble,
Inc., Sunnyvale, CA) [19]. Formlabs software was used to upload the 3D models to a
commercial 3D stereolithography printer, Formlabs Form 3 (Somerville, MA), for rapid

prototyping. More specifically, a compact system of lenses and mirrors were integrated
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in the light processing unit (LPU) within the printer and a 250 mW UV laser was used
to produce accurate prints (XY resolution: 25 nm). The cured prisms were placed in an
isopropanol bath for 20 min then washed with isopropanol three times before drying via
compressed air. A CL-1000 UV crosslinker (UVP Inc., Upland, CA) was applied to post-
cure the prisms for 1.5 h. The prisms were then treated with several rounds of wet sanding
and buffer wheel/polishing (Central Machinery, USA) to pursue optical use. Similarly, 3D
printed E-beam evaporation masks were fabricated using Formlabs Form 3 and Clear V4
photoactive resin, followed by the same cleaning procedure as was used to produce the 3D

printed Dove prisms.

3.3.4 Gold Nanofilm Deposition

The commercial SF2 Prisms, polished 3D printed equilateral prisms, and polished
3D printed Dove prisms were first washed with isopropanol and dried three times under
compressed air. A standard cleanroom protocol for gold deposition via an electron-beam
(E-beam) evaporator (Temescal, Berkeley, CA), previously reported by our group [27], was
applied to generate a 2 nm-thick chromium film and a 50 nm-thick gold film on the sensing
surface of the prism at 5 x 107% Torr. The prisms were stored in a desiccator at room

temperature before use.

3.3.5 SPR Imaging for Protein Biosensing

Streptavidin biosensing was conducted by injection of 1 mg/mL biotin-PEG-SH
aqueous solution for attachment to the gold surface. The surface was further blocked by m-

PEG-SH to minimize non-specific binding of streptavidin. A streptavidin PBS solution at
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various concentrations was then injected into the system and the % R change was measured.

For CT biosensing, the surface chemistry was first characterized using a dual chan-
nel NanoSPR (NanoSPR, Addison,IL) with a red laser light (A = 670 nm). For SPRi assays,
the 3D printed Dove prism was immersed in 1 mM MUA ethanol solution overnight to form
a self-assembled monolayer (SAM) for the attachment of carboxyl groups to the gold sur-
face [28] of the prism. Then, the freshly made EDC (200 mM)/NHS (50 mM) solution was
spotted on the prism gold surface which then covered the surface. CT solutions at different
concentrations (in 1x PBS) were spotted and incubated at the selected sections of the 3D
printed Dove prism surface, which was placed in a wet chamber for 1 h (Figure 3.4c); the
other sections were used as control sections for SPRi biosensing. The whole gold surface
of the printed prism was treated with a mixed solution of m-PEG-amine and bovine serum
albumin (BSA) to passivate the unbonded carboxyl groups on the surface. A PDMS flow
cell was then clamped on the prism. Next, 200 pg/mL anti-CT in PBS solution was injected

into the SPRi system and the % R value change was measured.

3.4 RESULTS AND DISCUSSION

3.4.1 The 3D Printed Dove Prism for Surface Plasmon Resonance Imag-

ing: Theory and Design

SPR, as a quantum electromagnetic phenomenon, happens when light interacts
with free electrons at a metal-dielectric interface and causes localized charge density oscil-
lations that propagate along the boundary of the interface [29]. The surface plasma wave

(SPW) is a transverse magnetic (TM)-polarized wave, which means that the magnetic vec-
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tor is perpendicular to the propagation direction of the SPW and parallel to the plane
of interface at the same time [20]. The excitation of surface plasmon polaritons (SPP) is
associated with both energy (angular frequency w) and momentum (the wavevector k).
For a given energy hw, the wavevector of light k, is always larger than that in free space,
which indicates that none of the light with any frequency in free space can excite the SPP
on a plane interface [22]. Therefore, the wavevector of the incident optical wave needs to
be enhanced for the occurrence of SPW, which is commonly achieved by prism couplers
in attenuated total reflection (ATR) mode [30]. The relationship between the propagation
constant of a SPW at the metal and dielectric interface kspy and free space wavenumber

ko is demonstrated by the following equation [20]:

2

Emna
k =ko\| ———= 3.1
sew = Ko\l = (3.1)

where ¢,, denotes the dielectric constant of the metal, and n, denotes the refractive in-
dex of the dielectric. In order to activate the SPR by photons, the wavevector of the
photon kppoton needs to match with the wavevector of the SPW, which can be achieved
by changing the incidence angle of the incoming light. The relationship between kpnoton,
kspw, and angle of incident light under the condition at which plasmon resonance occurs

is expressed in the following equation [31]:
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kphoton = kspw = iniskaSineres (32)

where npyism denotes the refractive index of the prism and 6,., denotes the incident angle
of the light. Thus, according to Equation 3.2), for prisms with the same materials, the

incident light (at a specific wavelength) resonance angle within the prism remains the same.

(@) 3D Printed Equilateral Prism (b) 3D Printed Dove Prism

(d)
g
After 3D - 5 After After After E-beam
Printing | Sanding Polishing e 2= Evaporation
— — — . —

Figure 3.1: Design and fabrication of 3D printed Dove prisms. Schemes of light reflection
when go through (a) a 3D printed equilateral prism and (b) a 3D printed Dove prism. (c)
Scheme of SPRi sensing platform using a 3D printed Dove prism. (d) Fabrication scheme
for 3D printed Dove prisms.
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Based on the consideration above, we calculated the incident light resonance angle
inside the previously reported 3D printed equilateral prism, which is about 74°, and applied
this angle as the base angle for the Dove prism design. Figure 3.1a and 3.1b illustrate
the light path of the refracted laser beam passing through the 3D printed equilateral and
Dove prisms and reflected on the gold-dielectric interface. In this situation, the incident
light will be perpendicular to the Dove prism surface at the resonance angle and achieve a
much lower sensing angle and larger sensing area compared with the 3D printed equilateral
prism. The face with gold deposition of this 3D printed Dove prism was designed to be
the same size as the previous 3D printed equilateral prism, which is 2.4 cm x 2.4 cm. A
total of 5 regularly spaced cuboid-shaped grooves (1.84cm in length, 350 pm in height, 310
nm in depth, and 1.9 mm apart from each other) were designed on the sensing face for the
purpose of multiplex sensing (Figure 3.1c). After deposition of a thin gold layer on the
sensing face, the area between the grooves were modified with different capturing ligands
for SPRi biosensing of various targets simultaneously. When packed with an S-shaped flow
cell on the top of the prism, the cross sections of the rectangular patterns and the S-shaped
flow channel became the sensing area of the SPRi sensor. Since multiplex SPRi biosens-
ing has traditionally relied on combining a chip with micro patterns by photolithography
fabrication [32] [33], the fabrication cost and time were substantially reduced by use of 3D

printed Dove prisms.
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Figure 3.2: Characterization of 3D printed Dove prisms. Atomic force microscopic images
showing the surface roughness of 3D printed Dove prisms (a) before (rms=208nm) and (b)
after (rms=10nm) the polishing procedure. (c) Ellipsometry results of the 3D printed Dove
prisms, depicting refractive index (n) and extinction coefficient (k) change with wavelength

for the printed resin.

3.4.2 Fabrication and Characterization of 3D Printed Dove Prisms

The steps of 3D printed Dove prism fabrication are demonstrated in Figure 3.1d.

We designed a triangular-shaped hump at the back side of the printed Dove prism to fix it

with a 3D printed prism holder on a homebuilt SPRi setup. Since the limited resolution of

the 3D printer could not reach the requirements for optical use, a standard benchtop polish-
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ing procedure (including wet sanding and buffer wheel /polishing compound treatment) was
applied to minimize the surface roughness of the prism [19]. The prisms showed clearness
and increased transparency after the polishing. Moreover, during the sanding via sanding
paper and the wheel polishing processes, the area of the narrow cuboid-shaped grooves
could not be well-sanded or polished, which created a significant difference in SPRi under
the CCD camera compared with the well-polished sensing area after gold deposition.

The surface topography of the 3D printed Dove prisms before and after polishing
was characterized by atomic force microscopy (AFM; Figure 3.2a, 3.2b). As a result, the
prism surface roughness dropped from 208 nm (characterized area: 13 pm x 13 pm) after
print-out to 10 nm (characterized area: 10 pm x 10 pm) after sanding and polishing.
Although the surface roughness of the 3D printed prisms is not comparable with that of
the commercial glass prisms, which are usually less than 2 nm [34], the 3D printed Dove
prisms show relatively smooth surfaces that are suitable for optical applications.

The refractive index (n) and extinction coefficient (k) of the print-out material
for the Dove prism were characterized by ellipsometry under lights of different wavelength.
Specifically, under 650 nm wavelength, which is the common operating laser wavelength for
SPR, the refractive index of the 3D printed Dove prism was 1.5048, which is very close to
that of PMMA (1.4864), as reported in the literature [35], and is also close to the refractive
index (1.475) we reported previously using another batch of clear resin from the same com-
pany [19]. These results demonstrate that the materials of the printed prism shared similar

optical properties with PMMA.
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Figure 3.3: 3D printed Dove prisms on SPRi. (a) Surface plasmon resonance reflectivity
curves with 3D printed equilateral prisms, 3D printed Dove prisms and commercial SF2
glass prisms with gold islands slides on SPRi. (b) Reflected images showing plasmonic
resonance for the gold film coated 3D printed equilateral prism (top) and 3D printed Dove
prism (bottom) surface with different incident light angle. Bars in the images of sensing
angle were used to evaluate sensing area difference between the 3D printed equilateral prisms
and 3D printed Dove prisms.

3.4.3 3D Printed Dove Prism for SPR Imaging Setup

Unlike SPR. spectroscopy, which relies on monitoring angle change or wavelength
change, SPRi measures reflective light intensity at a fixed angle [36], which is generally

located in the linear response region of the left of the dip in the reflectivity curve [37]. The
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dip in the reflectivity curve occurs when optical parameters match the resonance condition,
causing the generation of SPP on the gold-dielectric interface. In general, we assumed 0 for
the reflectivity at the resonance angle and 70% reflectivity for the maximum value in the
reflectivity curve. Furthermore, the incident light angle at which reflectivity is 30% on the

left of the resonance point was chosen as the sensing angle for SPRi assays.
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Figure 3.4: (a) Reflected image of a 3D printed Dove prism on the sensing angle. Grey
values along the arrow, which is perpendicular to the dip lines pattern on the prism surface,
is shown in (b). (c) Images of incubating the prism surface with different solutions for
multiplex detection purpose.
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In this work, a commercial SF2 prism with a gold-glass slide and 3D printed prisms
were applied to construct a homebuilt SPRi setup in the Kretschmann configuration; SPR
reflectivity curves were then obtained. Compared with the 3D printed equilateral prisms
with the sensing angle at 79° and resonance angle at 81°, the 3D printed Dove prism showed
much smaller resonance (75°) and sensing (71°) angles, indicating that Dove prism design
could significantly lower the resonance incident light angle without changing the prism ma-
terials. As a reference, the resonance angle for an SF2 glass prism with a gold-glass slide is
61° (Figure 3.3a). In addition, reflectivity images (at the angle before the resonance angle
where the S channel is invisible, the sensing angle, the resonance angle, and the angle after
the resonance angle where S channel is invisible) of 3D printed equilateral prisms and 3D
printed Dove prisms were captured using a CCD camera and compared (Figure 3.3b). Black
bars in the figures illustrate the same size of sensing area on the real prisms by the SPRi
setup coupled with 3D printed Dove prisms and 3D printed equilateral prisms, respectively.
As indicated by counting the pixels along the length of the specified sensing area, the SPRi
platform combined with 3D printed Dove prisms had a 21% larger sensing area than the
SPRi platform with 3D printed equilateral prisms, resulting in more reliable biosensing re-
sults. Moreover, Figure 3.4a shows the reflected image at the sensing angle, where both the
S-shaped channel and the groove patterns are clearly defined. Image J was used to evaluate
the gray value along the yellow arrow in Figure 3.4a, and a periodic change in gray value
was observed, illustrating the ease of differentiation of different sensing sections on the 3D

printed Dove prisms for multiplex assays (Figure 3.4b).
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Figure 3.5: Real-time sensorgrams for (a) 3D printed equilateral prisms and (b) 3D printed
Dove prisms coupled SPRi for NaCl injections with different concentrations followed by
rinsed with nanopure water.

3.4.4 Biosensing by the 3D Printed Dove Prism Coupled SPR Imaging

System

The refractive index sensitivity of 3D printed Dove prism coupled SPRi was eval-
uated by injection of sodium chloride solution and then compared with results using 3D
printed equilateral prisms. The concentration of NaCl in the aqueous solution is positively

correlated with the refractive index of the solution, and thus used for monitoring the SPRi
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response to medium with different refractive indexes within the flow cell. In this experiment,
a series of concentrations of NaCl solution, ranging from 0.008 M to 5 M, were injected into
the flow channel and the corresponding SPRi signal was monitored in real time (Figure
3.5). SPRi imaging demonstrated a greater response when coupled with the 3D printed
Dove prism than when coupled with the 3D printed equilateral prism after injection of
Na(Cl solution of the same concentration, indicating that the physical structure of the prism
has a significant impact on the performance of an SPR sensor. This is likely due to the
incident light being perpendicular to the Dove prism surface at the resonance angle. Based
on Snell’s law [38], refractive angle changes faster with incident angle of the light when the
incident angle is close to 0 (perpendicular to the prism face), causing a steeper slope around
the sensing angle in the reflectivity curve of SPRi and further increasing SPRi sensitivity.
Mukhtar et al. also reported that the selectivity and sensitivity of SPR are greatly enhanced
when employing hemispherical or half cylindrical type-BK7 prisms compared with conical
and triangular type-BK7 prisms [22], which also supports our hypothesis.

The sensitivity of the SPRi setup with the 3D printed Dove prism was also eval-
uated through protein biosensing. Streptavidin SPRi biosensing is performed by injection
of biotin-PEG-thiol on the gold surface for streptavidin binding, followed by injection of
block polymers (methyl-PEG-thiol) to minimize non-specific binding and associated signal,
and then a final injection of streptavidin in PBS solution to generate the streptavidin signal

(Figure 3.6a).
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Figure 3.6: Biosensing of streptavidin using 3D printed Dove prisms coupled SPRi. (a)
SPR sensorgram of streptavidin binding. (b) Calibration curve of detection of streptavidin

on SPRi using the 3D printed Dove prisms.

The drastic drop of the reflection intensity when introducing methyl-PEG-thiol is due to the

bulk refractive index change of the solution, which also shows a significant increase in signal

as soon as the surface is rinsed with running buffer. A calibration curve for streptavidin

biosensing at concentrations ranging from 1 pg/mL to 100 pg/mL via the 3D printed Dove

prism SPRi platform was generated, showing a detection limit of 1 pg/mL (Figure 3.6b).
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Figure 3.7: Biosensing of cholera toxin using 3D printed Dove prisms on SPRi. (a) SPR
sensergram of CT binding to the self-assembled monolayer via EDC/NHS, and Anti-CT

recognition. (b) Calibration graph for detection of CT using 3D printed Dove prisms on
SPRi.

Furthermore, this 3D printed Dove prism coupled SPRi was applied to a biosensing
platform for bacterial CT (Figure 3.7a). Briefly, a MUA self-assembled monolayer (SAM)
was formed on the prism gold surface and the carboxyl functional groups were activated by
EDC (200 mM)/NHS (50 mM) solution and attached to CT (at different concentrations) via
covalent amide linkages. After passivation of free carboxyl groups on the surface by a mix-
ture of methyl-PEG-amine and BSA, an anti-CT solution was injected for CT recognition.

Compared with the assay in which no CT was bound to the surface, which shows relatively
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low non-specific binding, the introduction of anti-CT generated a marked increase in SPRi
signal. According to the calibration graph for CT detection (Figure 3.7b), the platform has
the capability to detect CT at a concentration as low as 1 ng/mL, which is comparable to
the sensitivity of a commercial SPR platform [39]. These biosensing results demonstrate
that the 3D printed Dove prism coupled SPRi achieves remarkable sensing performance for

various protein targets and provides reliable signals.

(a) () (C)]

Figure 3.8: Design and fabrication of a 3D printed E-beam evaporation mask for gold
islands arrays on SPRi glass slides chips for multiplex sensing. (a) A 3D model of the 3D
printed E-beam evaporation mask. (b) A microscope glass slide can be fixed in the E-beam
mask for (¢) E-beam evaporation. (d) The glass slide with gold arrays were coupled with a
commercial glass prism for SPRi sensing.
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3.4.5 Application of a 3D Printed E-beam Evaporation Mask for Multi-

plex SPRi Biosensing

Traditionally, the plasmonic arrays for SPRi biosensing have been fabricated by
photolithography [40] [41], which requires the assistance of a photolithography mask and
a series of photoresist, metal deposition, and removal procedures. In our previous work,
we demonstrated fabrication of SPRi microarrays based on spatial variation of the metal
thickness by photolithography, which included 120 gold wells for simultaneous SPRi anal-
ysis [42]. Considering that only the cross-sections of S-shaped channels and the rectan-
gular patterns of the 3D printed Dove prisms can be utilized as the sensing sections for
SPRi, the highest theoretical number of analytes that can be assessed simultaneously is 16,
leaving a wide margin for improvement of multiplex detection. Therefore, we developed
a photolithography-free fabrication method using gold island arrays for SPRi biosensing,
which was achieved using a 3D printed E-beam evaporation mask during the E-beam evap-
oration process; we then evaluated the corresponding SPRi performance. Before deposition
of the thin gold islands film directly on the prisms, we designed and fabricated an E-beam
evaporation mask for commercial glass microscope slides and coupled them with commer-
cial glass prisms for SPRi sensing (Figure 3.8). Similar to SPRi microarrays on commercial
glass microscope slides from our previous work [42], which contain 3 sections of gold well
arrays for different SPRi experiments, our 3D printed E-beam evaporation mask for glass
microscope slides also contained 3 sections, and each section included 7 x 6 arrays with
2 mm as the diameter of each circle-shaped pattern. The overall shape of the mask was

designed to be a groove, so that the glass slides could be fixed in the groove to ensure
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correct array positioning and be easily taped to a fixed position before being placed in a

E-beam evaporator.
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Figure 3.9: (a) Reflected images showing plasmonic resonance for the gold islands glass slide
coupling with a commercial glass equilateral prism with 3 different incident light angles.
(b) Real-time sensorgram for the gold islands glass slide coupling with a commercial glass
equilateral prism by NaCl injections with different concentrations in continuous running
nanopure water.

After E-beam evaporation, the slide with gold island arrays was cut and coupled
to a commercial SF2 glass prism to test SPRi performance. Reflected images were taken at
different incident light angles to illustrate the plasmonic resonance (resonance angle: 65°) of
the gold islands slide (Figure 3.9a), with the circle-shaped gold pattern arrays easily defined.

Salt solutions of various concentrations were also injected into the system to demonstrate
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its high sensitivity to refractive index change; the real-time sensorgram is shown in Figure

3.9b.

(d) (e)

(@ (b)

Figure 3.10: Design and fabrication of a 3D printed E-beam evaporation mask for a pho-
topolymer equilateral prism with gold islands arrays for SPRi biosensing. (a) A 3D model
for the prism E-beam evaporation mask. (b) The prism can be fixed in the mask for (c)
E-beam evaporation. (d) The prism with gold islands arrays for SPRi biosensing. (e) A
picture of a photopolymer equilateral prism with gold islands arrays.

After obtaining proof of feasibility of our method of fabrication of plasmonic gold
island arrays on glass microscope slides, we applied our approach in direct deposition of
gold arrays on a photopolymer equilateral prism surface (Figure 3.10). This E-beam mask
shows great potential for combination with 3D printed Dove prisms and as an alternative
and more efficient way to achieve multiplex SPRi biosensing with much lower cost compared

to the conventional photolithography method.
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3.5 CONCLUSION

In this study, we designed and fabricated 3D printed Dove prisms with plasmonic
micropattern arrays for high-throughput multiplex SPRi biosensing. Compared with 3D
printed equilateral prisms for SPRi, the 3D printed Dove prisms overcame the issues of
small sensing area and high resonance incident angle without a change in materials, and
simultaneously supported array patterns fabrication for multiplex detection. The 3D printed
Dove prism has a sensing angle at 71°, which is 8° smaller than the sensing angle of 3D
printed equilateral prisms, thus achieving a 21% larger sensing area and providing more
reliable results. Moreover, the prisms were treated with a standard benchtop polishing
procedure, and the surface roughness of the printed prisms dropped as low as 10 nm, which
is quite close to that of commercial glass prisms (2 nm). Additionally, refractive index
sensitivity of the SPRi setup was investigated through salt assays, and protein sensing
was tested, indicating that the sensitivity of the 3D printed Dove prism coupled SPRi was
comparable to that of commercial glass prism coupled SPRi. To achieve a more efficient
multiplex SPRi biosensing platform, a 3D printed mask for E-beam evaporation was also
designed and applied to gold islands array fabrication. The 3D printed Dove prism and 3D
printed E-beam evaporation mask show great potential as cost-effective and highly sensitive

tools to enhance the capacity, speed, and reliability of multiplex SPRi biosensing.
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Chapter 4

3D-Printed Microfluidic Devices

for On-chip Cell Lysis and Lipid
Extraction towards Enhanced

Lipidomic Profiling

4.1 ABSTRACT

Microfluidic lipid extraction is a useful tool for cell—based lipidomics research ow-
ing to small sample volume, high throughput capability and efficient mass transfer between
the two extraction phases. Current work with lipid extraction via microfluidics has been
hindered by limitations associated with sophisticated fabrication and assembly processes.

We report here the design and fabrication of a highly efficient microfluidic device by using
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3D printing technology for onchip cell lysis and lipid enrichment of cells for lipidomic profil-
ing with MALDI—MS. The platform consists of a printed micropillar mixer where cells and
organic extraction phase are injected for flow-through lysis. An on—chip reservoir is built to
separate the two phases in which the organic layer is collected for subsequent MS analysis.
The mass transfer between the two phases was modeled and simulated by a computational
fluid dynamics study, and the efficiency in cell lysis in different extraction solvent systems
was characterized by fluorescence microscopy. Results showed a marked increase in extrac-
tion performance with the micropillar mixer as compared with the standard Bligh—Dyer
method. For lipid profiling of C. reinhardtii cells by MALDI-MS, over 65 lipid species from
the MGDG, DGDG, DGTS, and TAG lipid families have been identified. The effect of
organic solvents on extraction and lipid profiles was also investigated, and the results indi-
cated that the extractant formula has a diverse impact on collection of certain types of lipid
species. This may provide a useful selection guidance when applied to targeted enrichment
of lipids with specific cells. 3D printed microfluidic chips, fabricated with straightforward
steps and of high efficiency, offer new technical avenues in lipidomics study and can provide

a novel platform for lipid profiling research.

4.2 INTRODUCTION

Lipids in cell membranes play critical roles in many aspects of cellular functions,
such as membrane formation, bioactive inter— and intracellular signaling, and energy stor-
age [1]. Understanding the composition and changes of lipid membranes under various

conditions/states is essential to the deciphering of many cellular mechanisms and even dis-
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ease progression [2] [3]. Lipidomics, a study aiming at identification and quantification of a
large scale of lipid species in organisms, has attracted widespread attention [4] and has been
viewed as a powerful tool to understand molecular interactions and cytotoxicity through
tracking changes in lipid composition associated with environmental changes induced by
chemicals/drugs/toxicants [5]. Considerable progress has been achieved in lipidomics that
spans the fields of drug screening, biomarkers discovery and environmental toxicology [6]
[7]. Traditionally, analytical methods including high—performance liquid chromatography
(HPLC), thin—layer chromatography (TLC) and high resolution *'P NMR spectroscopy
have been utilized to conduct lipid analysis. These methods, though effective, have a range
of limitations including long analysis time, low throughput, long-standing experience re-
quirement, and lack of sensitivity [8].In recent years, mass spectrometry technology has
also become a promising, powerful tool to enable lipid profiling and monitoring of lipidomic
changes in complex samples [9] [10]. Matrix—assisted laser desorption/ionization mass
spectrometry (MALDI—MS) is one of the most commonly used MS technique for lipidomic
study and shows great advantage due to simple sample preparation, high throughput, high
sensitivity and rapid analysis [11] [12].

Sample treatment is currently a performance—limiting step in lipid analysis using
MALDI-MS; typically, an extraction process of cells or tissues is needed in order to remove
interfering species before reliable results can be obtained. Traditional extraction meth-
ods such as liquid—liquid extraction (LLE) and solid phase extraction (SPE) are utilized
but they require large sample volumes and are time—consuming processes [12]. Therefore,

a fast, high—throughput and efficient approach is needed, especially when dealing with
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limited sample volumes. Several approaches have been proposed to tackle this problem.
Guillaume—Gentil et al. reported metabolites analysis of single cells by a combination of
fluidic force microscopy and MALDI-TOF MS [13]. Do et al. demonstrated an optically
guided single cell combining with MALDI—MS method for lipid, peptide and protein profil-
ing to classify cell types [14]. We have also previously presented a lipid profiling study on a
thin gold film with nanoplasmonic microarray by fluorescence positioning and MALDI—-MS
lipid identification [15]. Although these lipid analysis methods have demonstrated the capa-
bility to capture information via a fast analysis process, improvements are still necessary to
enable lipid analysis for difficult—to—detect molecules and broader applications with varied
cell types.

Microfluidic devices have been widely used in sample treatment, particularly in
sample mixing and separation [16] [17]. Because of the micrometer scale of the channel
size, these devices show remarkable properties of large surface to volume ratio, low sample
requirements, enhanced sensitivity, portability, easy modularity and automation. As such,
multiple microfluidic platforms for lipid extraction have found increased use in recent years
with reported high extraction efficiency [18] [19] [20] [21]. Comparing with the conventional
extraction column, the fluid residence time in microfluidic devices is greatly shortened and a
closed extracting environment is achieved as the contactor size is significantly miniaturized
[19] [22]. Combining microfluidics lipid extraction with MS lipid analysis offers a rapid,
simple and high—throughput approach for lipidomic study. Sim and coworkers reported a
PDMS based integrated microfluidic platform for cell culturing, lipid extraction followed

by quantitative lipid analysis, using a microchannel with a micropillar array as the algae
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filter fabricated by standard photolithography [23]. Johnson and coworkers developed a
microfluidic system for cell lysis and lipid extraction by packing microchip with silica beads
and used a nanoelectrospray ionization quadrupole time—of—flight tandem mass spectrom-
eter (nanoESI—Q—TOF MS/MS) for lipidomics profiling [24]. However, these approaches
required complex fabrication by photolithography or packed silica beads that could be re-
placed using more cost effective methodologies.

The rapid development of 3D printing technology has greatly impacted the mi-
crofluidic field where 3D printed devices have gained significant use due to ease in design
and rapid fabrication protocols. 3D printing is capable of prototyping structures on the
microscale and has started to offer competitive performance when compared to soft lithog-
raphy, especially when the resolution requirements are not as high [25]. This provides a
unique avenue to solving the complex fabrication issues in previously described microfluidic
devices. With 3D printing technology, various microfluidic devices can be quickly designed,
tested, prototyped, and fabricated [26]. In this work, we report an effective approach for
lipidomic profiling of algae cells by on—chip lipid extraction with a 3D printed microflu-
idic device and MALDI-MS (Figure 4.1). The microfluidic device contains two parts: a
micromixer that attains cell lysis and an on—chip reservoir to separate extraction phases.
The printed mixing section yielded strong cell lysis performance and showed high extraction
efficiency from the enhanced mass transfer, which was further characterized and confirmed
by numerical simulations. The on—chip reservoir was used for layer separation and phase
collection, and the effectiveness of the microfluidic platform was demonstrated in lipid pro-

filing of C. reinhardtii cells by MALDI-MS. Effect of organic extraction solvents on lipid
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profiles in MALDI—MS was also investigated to maximize the examination on cell lysates
with varied lipid composition. The combination of printed microfluidics and MALDI—MS
could offer faster and efficient lipid analysis, providing robust and comprehensive profiles

that can be further expanded with extraction solvent optimization.

4.3 EXPERIMENTAL

4.3.1 Materials

Ethyl Acetate, acetonitrile, chloroform, methanol, 2—propanol and methyl sul-
foxide (DMSO) were obtained from ThermoFisher Scientific Co (Fair Lawn, NJ). Blue
water-soluble food dye was obtained from Tone Brothers, Inc (Ankeny, TA). Oil Red O
and Super dihydrobenzoic acid were purchased from SIGMA—ALDRICH (St. Louis, MO).
1—Octanol was purchased from Frontier Scientific Inc (Logan, UT). SYLGARD 184 Silicone
Elastomer was obtained from Dow Corning (Midland, MI). Hemocytometer was purchased
from Hausser Scientific (Horsham, PA). C. reinhardtii (4) bacteria-free (# 152040), and
sterile Algae-Gro®) medium were obtained from Carolina Inc (Burlington, NC). High purity

water (>18 M cm™1) was produced by a Barnstead E-Pure water purification system.

4.3.2 Flow Simulations

Numerical simulation of the droplet breakup and velocity field of the microfluidic
setup was carried out by COMSOL Multiphysics. Level set method was used to simulate

two-phase droplets formation/breakup through a simplified microfluidic model. The slip
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length 8 of the wetted wall boundary condition was set as 5um. Single phase velocity field

simulation was conducted with the model of the same size as the microfluidic platform.

4.3.3 3D Printed Microfluidic Platform and On-chip Phase Separation

The microfluidic chip templates were designed in SketchUp (Trimble, Inc., Sunny-
vale, CA) and printed using a Formlabs Form 2 (Somerville, MA) stereolithography printer.
The printed molds were washed in an isopropanol bath and dried under compressed air for
3 times. A CL-1000 UV crosslinker (UVP Inc., Upland, CA) were used to post-cure the
printed device for 1h [27]. PDMS prepolymer was poured into the molds, followed by de-
gassing in the desiccator and hardening in the oven. The cured PDMS was then removed
from the mode using a razor blade and attached to a plasma cleaned microscope glass slide.
The inlets of the PDMS micromixer were connected to two syringes of a dual channel sy-
ringe pump, and the outlet was connected to the PDMS reservoir using tubing. For the
on-chip separation experiments, the organic phase and aqueous phase were injected at the

flow rate of 0.2mL/min.

4.3.4 Algae Culture Conditions, Cell Disruption and Lipid Extraction

C. reinhardtii cells were cultured in 20mL glass vials containing medium at room
temperature under a “cool white” fluorescent light with an intermittent 12-hour light and
12-hour dark cycle. The cells were seeded and cultured for two weeks until they reached
stationary phase. All cells were washed with high purity water 3 times before introduction
into extraction processes to eliminate possible interference of culture medium in the lipid ex-

tract. Cell disruption and lipid extraction experiments were conducted by both microfluidic
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and bulk extraction for comparison. For microfluidic cell lysis and lipid extraction, aqueous
phase containing algae cells and different organic phases were introduced to the microflu-
idic system via two inlets, and the resulting two phases were collected separately from the
reservoir after the separation process is completed. For bulk lipid extraction, a modified
Bligh-Dyer method was used [23] [28]. Briefly, 600uL pre-mixed chloroform/methanol (1:2
v/v) solution was mixed with 500uL washed C. reinhardtii solution. The mixed solution
was then vortexed for 1h followed by centrifugation at 2000rpm for 10min. The lower phase
containing chloroform and extracted lipid was collected via micropipette. To compare the
efficiency between bulk extraction and microfluidic method, additional bulk extraction was
tested using ethyl acetate/acetonitrile (4:3 v/v) solution with the same volume ratio to the

cell solution (1:1 v/v).

4.3.5 Fluorescence Imaging and Cell Counting

A fluorescence microscope with a TRITC filter cube and a Qimaging Retiga 1300
camera was used for characterizing algae cells and analyzing lipid extracts (Ex/EM/BPF
530/590/570). Cell counting was achieved using a hemocytometer. The original algae cell
suspension or the collected solution after microfluidic extraction was firstly diluted 10 times
and then loaded into the V-shaped well using a pipette tip. The sample was settled for 10

min and then taken to the microscope stage for cell counting.

4.3.6 Fabrication of gold microchip arrays for MALDI-MS substrate

BK-7 microscope slides were firstly cleaned with piranha solution (HoSO4:H20s,

3:1 v/v, Caution!), followed by rinsing with ethanol and ultrapure water. The slides were
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then dried by nitrogen [29]. The gold-patterned microwell arrays were fabricated based on
a previously published method [15] [30]. Briefly, a 2nm chromium film as the adhesion layer
and a 200nm gold film were deposited by E-beam evaporation. The photoresist was then
lifted off via an acetone gun to reveal the arrays. Another 2/50nm chromium/gold film was
deposited onto the surface to generate gold-patterned microwell arrays. In this work, three
sections of 10 x 12 arrays with gold wells of 800 pm diameter size were fabricated on one

glass slide. The freshly prepared chips were stored in a vacuum desiccator before use.

4.3.7 Lipid analysis using TLC and MALDI-MS on microchip

The lipid extract (organic phase) from the microfluidic chip was firstly concen-
trated 20 times by the nitrogen blowdown method. For lipid analysis by TLC, original
algae solution, microfluidic blank, lipid extract by microfluidic and Bligh-Dyer methods
were spotted on silica gel matrix aluminum TLC plates, separated by a solution of hex-
ane/diethyl ether/acetic acid (80:30:1 v/v/v). and stained in an iodine vapor jar [23].
MALDI-MS experiments were performed by loading the concentrated lipid extracts onto
the gold microwells followed by applying super-DHB as the matrix. MALDI-MS analysis
was carried out by AB-SCIEX 5800 MALDI TOF/TOF Mass Spectrometer (SCIEX, Fram-
ingham, MA) using the positive mode with a laser fluence of 5500 au. The MS spectra was
obtained for 200 shots collected by the sample. The MALDI-MS analysis of intact cells was

conducted using the procedure previously reported by our group [15].
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Figure 4.1: 3D printed microfluidic platform for MALDI-MS lipidomic study. (a) A scheme
of on-chip thorough mixing and separation of extraction phase and aqueous phase. (b) A
scheme of the workflow for lipid extract sampling on the microarray chip for MALDI-MS
lipidomic study. (c) A picture of a 3D model of the print-out modes for the microfluidic

system.
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4.4 RESULTS AND DISCUSSION

4.4.1 Design and Fabrication of Microfluidic System for Onchip Cell Lysis

and Extraction

The 3D printed microfluidic system contains two parts: a micromixer for thorough
mixing and an on-chip reservoir for phase separation (Figure 4.1). Both were fabricated by
3D printing of the microfluidic templates, followed by PDMS molding. The PDMS pieces
were then attached to a glass slide. For the micromixer, the two inlets are connected with
an S-shaped microchannel for premixing. This was followed by a wedge-shaped channel for
raising the velocity field of the fluid before going to the mixer. The micromixer consists of
an array of cylinder-shaped micropillars (700pm in radius, 75pm in height and 400pm for
interspace). The design is aimed to generate an anisotropic flow for fluid mixing [31]. The
mixing channel at 400pm spacing is sufficient for most cell analysis and will not become
blocked even with microalgal cells (C. reinhardtii, ~10pm in diameter). The micropillars
are much smaller than the droplets generated near the microchamber inlet. The droplet
size has been reported to link to various modes of mass transport in microfluidics. If
liquid droplets are large enough, their contact with the inner wall of the microchannel will
transform the droplets into a plug shape and thus a circular flow is resulted in both the
dispersed phase and the surrounding continuous phase, which can significantly enhance
the mass transfer between phases [32]. However, if the droplets size is smaller than the
microchannel, the liquid-liquid system will form a “bubbly flow”, which provides a larger
mass transfer area, especially with a high number of droplets [18] [33]. Our micropillar array

design utilizes both factors to provide an enhanced mass transfer and therefore improved
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extraction performance. Inner circular flow is expected to occur when droplets flow in the
S shaped channel and between the micropillars, and these droplets breakup after flowing
through the microarrays to form a large number of “bubbly flow”, providing a larger mass
transfer area. The on-chip reservoir has a cuboidal shape (2cm in length, 1.4cm in width
and 0.84cm in height), which provides a sizable space for fluid accumulation and phase
separation. The size of the reservoir was actually optimized to ensure sufficient time for
phase settling and separation, and can be modified to accommodate changes for different
sample volumes. The reservoir has two outlets on the top section for collection of different
phases.

To test lipid extraction by the printed microfluidic chip, an extraction phase and
an aqueous phase (containing cells) were injected to the micromixer at the flow rate of
0.2mL/min. To enhance the visual characterization of the mixing, a blue food dye was
added in the aqueous phase while Oil Red O dye was dissolved in the oil phase of ethyl
acetate. The two phases were well separated inside the reservoir (Figure 4.2a). The lipid
extraction and collection of a 200pL sample took about 30s. For the subsequent MALDI-MS
analysis, gold microchip arrays were used for easy comparison to a previous work [15]. The
plasmonic chip has shown improved MALDI performance because of thermal desorption
increase [34] and surface charging suppression [35]. The concentrated lipid extract from the

3D microfluidic extraction was directly spotting on the gold chip for lipid analysis.

4.4.2 Droplet Breakup and Velocity Field Simulation

Although micro-structured mixing devices have attracted broad attention for their

effective liquid-liquid extraction [36], mass transfer between phases is still a focal point of
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improvement. Microfluidics in general enhances mass transfer as compared to conventional
extraction columns due to large contact area [18]. In addition, flow rate [37] and the
large surface-to-volume ratio of the droplets [19] are important factors to consider when
designing better microflow extractors. An important improvement is the introduction of
microscale obstacles in the flow channel, which facilitates droplet breakup [38] and forms
smaller droplets with an overall larger contact surface between phases. We have adopted
this concept in this micromixer design. To understand the effects of pillar dimension and
spacing on mixing efficiency, computational fluid dynamics (CFD) study of droplet breakup

was carried out with COMSOL Multiphysics.

Figure 4.2: Pictures of (a) layer separation in the on-chip reservoir and (b) sampling spots
for TLC-MALDI lipid analysis.
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We chose to first focus on the breakup of the droplets induced by the micropillar
arrays and velocity field distribution in one phase flow in the field simulation study. Given
the microscale dimensions of the channels and relatively slow flow velocities, the printed
pillar system can be considered to have a low Reynolds number. Thus the flows in this
platform are assumed laminar and incompressible [39]. A conservative level set method
(LSM) has been applied to the CFD study where the interface between the primary and
secondary phase was tracked by the solution of an equation containing a level set function
(¢) [40]. The level set function is among the range from 0 to 1 and equals to 0.5 (¢=0.5)
at the fluid interface between the two phases [41]. The governing equations for two-phase
simulation include Navier-Stokes equation (4.1), continuity equation (4.2) and the level set

equation (4.3), which can be expressed as:

ou
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where p, 1, o and § denote the density, dynamic viscosity, surface tension coefficient and the
function concentrated at the interface of the two fluids, respectively, p is the pressure, I is

the identity matrix, n is the normal vector to the interface which points to the inner droplet,
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~v and € are both stabilization parameters in which the former represents re-initialization

parameter and the latter the thickness of the interface [42] [43].
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Figure 4.3: Fluid simulation. (a) Three-dimensional (3D) geometry of the micromixer
for the velocity field simulation. (b) Single-phase velocity field simulation for water in
the micromixer with zoom-in images of the velocity field plot of the selected longitudinal
section and cross section. (¢) Two-phase simulation of droplets formation in a microfluidic
T-junction and droplets breakup in microfluidic channels with different number of columns
of micropillars. Bar=500pnm.
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Figure 4.3a shows a simulated velocity field distribution within the microfluidic
device. In this module, the single water phase was injected at the flow rate of 0.2mL/min,
which was kept consistent throughout the microfluidic lipid extraction process. Zoomed-
in images of the velocity plot is shown in Figure 4.3b for the longitudinal section of the
S-shaped channel and cross section of the main part of the micromixer. The linear flow
velocity can be seen reaching as high as 9 x 1072 m/s while flowing through the gap between
micropillars, which is more than 5 times higher than in other areas. This drastic velocity
change meets our expectation for the design and is the reason behind the dramatic increase
in mass transfer efficiency of the extractor.

A more sophisticated modeling was carried out to simulate time dependent droplet
breakup in two phases. The main geometry of the design is a T-junction-like microchannel
with 2 inlets (100 pm in width) and 1 outlet (200pm in width). Water was chosen as the
continuous phase flowing at the rate of 1.3 x 10~?m?/h, while ethyl acetate is the dispersed
phase at the rate of 2.6 x 1073m?/h. The mixed fluid was simulated by flowing through
an array of cylinder-shaped micropillars (18.5um in radius and 13pm rim-to-rim). A varied
number of micropillar columns, including 1, 3 and 9, were tested in the simulation module
with a time range between 0 and 200ms.

The process of daughter droplet formation, in the form of flow through the mi-
cropillar array and subsequent droplet breakup, was monitored at different time intervals
for each model. The initial microdroplets were formed at the intersection of the two inlets.
Since the diameter of formed droplets is much larger than the gap between the micropillar

obstacles, droplets were deformed while flowing through the microarrays, which dramati-
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cally increased the contact interface between the aqueous and oil phases. When the number
of columns was increased to 9, more daughter droplets were observed based on the simu-
lation results, indicating better droplets breakup efficiency and larger surface area of the

droplets with the increasing number of micropillar columns (Figure 4.3c). We have 18 mi-

cropillar columns for the lysis chip.

Original algae solution __ Adqueous layer Organic layer

’_g 9

E (e) (f)

E

Sl

X

[ =

o

©

‘E 1 l Lllnl L

§ 3r 1] V.

8 fl ‘\ l Ju L A

8

k=3 Original Blank  Via  Bligh-Dyer Y

<0 - algae solution ‘microfluidics method L li. ll —
Original Aqueous Layer Organic Layer -

Algae Solution

T T T
600 700 800

Figure 4.4: Cell lysis and lipid extraction of microalgae solution through the microfluidic
device. Fluorescence images of (a) the original algae solution before flowing through the
micromixer, (b) the aqueous layer and (c) organic layer collected after cell lysis via the
micromixer. Bar=50pm (d) Intact algae cells concentration by cell counting of original
algae solution, aqueous layer and organic layer collected from the microflow extractor. (e)
TLC image of the original algae solution, microfluidic blank, lipid extract by microfluidic
and Bligh-Dyer methods. (f) MALDI-MS spectra of lipids at different lipid spots of the
lipid extract via microfluidic device on TLC plate.
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4.4.3 Comparison of Cell Lysis by the Printed Microfluidics and the

Bligh-Dyer Method

The application of the 3D printed microfluidics for online cell lysis is performed
with microalgae cells. Many microalgae species, including C. reinhardtii, containing robust
and strong multi-layered cell walls, present great challenges for lipid extraction [44]. The cell
walls of some algae species even inhibit entry of conventional organic solvents into the cell,
which considerably reduce extraction efficiency [45]. The cell lysis performance was evalu-
ated by fluorescence imaging and cell counting. Algae cells show strong fluorescence signal
due to abundant amount of pigments, in particular chlorophyll, within the cell membrane
[46]. When the cell membranes are disrupted, the fluorescent substances are dispersed into
the solution, resulting in loss of signal [47]. Figure 4.4a-c show fluorescence images taken
for the original algae solution and after microfluidic extraction. Drastic decrease of the
fluorescence spots was observed in both phases. Cell disruption was also verified by cell
counting, in which microalgae cells decreased by over 90% in the collected aqueous phase
and oil phase, indicating a high efficiency (Figure 4.4d).

The Bligh-Dyer method is a standard lipid extraction method for algae, which is
known for the highest extraction efficiency [23]. We compared the algae lipid extraction
by the printed microfluidics vs a modified Bligh-Dyer approach (Figure 4.4e). An ethyl
acetate/acetonitrile (4:3 v/v) solution was used as the extraction phase for microfluidic

extraction. Four samples, including the original algae solution, microfluidic blank, lipid
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extracts by microfluidics and Bligh-Dyer method, were spotted on the TLC plate. Lipid
extraction by the microfluidic platform displayed higher extraction efficiency, based on the
darker lipids spots as compared with those by the Bligh-Dyer method. Lipids for the intact
algae cells, however, were not well separated. To identify the lipid species separated on

TLC plate, we collected the lipids on different lipid spots followed by lipid analysis via

MALDI-MS.
Lipid Top #1  Top #2 Top #3  Top #4  Top #5
DGTS (32:1) 710.6236
DGTS (36:5) 758.4899
Chlorophyll a 871.7355
TAG (52:10) or TAG (52:2) 881.4703
TAG (52:7) 887.7219
TAG (54:2) 925.7013
DGDG (34:7) 929.7182
DGDG (34:2) 939.7578
DGDG (34:1) 941.6881
DGDG (36:2) 983.2314

Table 4.1: Major lipid components identification and corresponded m/z values for different
lipid spots on the TLC plate.

Unlike the TLC coupled MALDI-MS method reported by Fuchs et al. [48] and Luther

et al. [49] by utilizing a dedicated TLC-MALDI-TOF MS adapter target, we directly col-
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lected lipid samples on different lipid spots (top #1 to top #5) together with silica gel
using a clean razor blade and resuspend it in chloroform (Figure 4.2b). Figure 4.4f shows
the MALDI spectra of lipid sample of different spots on TLC plate, revealing lipid identity

and their distribution in different spots.

Intact algae Microfluidic blank

Lipid extract by Bligh-Dyer method = == Lipid extract by microfluidics = =

Figure 4.5: Fluorescence images of sampling (a) intact algae, (b) microfluidic blank, (c)
lipid extract by Bligh-Dyer method in bulk and (d) lipid extract by microfluidic extraction
method on a gold microwells chip.
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Based on the major peaks of each MALDI spectra which did not appear on other spots,
we were able to identify the major lipid components for different lipid spots (Table 4.1).
Further analysis was performed with fluorescence microscopy for intact cells and treated
samples on the gold microwell substrate (Figure 4.5). The high fluorescence signal of the
microfluidic lipid extract confirms the efficiency by microfluidic extraction, which agrees

with the TLC results.

4.4.4 Extraction Efficiency and Lipid Analysis by MALDI-MS

More detailed analysis of lipid extraction was conducted by using the liquid phase
from ethyl acetate/acetonitrile mixed solvent (EA/ACN) (4:3 v/v) and MALDI-MS (Figure
4.6a). The analysis of the algae’s aqueous layer was also performed for comparison purposes.
Compared to the organic layer, aqueous layer has no significant lipid peaks in the mass spec-
tra except for a weak Chlorophyll band around m/z=871.57, indicating the majority of the
lipids has been extracted into the organic phase. Lipid extraction yields were compared for
the microfluidic platform and bulk extraction with the same solvent (EA/ACN) as well as
chloroform/methanol (Bligh-Dyer method) (Figure 4.6a, 4.6¢). Using 4 major lipid species
for comparison, we achieved a 40% increase with the microfluidics against the bulk extrac-
tion with the same solvent (EA/ACN), and a 21% increase vs the chloroform/methanol
in bulk (Bligh-Dyer method). The results point to a much-enhanced extraction, indicat-
ing that microfluidic extraction has a better performance than approached in bulk due to

improved mass transfer.
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Figure 4.6: MALDI MS analysis. (a) MS spectra of microfluidic blank (dark purple), frag-
ment layer (red) and lipid extract (blue) via the microfluidic platform, lipid extract in bulk
using EA/ACN (purple) and chloroform/ methanol (green) as the extraction phase. (b) MS
spectra of algae single cell (dark purple) and lipid extract using different extraction phases:
red for EA/ACN, blue for isopropanol, purple for octanol/ACN and green for DMSO/ACN.
The top spectra is a zoom-in spectra at m/z range from 700-1000. (c¢) Comparison of lipid
extraction efficiency via microfluidic and in bulk (EA/ACN and chloroform/methanol are
chosen as the extraction phase) by the differences of selected lipid profile.
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4.4.5 Lipid Profiles of C. reinhardtii Cells by Different Extraction Reagents

Lipid extraction of cells is known to highly depend on lipid diffusion properties;
the selectivity of the extractant also plays an important role [50]. It has been reported the
generation of lipid profile highly relies on the extraction efficiency and selection of extrac-
tant, where the difference in the partitioning of the lipid species into the organic phase is
a significant factor [51]. For example, in Bligh-Dyer method, methanol is typically used to
disrupt the hydrogen bonding networks or electrostatic forces between lipids and proteins,
and chloroform is used to form the organic layer [28]. In PDMS microfluidic systems, selec-
tion of the extraction solvent can be complicated because PDMS can swell in a number of
organic solvents [52], which may compromise the sealing of the device and affect the channel
shape maintenance. PDMS has a large swelling ratio in the solvent with similar solubility
parameter § as itself (§ = 7.3cal'/?¢m=3/2) [53]. Therefore, methanol and chloroform system
are not suitable to the microfluidic extraction. We thus have tested a number of common
organic solvents for lipid extraction, including EA, octanol and DMSO, and coupled these
solvents with ACN for disrupting cell membranes in lipid extraction. We also tested the ex-
traction performance of isopropanol that was previously reported by Lim et al. [23]. Figure
4.6 shows the MALDI-MS spectra obtained using four extractants (EA/ACN, isopropanol,
octanol/ACN and DMSO/ACN). The results were also compared with the direct, single
cell method that was previously reported by our group [15] (Figure 4.6b).Microfluidic blank
samples by injecting only extraction phase at both inlets are illustrated in Figure 4.7 as the
reference. Detailed lipid profiling was conducted using different extraction solvent systems,

and Figure 4.8 summarizes the results.
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Figure 4.7: Microfluidic blank MS spectra using different organic solvents (Isopropanol,
Octanol/ACN and DMSO/ACN).
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The focus of the analysis was placed on lipid components of four major lipid classes:
MGDG, DGDG, DGTS and TAG. Within a major lipid class, lipid species can be further
differentiated by fatty acid chain length and degree of unsaturation. Overall, we were able
to unambiguously identify 68 lipid species (including 5 MGDG species, 16 DGDG species,
23 DGTS species and 24 TAG species) with the microfluidic extraction. DMSO/ACN was
shown to have higher extraction efficiency towards MGDG and DGDG, while EA/ACN
showed better performance in DGTS and TAG extraction. Compared to the intact single
cell method previously reported, microfluidic extraction provides an overall much higher
signal intensity for most of the lipid species. Specifically, lipid species such as MGDG
(34:7), MGDG (34:6), DGDG (34:3), DGDG (36:6) DGDG (34:0), DGTS (35:3), DGTS
(35:2), and DGTS (38:4) showed an over 3 times increase in the lipid peak intensity over
the intact single cell method. Moreover, for some rare lipids with low abundance within
C. reinhardtii such as MGDG (34:6), DGDG (36:2), DGDG (36:7), DGTS (35:2), DGTS
(36:2), DGTS (39:4), TAG (50:6) and TAG (54:5) [15], which was challenging to detect
by the single intact cell method, the peak intensity has been considerably increased by
using microfluidic extraction with proper extraction phase, leading to easy differentiation
in the MS spectra. This presents a great potential for evaluation of rare lipids in lipidomic
studies. It also provides a useful reference for future research involving profiling and in

biodiesel studies of various algae.
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Figure 4.8: Lipid profile of (a) MGDG, (b) DGDG, (c) DGTS and (d) TAG of intact
algae single cell and microfluidic lipid extract using different extraction solvent, including
EA/ACN, isopropanol, octanol/ACN and DMSO/ACN.

4.5 CONCLUSIONS

In this study, we demonstrated a 3D printed microfluidic system for effective sam-
ple preparation that includes cell lysis, lipid extraction, on-chip phase separation and indi-
vidual phase collection. MALDI-MS was combined with the microfluidic system for demon-

strating lipidomic profiling using algae C. reinhardtii cells. Two phase numerical simulations
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were conducted to show droplet breakup during the extraction process through the pillar
array. Single phase velocity field study suggested a dramatic flow rate increase of the fluid
when flowing through the gap between the micropillars. These factors contribute to an
enhanced mass transfer in the micromixer. Fluorescence and cell counting results showed
remarkable cell lysis capability of the microfluidic platform. The TLC and MALDI-MS
results showed a marked increase in lipid extraction efficiency compared with the conven-
tional standard Bligh-Dyer method. Furthermore, the effect of different organic solvents
on the resulting extracted lipid profile was studied. DMSO/ACN showed higher extraction
efficiency towards MGDG and DGDG, while EA/ACN showed better extraction perfor-
mance for DGTS and TAG. This preferential lipid extraction with different solvent could
be used to selectively extract lipids of interest. The printed microfluidic system holds great
potential for a fast, efficient, and cost-effective approach for cell lysis and lipid profiling of
many cell species. It is particularly useful for those bacteria or plant cells that are protected

by robust cell walls which cannot be easily disrupted.
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Chapter 5

Conclusions

Chip-based biosensing systems play an important role in studies of biochemical
interactions and omics investigations [1] [2]. The commercial surface plasmon resonance
(SPR) sensor is a typical chip-based biosensor that consists of a light source, a prism
coupler, and a detector that can monitor reflected light. SPR is a powerful tool in the study
of biological interactions that provides binding kinetics information [3]; Matrix-assisted
laser desorption and ionization mass spectrometry (MALDI-MS), is a soft ionization mass
spectrometric methods that analyzes a sample and associated matrix mixture on a MALDI
chip/plate [4]. Microfluidic devices coupled MALDI-MS provides an integrated platform
for sample treatment and lipid analysis, and has been used as a powerful tool for lipidomic
research. In this thesis, nanoparticle fabrication methods and 3D printing techniques have
been applied for the development of a sensing platform based on SPR and sample treatment
for microfluidics coupled MALDI-MS lipidomics research.

In Chapter 2, nanoclusters consisting of POPC vesicles and gold nanoparticles
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were used for SPR signal amplification by taking advantage of the large mass of liposomes
as well as the plasmon coupling effect of noble metal nanoparticles. These nanoclusters were
prepared using the simple yet robust approach of a salt-induced coupling. According to UV-
Vis, NTA, and SPR characterization, the POPC-AuNPs were stable for at least 4 weeks,
with reproduceable signal enhancement. The amplified signal of POPC-AuNPs was more
than six times larger than that of DNA-AuNPs and 1.5 times larger than that of POPC
liposomes using a standard biotin-streptavidin binding platform. The POPC-AuNPs were
then functionalized by GM1 for recognition of cholera toxin captured on the gold surface,
and signal enhancement performance was evaluated. The results demonstrated that the
detection limit for cholera toxin can be as low as 0.1 ng/mL. Moreover, larger AuNPs and
AgNPs were assembled on the surface of liposomes via similar approaches. The nanoclusters
offered significant signal enhancement of SPR sensing, indicating the universality of the
method.

Future directions include application of this method to couple various metal nanopar-
ticles of different sizes and shapes with liposomes for use as signal amplification tags
for biosensors, especially for metal nanoparticles with brilliant signal enhancement effects
but poor stability or that are difficult to modify directly [5] [6] [7]. In addition, similar
biomimetic sensing platforms could be developed and applied in the study of nanoparticle-
lipid membrane interactions and protein-membrane interactions.

In Chapter 3, we described several robust and cost-effective approaches to fabricate
plasmonic microarrays for multiplex biosensing using 3D printing techniques. First, 3D

printed Dove Prisms with micropatterns were fabricated and integrated in the SPRi setup,
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resulting in brilliant sensing performance. To ensure the necessary optical quality, the
printed prisms were sanded and polished, reducing the surface roughness to 10 nm. The
prisms showed smooth background in the reflected images and the micropattern arrays were
clearly defined. The Dove prisms were further compared with 3D printed equilateral prisms.
Because of a larger base angle, the 3D printed Dove prism showed an 8° smaller sensing
angle than the equilateral prisms, providing a 21% larger sensing area and, therefore, more
reliable results. The sensitivity of the Dove prism coupled SPRi was evaluated via salt
sensing and protein recognition. The Dove prism coupled SPRi was capable of detecting
1 ng/mL cholera toxin, which is quite close to the sensitivity of commercial glass prism
coupled SPRi.

To carry out more assays simultaneously without the need for photolithography,
we developed a 3D printed E-beam mask for the fabrication of gold microarrays during the
E-beam evaporation process. The gold microarrays were deposited both on glass slides and
directly on the prisms for SPRi sensing, demonstrating high sensitivity to the change of
the refractive index of the medium. Future experiments are needed to assess the protein
sensitivity of the platform. Moreover, the sensing performance of the gold plasmonic arrays,
produced through use of a 3D printed E-beam mask for MALDI-MS assays, could also be
investigated.

In Chapter 4, we continued application of 3D printing techniques in the develop-
ment of biosensing platforms. We designed and fabricated a 3D printed microfluidic system
for on-chip cell lysis, lipid extraction, and phase separation for MALDI-MS lipidomics stud-

ies. The aqueous phase containing algae cells and the organic extraction phase were injected
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through two inlets of the microfluidic device and mixed in the micromixer section. The mi-
cropillars in the micromixer have been shown to improve the mass transfer of the two phases
by fluidic velocity and droplet breakup simulation. The mixed solution then entered an on-
chip reservoir for phase separation and collection. According to the fluorescence and cell
count data, only 10% of cells could be observed after undergoing microfluidic extraction,
indicating high cell lysis efficiency. Evaluation of lipid extraction efficiency was carried
out using TLC and MALDI-MS, and the results demonstrated a 21% increase compared
to the conventional Bligh-Dyer bulk extraction method. Furthermore, lipid profiles after
microfluidic extraction via different extraction phases were investigated, which can be use-
ful references when selecting the proper organic phases through which to extract lipids of
interest.

As a newly emerged discipline, lipidomics is playing an ever more important role
in the biological and environmental sciences [8]. Cell lysis and lipid extraction is often a
crucial step in sample processing. However, there are some bacteria and plant cells with
robust structures that make cell lysis challenging [9]. Considering that the work described in
Chapter 4 provides a highly efficient cell lysis and lipid extraction platform, investigations
of novel microfluidic designs for lipid extraction of a larger range of cell types could be

pursued in future research.
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